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Abstract 

Finding ways to control electron transfer (ET) between molecules or molecular 
systems and to investigate efficient theoretical methods capable of describing ET is 
important for being able to design better molecular electronic devices. In this Thesis 
the capability of computational methods based on density functional theory (DFT) 
to describe charge transfer is studied in two molecular systems. In addition, the 
possibility to control ET by strong electric fields is investigated. The molecular 
structure and excited states of three alkoxypyridylindolizine derivatives are studied 
by using DFT and time-dependent DFT (TDDFT). In addition, the influence of an 
external electrostatic field of the order of magnitude of 109 V/m and of an electric 
field induced by ambient helical peptides on ET in a porphine–2,5-dimethyl-1,4-
benzoquinone (PQ) complex is studied with TDDFT and the approximate coupled 
cluster singles and doubles (CC2) method. 

The calculations show that the absorption spectra of the studied indolizine 
derivatives are characterized by a band arising from the intramolecular CT between 
the indolizine ring and the pyridyl substituent attached to it and the hybrid 
functionals reproduce the experimental absorption spectra of the derivatives well 
within TDDFT. However, the same functionals are not as good in describing the 
fluorescence properties of the indolizine derivatives, namely the CT excited state of 
a derivative is obtained with too low an energy, which prevents the relaxation of the 
correct state. This problem can be circumvented by applying an exchange-
correlation (XC) functional with a high fraction of Hartree–Fock (HF) exchange but 
this is done in the expense of the quantitative accuracy. 

According to the calculations, perturbation generated either by an external 
electrostatic field or by ambient Aib peptides affects the energies of the locally 
excited Q and B states of porphine in the PQ complex clearly less than the energy 
of the lowest CT state. Hence, it is possible to select a locally excited state (Q or B) 
of the PQ complex whose photoexcitation leads to ET from porphine to quinone. 
The results presented show that TDDFT applied with the current XC functionals 
provides an efficient way to study the qualitative picture of the excited states under 
the influence of an external electric field. 
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“Science is a wonderful thing if one does not have to earn one's living at it.”   
– A. Einstein 
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“Every attempt to employ mathematical methods in the study of chemical questions must be 
considered profoundly irrational and contrary to the spirit of chemistry.” – A. Compte (1830)  

1 
 

1   Introduction 

Natural processes have evolved over billions of years and thus the processes 
provide good examples for starting points for designing molecular electronic 
devices. Of course, we do not only want to copy the processes developed by nature, 
but also to optimize the processes further for being more suitable for purposes of 
our own. Computational chemistry provides tools for describing the systems and 
processes observed in nature, which can help in understanding of the underlying 
mechanisms. Because of the developments in the computational methods and the 
increase of the computing capacity, computational chemistry can not only help in 
explaining phenomena observed in experiments, but also aid in designing new and 
complex compounds with desirable properties.  

Intra- and intermolecular charge transfer (CT) have important roles in 
molecular electronic devices.1,2,3 Hence, when molecules suitable for these devices 
are studied theoretically, the applied computational method should be able to 
describe CT properly. Moreover, because the computational power is still limited, 
the method should be also efficient such that large systems can be studied. Density 
functional theory (DFT) and its time-dependent extension TDDFT are efficient and 
usually reproduce well the results obtained by using much more demanding 
correlated Hartree–Fock based methods with a much lower computational cost.4,5 
There are, however, cases where density functional methods fail because of the 
approximate exchange-correlation (XC) functionals. Unfortunately, CT is one of the 
chinks in TDDFT’s armor.6 The ongoing development of the XC functionals has 
improved the performance of the density functional methods also in describing CT 
processes. However, the problem is far from being completely solved and thus it is 
necessary to test the applicability of density functional methods with the current 
functionals in describing the CT processes. 

This Thesis is based on five publications in which both the intra- and 
intermolecular CT excited states are studied by using DFT and TDDFT and the 
wave function based approximate coupled cluster singles and doubles method 
(CC2). In publications I and II the molecular structures and the excited states of 
three alkoxypyridylindolizine derivatives have been studied. The absorption and 
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fluorescence spectra of these derivatives are characterized by a band arising from 
intramolecular CT between the indolizine backbone and the pyridyl substituent 
attached to it. In publications III–V the intermolecular CT in the porphine–2,5-
dimethyl-1,4-benzoquinone (PQ) complex has been studied. Publication III focuses 
on the influence of an external electrostatic field on ET in the PQ complex. The aim 
has been to study if it is possible to control the ET in the PQ complex by using an 
external field. In publication IV the performance of TDDFT applied with different 
XC functionals in describing the excited states of the PQ complex is assessed and in 
publication V the influence of the ambient short α-aminoisobutyric acid 
homopeptides on ET in the PQ complex is investigated and compared to the 
influence of the external electrostatic field. 

This Thesis is organized as follows. The background of the current study is 
introduced in Chapter 2. Details of the specific compounds investigated and 
computational setups applied are given in Chapter 3. The results of the publications 
I–V are summarized in Chapter 4. The main conclusions of the whole Thesis are 
presented in Chapter 5. 

 



“We are perhaps not far removed from the time when we shall be able to submit the bulk of 
chemical phenomena to calculation.” – J. L. Gay-Lussac (1888) 

3 
 

2 Background 

The aim of this Chapter is to give a short introduction to the background of this 
Thesis, i.e. to the studied compounds and phenomena, and the computational theory 
applied. 

Section 2.1 describes properties and preceding studies of compounds related to 
the present Thesis, namely, indolizines, porphyrins, porphyrin–quinones, and 
peptides containing α-aminoisobutyric acid residues. A brief introduction to conical 
intersections is given in Section 2.2. The theory behind the computational methods 
is presented in Section 2.3. 

2.1 Compounds 

Various properties of indolizines have been widely investigated. Among others, the 
medical, biological, and fluorescent properties have been studied the most. 
Porphyrins and porphyrin derivatives have attracted wide interest because of their 
optical and photochemical properties. Furthermore, porphyrin–quinone dyads have 
been found useful in modeling the ET reactions taking place in reaction center (RC) 
in nature. 

α-Aminoisobutyric acid homopeptides have attracted wide interest, because 
they form exceptionally long 310-helixes. In addition, the influence of strong 
internal electric fields induced by helical peptides, like those containing α-
aminoisobutyric acid residues, on the rate of ET taking place through a peptide 
chain or by a close proximity of a peptide chain has been of interest for several 
years. 

2.1.1 Indolizines 

Indolizine is the simplest heterocyclic molecule comprising of both the five-
membered pyrrole and the six-membered pyridine, see Figure 2.1. Indolizine has a 
planar structure with 10 π-electrons and is an aromatic compound. Despite the 
aromaticity, the bonds in the indolizine ring are not equally long. Furthermore, the 
nature and positioning of substituents have strong influence on the electronic 
properties of the indolizine ring. 7 
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Figure 2.1 Molecular structure of indolizine. 

Indolizines have been found suitable in various medical and pharmaceutical 
applications.8,9,10,11,12 Because of their photophysical properties, indolizine 
derivatives are important also in the field of material science. Being highly 
fluorescent, indolizines have been proposed suitable components in organic 
electronic device manufacturing13,14,15 and they can be used as biosensors for 
detecting volatile organic compounds.16,17,18 Because many applications are based 
on the optical properties of indolizines, the relationship between the optical 
properties and the nature and positions of the substituents is of special 
interest.13,14,15,19 

Indolizine derivatives have also been studied computationally. Reaction 
mechanisms of the syntheses of various indolizine derivatives have been 
investigated by aid of semiempirical7 and DFT20 calculations. Furthermore, the 
DFT-calculated electronic structure has been used for predicting the effect of the 
position and nature of the substituents on the spectroscopic properties of 
indolizines.15 The UV–vis spectra and NMR properties of indolizine derivatives 
have been studied by means of TDDFT21,22,23 and HF-based calculations, 24 
respectively.   

2.1.2 Porphine 

Porphyrins consist of four pyrrole units linked together by methane bridges.25 The 
nitrogens point to the center of the molecule. In the simplest unsubstituted free-base 
porphyrin, called porphine, two of the center nitrogens bind hydrogens, see Figure 
2.2. These can be substituted by metal cations to form metalporphyrins. The 
alternating single-double bond pattern in the porphyrin molecule forms a π-
conjugated system which makes the porphyrins to absorb in the UV–vis range. 
There are several characteristic bands in the absorption spectrum of porphyrins. The 
four weak peaks in the visible range are called the Q band. Only two of the peaks in 
the Q band are purely electronic transitions (Qx and Qy). The intense band in the 
near-UV range is called the Soret or the B band. In addition, there are N, K, and M 
bands further in the UV-range. 
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Figure 2.2 Molecular structure of porphine. 

The characteristic Q and B bands of porphines and porphyrin derivatives can be 
explained by the Gouterman’s four-orbital model.26 In Gouterman’s model, the two 
highest occupied molecular orbitals (HOMO and HOMO–1) and the two lowest 
unoccupied molecular orbitals (LUMO and LUMO+1) are involved in the singlet 
transitions forming the Q and B bands. Because porphine is the basic building block 
of porphyrins and their derivatives, in addition to the experimental work, it has also 
been studied by several computational methods.27,28,29,30,31,32,33,34,35,36,37 

Gouterman’s model is widely accepted, but modern TDDFT calculations have 
shown that one has to go beyond the Gouterman’s model in order to explain all of 
the features of the porphine and chlorophyll spectra, for example, also the so-called 
N states.  The N states arise from the excitations from orbitals that are localized on 
two of the pyrrole rings only instead of the whole porphine. Because these 
excitations have CT character, the LDA, GGA, and hybrid functionals with low 
amount of HF exchange have problems in describing these states correctly, i.e. 
traditional density functionals tend to underestimate the energies of the N bands 
clearly.35 This complicates the interpretation of the calculated spectrum and reduces 
the applicability of these density functionals for porphyrin spectroscopy. It has been 
challenged that among the density functionals only the CAM-B3LYP yields the N 
states correctly above the B states and yields a spectrum that is consistent with the 
experiment, with the more demanding CASPT2 calculations, and also with the 
Gouterman’s model.37 

2.1.3 Cofacial porphyrin–quinones 

The initial efficient ET step between chlorophyll and quinone in RC38 has attracted 
special attention over the years. One of the key issues has been the mechanism of 
the ET reaction, a question that is not fully understood up to date. Because the 
structure of the RC is complex, the photoinduced ET between chlorophyll and 
quinone has been mostly studied by mimicking the real system with simplified 
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model compounds. One widely used class of model systems is cofacial porphyrin–
quinone complexes, usually linked together by covalent bridges.39,40,41,42,43,44,45,46 The 
molecular structure of 1,4-benzoquinone is presented in Figure 2.3. 

 
Figure 2.3 Molecular structure of 1,4-benzoquinone. 

Experimental studies have been focusing e.g. on the factors that determine the 
rate of ET between porphyrin and quinone. It has been found that when the 
porphyrin moiety of the zincporphyrin–quinone dyads is photoexcited into the 
energetically lowest locally excited porphyrin state (the Q state) its fluorescence is 
quenched in a picosecond time-scale. This implies efficient ET from porphyrin to 
quinone, which has also turned out to be insensitive for the solvent environment.44 
In contrast, in porphine–quinone dyads the fluorescence lifetime has clear 
dependence on the polarity of the surrounding solvent. In polar solvents the lifetime 
is of the same order of magnitude as in dyads consisting of zincporphyrin, but in 
solvents with low polarity the fluorescence lifetime is comparable to the lifetime of 
an unquenched porphine. Hence, ET from porphine to quinone does not take place 
in nonpolar solvents.42 

Considering the large number of publications on porphyrin, the number of 
theoretical studies in which the properties of porphyrin–quinone complexes are 
investigated is surprisingly small. The few computational studies of cofacial 
porphyrin–quinone complexes discuss the mechanism of ET from porphine 
derivative to quinone. 47,48,49 

Worth and Cederbaum47 have applied CIS for studying the potential energy 
curves (PECs) of the B, Q, and CT states of a zincporphyrin–quinone complex 
along the intermolecular distance between the two moieties. They found that the 
energies of the CT states depend on the molecular geometry more strongly than the 
energies of the local porphyrin states. Furthermore, the CT states are in the same 
energy region as the B states localized on zincporphyrin. Therefore, the CT states 
are likely to cross the B states and these crossing points are part of a conical 
interaction (CX) seam, which was proposed to mediate the efficient ET between 
zincporphyrin and quinone. 

The covalently linked zincporphyrin–quinone dyad has been also studied by 
TDDFT combined with the ∆DFT/CIS method.48 These calculations showed that 
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two large scale motions, the “swinging-bridge” and the “twist motion” of the 
quinone moiety with respect to porphyrin may cause excited state crossings 
between the locally excited Q states and the energetically lowest porphyrin-to-
quinone CT state. Hence, these motions are probably responsible of the ultrafast ET 
from zincporphyrin to quinone, which is mediated by CXs. 

The CASPT2 and CASSCF calculations of a reduced chlorin–quinone complex 
have shown that ultrafast ET from chlorine to quinone is possible only if the 
relative orientation of the donor and acceptor molecules allows some overlap of the 
LUMOs of the two molecules.49 Hence, in agreement with the work of Worth, 
Cederbaum, Dreuw, and Head-Gordon48, it seems that large scale motions must take 
place in the photosynthetic reaction centers to fulfill the observed ultrafast ET.49 

2.1.4 Peptides containing α-aminoisobutyric acid residues 

The two methyl groups attached to α-carbon in the α-aminoisobutyric acid (Aib) 
restrict the conformational space of the Aib residues, see Figure 2.4. Consequently, 
Aib residues adopt α- or 310-helix structure in peptides. In heteropeptides Aib 
residue either starts or stabilizes the helical structure of the entire peptide.50,51  

Although there is one additional hydrogen bond per helix turn in 310-helices 
compared to α-helices, the steric hindrances of the side chains and unfavorable 
geometry of the hydrogen bonds makes long 310-helices extremely rare.50 Aibn 
homopeptides with three to eleven residues, however, form 310-helix with maximum 
number of hydrogen bonds.52,53,54,55,50 If the length of the Aibn homopeptide chain is 
increased, finally a transition length is achieved after which the peptide adopts α-
helical structure. 

 
Figure 2.4 Molecular structure of the Aibn homopeptide. 

In addition to the crystallographic studies, the structure of the Aibn 
homopeptides has been investigated by theoretical calculations.56,57,58,51,59 Most of 
these calculations predict α-helix structure for long Aibn homopeptides.56,57,58 There 
is a contradiction between the theoretical and experimental results, which is 
partially because the calculations were performed in vacuum or in solvent 
environment whereas the structure is experimentally determined in solid state. In 
the solid state, intermolecular interactions between the Aibn chains influence the 
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structure of an individual peptide chain. There are two exceptions in the theoretical 
work, however. Vacuum state calculations of the infinitely long Aib∞ homopeptide 
predicted 310-helix structure for the peptide chain.59 Also according to a molecular 
dynamics study Aib10 homopeptide adopted also 310-helix conformation in vacuum 
but the peptide had no preferred conformation in water.51 

Large dipole moments of the helical peptides are oriented nearly parallel to the 
helix axis, pointing from the C-terminus to the N-terminus. These large dipole 
moments induce electric fields of up to 109 V/m against the direction of the dipole 
moment, i.e. directed from N-terminus to the C-terminus. The electric fields 
induced by the peptides surrounding the electron donor and electron acceptor have 
been proposed to have a significant influence on ET taking place between the donor 
and the acceptor, see Figure 2.5.60,61 The influence of the electric field induced by 
the helical peptides on the ET rate was confirmed by Fox and Galoppini,62 who 
studied ET of a donor–acceptor pair attached separately to different ends of a poly-
Aib-Alanyl peptide. They found that the relative arrangement of the electron donor 
and acceptor with respect to the peptide chain has a clear influence on the ET rate. 

 
Figure 2.5 Scheme of the proposed influence of electric fields induced by large 
dipole moments of the helical peptides on ET taking place between donor and 
acceptor embedded in ambient peptide chains adopted from reference 63. 

The effect of the electric field was not considered to be a property of the Aib-
Alanyl peptide only, but rather a phenomenon common to all helical peptides in 
general. To confirm this, Fox and Galoppini studied also the effect of the helix 
unfolding on the ET rates in donor–acceptor pairs.63 While the helical peptides had 
clear influence on the ET rate through the peptide, in systems where the helicity of 
the peptides was disturbed, the peptide chain had only a minor effect on the ET rate. 

2.2 Conical intersections 

Conical intersections (CXs) are multidimensional topological structures close to 
regions where two Born–Oppenheimer potential energy surfaces intersect, i.e. are 
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degenerate.64 The surfaces of the two states form a double cone-like structure in the 
vicinity of the intersection, hence the name. A simplified example of CX between 
potential energy surfaces of two states is shown in Figure 2.6. 

 
Figure 2.6 Conical intersection between two potential energy surfaces. 

Although known to exist, CXs between molecular electronic excited states were 
long considered to be rare and unessential in chemical and biological phenomena, 
mostly because they are difficult to observe experimentally. A number of 
theoretical studies in 1990’s have shown, however, that CXs are actually anything 
but rare. This has been later proven formally by Truhlar and Mead, 65 who showed 
that CXs are much more likely than avoided crossings, where the surfaces of the 
two states are in close proximity but do not cross. Nowadays CXs are known to 
have a key role in the reaction dynamics of electronic excited states.66,67 In 
particular, CXs serve as efficient pathways, funnels, for transitions between 
electronic states.64 

There are an infinite number of CXs between two states of the same 
multiplicity. These CXs form a hyperline, i.e. crossing seam, between the two 
states.49 Unfortunately, for systems consisting of more than two particles full 
characterization of the potential energy surfaces is practically an impossible task to 
do. However, efficient transition between states is expected to proceed via the 
lowest energy point of the hyperline, i.e. at the lowest CX.68 Thus, instead of full 
examination of the hyperline, finding and characterizing the lowest CX is usually of 
greater interest.49 

Because CX involves PESs of two states, the molecular geometry near CX must 
be located by using computationally demanding multiconfiguration self-consistent 
field (MCSCF) methods.69 However, the applicability of single reference methods, 
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e.g. coupled cluster (CC)70 and TDDFT71,72 in characterizing CXs has also been 
investigated. Both single- and multireference CC methods have problems in 
describing near degeneracies between electronic states of the same symmetry but 
this problem can be circumvented by a correction scheme applied a posteriori.70 
The vicinity of CX seems problematic also for TDDFT as TDDFT-calculated 
surfaces show too rapid variation of energy.71 However, because TDDFT is in 
principle exact theory, as discussed in Section 2.3.7, problems of TDDFT in 
describing CXs are due to the approximate XC energy functionals. If the exact 
functional was known, TDDFT would describe CXs correctly. Hence, CXs serve as 
one touchstone for future functionals.71 

2.3 Electronic structure calculations 

Applying quantum mechanical principles to chemical problems has revolutionized 
the field of chemistry. Theoretical understanding of chemical bonding, chemical 
and physical properties, and molecular structures rely on the knowledge of the 
behavior of electrons in atoms and molecules. In this chapter the theory behind the 
quantum mechanical methods applied in this Thesis is briefly introduced. A detailed 
description of these methods can be found in several books available in the 
literature73,69,74,75. Atomic units are used throughout this Section 1 . 

2.3.1 The Schrödinger equation 

In principle all the properties of molecular systems can be solved by solving the 
time-independent Schrödinger equation, which defines connection between the 
energy (E) and the wave function Ψ ,  
 Ψ , Ψ , , (2.1) 

where , … ,  and , … ,  are sets of P nuclear and N electronic 
coordinates, respectively. The Hamiltonian  of the molecular system contains 
kinetic  and potential  energy terms of the nuclei and the electrons 
 , . (2.2)  

This defines the molecular system exactly. There are, however, three 
coordinates for each nucleus and electron which makes total of 3(P+N) variables to 
be handled. Because the Schrödinger equation cannot be easily separated into 
individual electronic and nuclei equations, it is practically impossible to treat 
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systems larger than two particles within full quantum mechanical framework. 
Hence, controlled approximations are needed to access the properties of the 
molecular system. 

2.3.2 The Born–Oppenheimer approximation 

The motion of the heavy nuclei is much slower than that of the much lighter 
electrons. Thus, even if the nuclei are moving, the electronic system is always in, or 
very close to, its ground state. In this context Born and Oppenheimer76 proposed 
that the wave function can be decoupled for electrons and nuclei. According to this 
Born–Oppenheimer (or adiabatic) approximation the total wave function is 
 

Ψ , , Θ , Φ , . (2.3) 

The electronic wave function Φ ,  can now be calculated from the time-
independent Schrödinger equation 
 Φ , Φ , . (2.4) 

The electronic Hamiltonian  for a system with N interacting electron is 
 

1
2

1
2

1
, , (2.5) 

where  and  represents the kinetic energy of the electrons and the repulsion 
between the electrons, respectively. The interactions between the electrons and the 
nuclei are taken into account by  as a static external potential ,

∑
| |, in which  is charge of nucleus I. In contrast to the Equation (2.2) 

where both r and R are variables, in Equation 3.5 there are only r variables which 
depend on R parameters. Except for special cases like the excited states dynamics 
or if the energy required exciting an electron to another state is small compared to 
vibrational energy of nuclei,73 the Born–Oppenheimer approximation is usually 
valid and provides a way of calculating of the properties of the molecular systems 
from the ground state electronic structure.  

2.3.3 The Hartree method 

In 1928 Hartree77 proposed the first approach to the many-electron problem. Hartree 
assumed that the electronic wave function can be expressed as a product of one-
electron wave functions φi (so-called Hartree product) 
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Φ . (2.6) 

The electronic Hamiltonian given in Equation (2.5) can be rewritten by combining 
the one-electron terms  and   
 

1
2

1
. (2.7) 

The one-electron operator  1

2

2
ext , , also known as the core 

Hamiltonian, describes the movement of a single electron. Interactions with the 
nuclei of the system and with the possible external fields are taken into account via 

,  but this operator does not include the interaction between the electrons 

that are included in the two-electron term by the Coulomb interaction . 

The total energy of the electronic system arises from the one-electron and 
two-electron contributions. The contribution of the one-electron part is 
 

. (2.8) 

The contribution of the two-electron term is 
 

1
2

1
2 , (2.9) 

where Jij are called the Coulomb integrals in which | | . Double 

counting of Jij and Jji is avoided due to the pre-factor . Total energy can be now 

written by using Equations (2.8) and (2.9). Variational optimization leads to Hartree 
equations 
 

∑
| |

1
2 ,  . (2.10) 

The integral in Equation (2.10) is the classical electrostatic potential felt by electron 
due to the presence of other electrons. Hence, the Hartree theory does not suffer 
from self-interaction. 

Finally, the total energy in Hartree theory can be expressed by using the 
eigenvalues  
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HSCF
1
2

. (2.11) 

There are two ways to solve the Hartree equations. One way is to minimize the 
energy with respect to the variational parameters in a trial wave function. The other 
way is to guess initial values for one-electron orbitals  and then use these to 

calculate the effective potential , . Thereafter, new one-electron orbitals can 
be solved from the Hartree equations and then these are used to compute the new 
effective potential. This cycle is repeated until the effective potential and wave 
functions are converged, i.e. self-consistency is achieved. 

2.3.4 The Hartree–Fock theory 

The problem in the Hartree theory is that it treats electrons as distinguishable 
particles and violates thus the Pauli exclusion principle. Because electrons are 
indistinguishable fermions the electronic wave function should be antisymmetric 
with respect to the particle exchange, i.e. if two electrons are exchanged, the 
electronic wave function should change its sign. Evidently, this is not the case in the 
electronic wave function (Equation (2.6)) used in the Hartree theory. The Pauli 
exclusion principle can be, however, taken into account by writing the electronic 
wave function in the form of the determinant (the Slater determinant)78  
 

ΦHF ΦHF , … ,  
1

√ !
 , (2.12) 

where ,  are spatial and spin coordinates and  are one-electron 
spin-orbitals, i.e.  products of a spatial orbital and spin eigenfunction of an electron. 
Each row of the determinant is a set of coordinates of a specific electron. Hence, 
exchange of two electrons corresponds to the exchange of the corresponding rows 
of the determinant which changes the sign of the electronic wave function. 

The inclusion of the Slater determinant in the Hartree method leads to the 
Hartree–Fock (HF)79,80 theory. In the HF theory the one-electron contribution to the 
total energy is exactly the same as in the Hartree theory and is given in Equation 
(2.8), but the antisymmetrization of the electronic wave function yields an 
additional term to the two-electron contribution: 
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1
2 . (2.13) 

Here the Jij are the same Coulomb integrals as in the Hartree theory (Equation (2.9)) 
and Kij are called the exchange integrals 
 

. (2.14) 

In contrast to the Coulomb term, the exchange term does not correspond to any 
classical energy term. It represents the energy gained by the antisymmetrization of 
the wave function. Analogously to the Hartree method the spin orbitals can be 
obtained by applying variational principle. This leads to the HF equations 
 

, (2.15) 

where the Fock operator  is 
 

. (2.16) 

Coulomb and exchange  operators operate to spin orbitals in a following way 

 
 

. 
(2.17) 

The solution of the HF one-electron equations is not unambiguous. Because the 
unitary transform does not change the result of the Slater determinant, a suitable 
unitary transform on the spin orbitals ∑  leads to 

 . (2.18) 

In this canonical orbital presentation the multipliers  can be interpreted as the 
orbital energies. Now the HF energy can be expressed as 
 

HF  
1
2 . (2.19) 
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The Coulomb operator which describes the Coulombic interaction between 
electrons is a local operator but the exchange operator depends on the location of 
the other electrons. Thus, the HF theory is non-local via the exchange interaction. 
The drawback of the HF theory is that it neglects electron correlation, i.e. electrons 
should have reduced probability to be found in the close proximity of other 
electrons (dynamic correlation). In addition, the many-electron wave function is not 
necessarily always well represented by a single Slater determinant (static 
correlation). The HF theory accounts 99 % of the real total energy. Yet, the 
remaining one per cent is important for achieving the chemical accuracy (4.2 
kJ/mol). The gap between the real total energy and the HF energy is called the 
correlation energy, which comprises both the dynamic and static correlation. 

2.3.5 Post-Hartree–Fock methods 

The HF wave function is the best possible that can be made by using a single Slater 
determinant. Thus, one has to either generate the antisymmetric wave function in 
another way or improve the HF approximation by including multiple Slater 
determinants. In the latter case the wave function can be written as a linear 
combination of finite number (ND + 1) Slater determinants: 
 

Φ ΦHF Φ , (2.20) 

where Ci are expansion coefficients, ΦHF  is the ground state HF wave function 
with N energetically lowest spin orbitals occupied, and Φ  is the wave function of 
the ith excited state. 

There are several ways to generate the additional determinants. The prevailing 
method is to create determinants that include unoccupied one-electron states. This 
can be done by promoting one electron from the occupied orbital  to the 
unoccupied orbital . The resulting determinant is called single excitation (S). 
Furthermore, determinants with two, three, or more electrons promoted from the 
occupied to the unoccupied orbitals can be constructed. These are called double 
(D), triple (T), and so on excitations, respectively. 

Configuration interaction 

The simplest method which includes electron correlation via multiple Slater 
determinants is configuration interaction (CI). In CI the wave function is expanded 
by using S, D, T, and so on excitations each excitation having a section of its own 
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 ΦCI ΦHF
SΦS

S

DΦD TΦT

TD

 . (2.21) 

The electronic Hamiltonian used in CI is exactly the same as that used in the 
Hartree and HF theories and is given in Equation (2.7). The trick in CI is then to 
find a set of expansion coefficients {Ci} that minimize the energy 
 

CI ΦCI ΦCI d . (2.22) 

Within the minimization the norm of the CI wave function is conserved by 
requiring ∑ 1. The lowest energy of the CI eigenvalue problem then 
corresponds to the ground state, whereas the higher eigenvalues correspond to the 
excited states, respectively. With the infinite number of determinants, the excited 
states computed with CI are true many-body excited states. 

The CI calculations employing all available determinants are called full CI. In 
full CI the only limitation is the size of the chosen basis set (M). Because full CI is 
computationally extremely expensive, it can be applied to very small compounds 
only. The computational effort can be decreased by using approximations in which 
the level of excitations is restricted. The simplest method accounts only single 
excitations and it is thus denoted CIS. The CIS scales, just as HF, as . The 
approximation including also double excitations is called CISD . The inclusion 
of quarto excitations (CISDTQ) is already very close to full CI, but it scales as . 

Coupled clusters 

If the original (HF) approximation is considered to be very good, the solution of the 
many-electron system could be corrected by a small change (perturbation) in 
Hamiltonian. The perturbation theory introduces first, second, etc. order corrections 
to the eigenenergy. The most famous perturbative correction scheme to the HF 
theory is the second order Møller–Plesset perturbation theory (MP2)81. The MP2 
method is still widely used in computational chemistry because it scales well and it 
takes into account weak interactions like van der Waals interaction which is one of 
the stumbling stones of computational methods like the popular DFT. In contrast to 
CI, the perturbative methods are not variational so the energy may be lower than the 
exact energy. 

The quality of the original wave function determines the number of perturbative 
corrections needed. However, the electron-electron interaction is not a small term 
and it cannot be expected to be solved by using only few terms of a perturbative 
expansion. Moreover, perturbation methods add all types of corrections, i.e. S, D, T, 



2.3 Electronic structure calculations 
 

17 
 

etc. to the original wave function up to a given order, i.e. 1, 2, 3, and so on. In the 
coupled cluster (CC) method82,83 the idea is to consider a certain class of 
perturbations that are thought to be the most relevant ones, by using an infinite 
number of terms while all the other perturbations are completely neglected. 

In the CC method the wave function is written as 
 ΦCC e ΦHF , (2.23) 

where  operates to the wave function such that it creates all the 
excited Slater determinants up to a certain order. The first and second term include 
the single and double excitations, respectively: 
 

Φ Φ  

Φ Φ . 

(2.24) 

Notation  refers to double excitations of i to μ and j to ν. The coefficients τ are 
called amplitudes, which are expansion coefficients just as Ci in the CI theory. The 
exponent can be expanded as Taylor series 
 

e 1
1
2

1
6 , (2.25) 

where  and  are connected and disconnected doubles describing interacting and 
non-interacting electron, respectively. The first term in Equation (2.25) generates 
the reference HF while the second term yields all the singly excited states. The 
operator in the first parenthesis generates all the doubly excited states and so on. 
The series is finite because there are finite number of occupied orbitals and 
excitations. Yet, taking all excitations into account is not meaningful because of the 
computational effort required and because the higher order excitations have only 
small contribution to the operator . 

Applying Hamiltonian to the CC wave function yields 
 

e ΦHF CC e ΦHF , (2.26) 

The corresponding CC energy is then 
 

CC ΦHF e ΦHF d , (2.27) 
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which is exactly 
 

CC HF ΦHF ∆ Φ , (2.28) 

where ΦHF ∆ Φ ΦHF ∆ Φ  d  according to Dirac notation. 
Coefficients τ are solved in a similar manner with the coefficients Ci in the CI 
method by using the CC equations derived from the expansion of the exponents in 
Equation (2.25). However, as in CI, truncation must be applied in order to keep the 
calculations feasible. The CCS method,  which yields excitation energies 
equal to CIS, is hardly ever used. Restriction to  leads to CCSD, which 
scales worse than CISD, but is also more accurate because the quadruply excited 
states are included through the operator . This applies to CC methods in general, 
i.e. some of the excitations of higher order than the truncation of the operator  are  
considered which can be seen from the expansion in Equation (2.25). Hence, the 
CC methods are more accurate than the CI methods of the same order. There are 
also approximations to CC methods like CC2,84 in which the single excitations are 
treated exactly whereas the doubles are considered by using approximations. The 
CC2 approximation reduces the computational demand from  of CCSD to . 

2.3.6 Density functional theory 

All the HF based methods rely on solving the wave function which, excluding spin, 
depends on 3N variables. In density functional theory (DFT) the electronic system 
is described by the electron (probability) density  
 

|Φ | , (2.29) 

which depends on three spatial variables only. Electron density is a non-negative 
function which gives the probability of finding any of the N electrons within the 
volume element . If integrated over the space,  gives the number of 
electrons, i.e. . Moreover,  has local maxima only at the 
positions  of the nuclei and the electron density can be used to calculate charge of 

the nuclei  from lim 2 0. Altogether, electron density 

provides all the information needed to construct the electronic Hamiltonian given in 
Equation (2.5) and to solve the related Schrödinger equation. 

Already before the formulation of the HF theory, in 1927 Thomas85 and in 1928 
Fermi86 proposed that electron density is a fundamental variable in the electronic 
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many-body problem. Thomas and Fermi expressed the kinetic energy of 
inhomogeneous electron gas by using known expressions of homogeneous electron 
gas, while the nuclear-electron and electron-electron contributions to total energy 
were treated classically. In 1930 Dirac87 tried to improve the Thomas–Fermi theory 
by introducing the exchange term into the formulation but, because of the local 
expression of the electron density, this theory applied for atoms only. 

Hohenberg–Kohn theorems 

It was not until 1964 when Hohenberg and Kohn88 (HK) gave a sound proof that 
 provides an exact and complete description of the ground state electronic 

structure. In their paper Hohenberg and Kohn proved two theorems which are the 
foundations of the modern DFT. 

In the first HK theorem, called the existence theorem it was shown that the 
ground state electron density  determines uniquely the external potential 

 within a constant. Therefore,  provides all the information about the 
ground state properties of the system. Moreover, because the electronic 
Hamiltonian characterizes all the electronic states of the system,  provides also 
all properties of the excited states.  

The ground state energy can be written by virtue of the first HK theorem 
 

HK  (2.30) 

in which the term 
 

HK , (2.31) 

called HK functional, is universally valid, i.e. its form is system independent. In 
contrast, the potential energy  arising from the 
electron-nuclei interaction depends naturally on the system under consideration. 

While the HK existence theorem proves that all the properties of the electronic 
system can be obtained via , there is also a need for a way to identify . 
The second HK theorem, called the variational theorem, states that the energy 
related to a trial electron density  is always grater or equal to the true ground 
state energy arising from . This can be expressed analogously to the 
variational principle used in wave function theory as 
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HK . (2.32) 

Any trial density 0 which satisfies  and is associated with an 
external potential  provides an upper limit for the true ground state energy. The 
energy obtained from  is  only if . 

The second HK theorem provides only the ground state energy, while the 
excited states are inaccessible by this method. Thus, DFT is very often referred as 
ground state theory. There are, however, nowadays several methods to employ DFT 
also for the excited states.89,90,91 

The Kohn–Sham equations 

The HK theorems confirm the functional dependence of the energy on the electron 
density and provide a way to identify the ground state density. However, the exact 
form of the HK functional emerging in the equation (2.30) is not known. In 1965 
Kohn and Sham92 introduced a method for evaluating HK . In their paper 
Kohn and Sham presented a concept of a fictitious reference system of non-
interacting electrons. The non-interacting reference system is described by a 
Hamiltonian 
 

1
2 KS , (2.33) 

where the KS potential KS  is chosen such that the electron density of the 
reference system is equal to that of the real system of interacting electrons. 

Because there are no electron–electron interactions, the electronic wave 
function of the reference system is determined exactly by a single Slater 
determinant 
 

ΦKS
1

√ !
 , (2.34) 

where the Kohn–Sham (KS) orbitals  are one-electron wave functions in 
analogy to the HF theory, see Equation (2.12). Because KS orbitals represent a non-
interacting system, they do not have physical meaning except that they produce the 
correct ground state density. However, usually the KS orbitals represent the single 
particle eigenstates rather well and thus they can be used to evaluate properties of 
the system such as excitation energies. 
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The kinetic energy of the reference system 
 

| |  (2.35) 

can be used to evaluate large part of the kinetic energy  of the real system. 
The HK functional in Equation (2.31) can now be written as 
 

HK
1
2 | | , (2.36) 

in which the density is 
 

| | . (2.37) 

While the exchange-correlation (XC) energy XC  accounts for the part of the 
kinetic energy that is not covered by  the non-classical contributions of 
electron–electron repulsion energy is 
 1

2 | |  . (2.38) 

Thus, everything that cannot be treated exactly is dumped into . 
Inserting (2.36) into the Equation (2.30) gives the KS functional which 

determines the total energy of the system 
 

KS
1
2 | |

. 
(2.39) 

Variation of the energy with respect to the one-electron orbitals  leads to the 
KS equations 
 

KS , (2.40) 

where the one-electron Hamiltonian KS is 
 

KS
1
2 KS

1
2 | |  . (2.41) 

The exact form of the XC potential  arising from the exchange–correlation 
energy is unknown and hence it is defined as a functional derivative of the exchange 
and correlation energy 



2 Background 
 

22 
 

 . (2.42) 

Because electron density and KS orbitals are both unknown, the KS equations 
must be solved self-consistently just like the HF equations. First  is guessed by 
using for example superposition of atomic densities. Then  is calculated and 
the initial KS orbitals are obtained as a solution of the KS equations. The KS 
equations can be solved e.g. by using an expression in terms of basis set functions, 
see Section 2.3.8. The initial KS orbitals are then used to calculate an improved 
approximation of . The iterative process is repeated until the electron density is 
converged within a desired tolerance. 

Exchange-correlation functionals 

In the HF theory all begins by approximating the wave function with a Slater 
determinant. Hence, the HF theory can never provide an exact solution for the 
many-body problem. In contrast, DFT is an exact theory and if the exact XC energy 

 was known, DFT would yield the exact energy of the electronic system. 
This is not however the case, and all the unknown energy terms are gathered into 

. There are basically three types of approximations for generating the XC 
energy functional , namely local density approximation (LDA), 
generalized gradient approximation (GGA), and a hybrid method that mixes the HF 
and DFT exchange. 

Local density approximation 

In LDA, included already in the paper of Kohn and Sham92 in the spirit of Thomas–
Fermi–Dirac theory, the generally inhomogeneous electron density is considered to 
be locally homogenous. The XC energy is then 
 

LDA . (2.43) 

The XC energy density  can be split into exchange and correlation parts 
 . (2.44) 

In the case of homogenous electron gas the exchange  term in Equation 
(2.44) is exactly known. This is the so-called Slater exchange,93,94 usually denoted 
with S. In contrast, the exact form of the correlation term is not known but 
expressions of  based on Monte-Carlo simulations of homogenous electron 
gas are available, e.g. VWN and VWN5 by Vosko, Wilk, and Nusair95. 
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The LDA functionals perform relatively well because of the error cancellation 
resulting from the underestimated exchange energy and the overestimated 
correlation energy. However, LDA usually performs worse in the case of small 
molecules while the performance gets better with the increasing molecular size.96 
The LDA functionals produce rather good molecular structures but tend to 
overestimate binding energies.97 

Generalized gradient approximation 

The electron density in real molecules is actually far from being homogenous. This 
is taken into account in GGA, where the XC energy depends in addition to the 
electron density also on the electron density gradient 
 

GGA , , , , . (2.45) 

Many of the GGA functionals add gradient correction to the LDA XC 
functional. Widely used representatives of GGA functionals are BLYP and PBE. 
The BLYP functional 

 BLYP B LYP S ∆ B LYP (2.46) 

combines Becke’s exchange functional from 1988,98 and the correlation functional 
of Lee, Yang, and Parr,99 which in fact, is not based on LDA. The PBE100 functional 

 PBE PBE PBE S ∆ PBE PW ∆ PBE, (2.47) 

where PW is the LDA correlation functional of Perdew and Wang,101 does not 
contain empirically determined parameters. These kinds of functionals that rely on 
physical constraints, are expected to have good general performance independent of 
the studied system. In contrast, the functionals that are fitted by using a set of 
parameters to some test set give more accurate results for systems they are fitted to 
but the applicability of these functionals to systems that are not included in the test 
set can be significantly worse.102 

The GGA functionals yield more accurate total energies and atomization 
energies than LDA. Yet, the differences between the results obtained with different 
GGA functionals can be larger than the difference between LDA and GGA.96 

Hybrid functionals 

Because the exchange component dominates the XC energy and the HF theory 
provides the exchange energy exactly, it was proposed that the exchange energy 
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should be calculated by using the HF methodology (Equation (2.14)) with the KS 
orbitals 
 1

2 , (2.48) 

whereas the correlation energy should be calculated with LSDA or GGA, i.e. 
HF LSDA. This method yielded good results only for some limiting 

number of atoms, but failed drastically in case of molecules. Becke103,104 proposed 
that both the HF and DFT exchange should be combined 

 HF 1 DFT DFT (2.49) 

and this is the form how the currently used hybrid XC functionals are constructed. 
The trivial choice 1 2⁄  defines the “half-and-half” functionals like BH&HLYP 

 
BH&HLYP 1

2
HF 1

2
S ∆ B LYP. (2.50) 

There is no physical justification for the 50 % of exact exchange and usually α 
is obtained by fitting (2.49) to some experimental data like atomization and total 
energies of small molecules.96 Currently, the most widely used functional in 
computational chemistry is the Becke’s three parameter hybrid (B3LYP)104,105 

 B LYP HF 1 S ∆ B LYP

1 VWN , (2.51) 

where α = 0.20, b = 0.72, and c = 0.81 are empirically determined parameters that 
are obtained by fitting to experimental data. Perdew, Ernzerhof, and Burke 
proposed a hybrid functional PBE0106 (PBE1PBE) 

 
PBE 1

4
HF 3

4
S ∆ PBE PW ∆ PBE, (2.52) 

which is based on the PBE GGA functional. In a spirit of PBE, the PBE0 functional 
does not contain any empirically determined parameters because the 25 % of 
mixing is determined by theoretical reasoning on the basis of perturbation theory. 

Coulomb-attenuated functionals 

Hybrid functionals describe the short-range (SR) XC energy rather well, but they 
fail to reproduce the long-range (LR) electron-electron interaction. The increase of 
exact HF exchange improves the LR behavior, but this is done at the expense of the 
accuracy of describing the SR interaction. One way to overcome this problem is the 
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Coulomb-attenuation method (CAM), where the Coulomb operator of the 
Hamiltonian in Equation (2.5) is divided into SR and LR parts,4 e.g. according to 

 1 1 α β erf α βerf
 (2.53) 

and the parts are treated separately.107,108 Here erf is the standard error function 

erf
√

 that ensures smooth description of the functional in the 

intermediate region, µ is the range separation parameter ( ), and α and β 
are dimensionless parameters. The CAM splitting of the Coulomb operator leads 
directly to partitioning of the total exchange energy into SR and LR components,109 
which are usually evaluated by DFT and HF, respectively 

 SR LR DFT HF. (2.54) 

Similar splitting is done also in traditional hybrid functionals. However, in CAM 
the fraction of the DFT and HF parts is not constant but changes according to 
Equation (2.53), where the first and second part determines the amount of DFT and 
HF exchange, respectively. 

Probably the best known CAM functional is CAM-B3LYP proposed by Yanai, 
Tew, and Handy,108 where the Becke 88 GGA exchange and LYP correlation 
functionals are used. In CAM-B3LYP µ = 0.33  and the amount of exact HF 
exchange increases from α = 0.19 in short-range to α + β = 0.65 in long-range, 
while the fraction of DFT exchange decreases accordingly. 

2.3.7 Time-dependent density functional theory 

The KS formulation of DFT is a ground state method and is restricted to a static 
potential only. Time-dependent problems, e.g. a molecule in a time-dependent 
external electric field or photoabsorption, are out of reach with DFT. These kinds of 
problems can be handled e.g. with the time-dependent extension of DFT (TDDFT). 
Although the statements in these two theories seem similar at first sight, the physics 
related to functionals, for instance, differ significantly. Thus, rather than being just 
a simple extension to the KS DFT, TDDFT is an application of the DFT principles 
to the time-dependent problems. 

The TDDFT formalism is based on solving the time-dependent Schrödinger 
equation 
 Φ , Φ , . (2.55) 
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where  is given by the Equation (2.5) but the external potential  is now 
time-dependent. The electron-nuclei interaction is 
 

, . (2.56) 

Equation (2.55) is a first-order differential equation in time and thus the initial wave 
function Φ , 0  must be known. Because the system changes in the time, also the 
electron density is time-dependent  
 

, |Φ , | , (2.57) 

which gives the probability of finding an electron within the volume element  at 
time t. 

Before the formal discovery of TDDFT several calculations110,111,112 and even 
proofs113,114,115,116 of the one-to-one correspondence between electron density and 
time-dependent potential existed. However, these proofs assumed so restrictive 
conditions that they were not meaningful for practical applications. 

The Runge–Gross theorem 

The origin of modern TDDFT dates back to 1984, when Runge and Gross117 
presented density functional formalism for time-dependent systems in a spirit of 
ground state KS DFT. Runge and Gross considered two separated systems 
containing N non-relativistic electrons in different time-dependent external 
potentials ,  and , . The potentials are assumed to differ by more 
than just a time-dependent function, that is 
 , , . (2.58) 

The densities ,  and ,  generated from the same initial state  Ψ , 0  
under the external potentials ,  and , , respectively, will be different. 
Runge and Gross proved that under these conditions there is a one-to-one 
correspondence between the time-dependent external potential and the time-
dependent electron density, i.e. the potential is a functional of the density. 

Electron density defines the external potential up to a time-dependent constant. 
Thus the wave function is defined up to a time-dependent phase factor. This phase 
factor cancels out from the expectation value of any quantum mechanical operator. 
Hence, Runge–Gross theorem proves that the expectation value of any operator is a 
functional of the time-dependent density and the initial state only. 
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Time-dependent Kohn–Sham equations 

The formulation of TDDFT proceeds in analogy with DFT. Ones the one-body 
potential is proven to be a functional of the initial state and the time-dependent 
density, a fictitious reference system of non-interacting electrons is defined. The 
Hamiltonian of the reference system is the same as given in Equation (2.33) but the 
KS potential is now time-dependent KS , . The reference system satisfies the 
time-dependent KS equations 
 

TDKS ,
,

, (2.59) 

with the one-electron Hamiltonian 
 

TDKS
1
2 KS ,

1
2 , KS ,

| | , . 
(2.60) 

The electron density of the reference system equals that of the real system 
 

KS , | , | , . (2.61) 

The XC potential ,  defined via (2.60) is a functional of the entire history of 
the density , , the initial interacting wave function Φ , 0  and the initial KS 
wave function ΦKS , 0 . It is thus evident that the time-dependent XC functional is 
much more complicated than the corresponding ground state functional. 

In the ground state DFT the XC potential is a functional derivative of the 
exchange and correlation energy, see Equation (2.42). Runge and Gross presented 
an expression for the functional called an XC action , , which is a time-
dependent counterpart of the XC energy. The idea was that in the spirit of DFT 

,  would be a functional derivative of , . However, it turned out later 
that the form of the XC action, presented by Runge and Gross, leads to an XC 
kernel that violates causality. More recently new formulations for ,  have 
been found by requiring some generalization of the space of densities.118 

The adiabatic approximation 

Also in TDDFT the XC potential is unknown and it needs to be approximated. 
Usually the XC potential is obtained by using the adiabatic approximation  
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 , . (2.62) 

where  is the electron density evaluated at one particular time t. Hence,  is 
approximated to be local in time, which means that dependence of the past is simply 
ignored and only the present electron density is considered. If the external potential 
changes very slowly in time, i.e. adiabatically, this approximation is reasonable. 
Thus, the adiabatic approximation works best for the time-dependent systems that 
deviate only slightly from their ground state.119 

Since even in the static case the exact XC energy functional remains unknown, 
the spatial non-locality has to be approximated, too. The simplest way to do this is 
to use a LDA expression of the XC energy functional in Equation (2.62). This is 
called the adiabatic local density approximation (ALDA). Besides LDA, also GGA 
and hybrid type ground state functionals can be used in the adiabatic approximation. 

The LDA and GGA functionals predict the low-lying valence excitations within 
errors of 0.4 eV. Traditional (global) hybrid functionals may yield smaller but less 
systematic errors which are thus more difficult to predict.120 There are, however, 
some well-documented cases where the errors of LDA and GGA can become 
considerably larger. 

The LDA and GGA functionals have difficulties in predicting e.g. the low-lying 
diffuse states and the higher Rydberg states.121,122 Furthermore, because of the local 
nature of the LDA and GGA functionals, the energies of the CT excited states are 
usually drastically underestimated.123,6,124,4 The use of traditional hybrids improves 
the description of CT excited states because of the inclusion of some percentage of 
the exact non-local HF exchange. The larger the proportion of HF exchange, the 
better the CT states are described.124 The increase of exact HF exchange, however, 
is done in the expense of accuracy in predicting the locally excited states. This 
problem can be overcome by applying e.g. the CAM-functionals (see Section 
2.3.6), which incorporate small amount for calculating the locally excited states 
while the fraction of HF exchange is larger when the long-range CT excitations are 
calculated. This improves the description of the CT states. 108,125,109,126 However, the 
parameterization of the CAM-functionals is problematic, because the errors 
produced by these functionals are case sensitive.109 

Although the errors in the vertical excitation energies calculated by using the 
traditional functionals in TDDFT framework are larger than the chemical accuracy 
0.05 eV, TDDFT is relatively accurate in calculating the excited state structures, 
dipole moments, and vibrational frequences.120,127,128 Furthermore, because the 
computational demand of HF-based methods increases fast along with the system 
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size, the chemically relevant systems become easily inaccessible by these methods, 
leaving TDDFT the method of choice when the properties of the excited states of 
larger systems are to be calculated. 

Extracting the electronic excitations 

There are two ways to obtain the electronic excitations from the time-dependent KS 
equations (2.59). In real-time TDDFT the time-dependent KS equations are 
propagated in time in the presence of a weak electric field to evaluate the response 
of the dipole moment. A Fourier transform of the resulted time-dependent dipole 
moment yields the absorption spectrum.129 The real-time method is the only way to 
extract the excitation energies if the system is exposed to strong fields or highly 
excited states are to be calculated. 

Another method is based on the linear response theory. This is how the 
excitations are obtained in most of the quantum chemical TDDFT codes. There are 
two alternative ways to apply the linear response theory. One way is to take use of 
the density response function.119 An alternative way is to convert the optical 
response problem to an eigenvalue problem.130 In this case the excitation energies 
are obtained as a solution and the eigenvectors can be used to produce the oscillator 
strengths. However, treating all excited states using this procedure is 
computationally far too demanding. In most applications only the lowest states are 
of interest and there are efficient ways for extracting these.131 

2.3.8 Basis sets 

Solving the electronic structure in the HF or DFT scheme requires mathematical 
presentation of the one-electron orbitals. The molecular orbitals are usually created 
by using the linear combination of atomic orbitals (LCAO) 
 

, (2.63) 

in which  are basis functions that form a basis set the size of which is M. 
Slater proposed that the atomic orbitals obtained from the solution of the 

Schrödinger equation of a hydrogen atom could be used as a basis set.132 These 
Slater-type orbitals (STOs) can be expressed as 
 , , N , , , (2.64) 
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where N is normalization constant, r is the distance of the electrons from the nuclei, 
n is principal quantum number of valence orbital, and ζ is the Slater orbital 
exponent. The spherical harmonic functions Yl,m(θ,φ) depend on the angular 
momentum l and magnetic m quantum numbers. STO describe molecular problems 
well because they have, as they should, a cusp at the nucleus and also the 
exponential decay is correct when the r increases. The use of STO in computational 
codes, however, is limited because STOs do not have analytic solutions for the four-
center Coulomb integrals that emerge when the HF equations are solved. 

An alternative to STOs is to use Gaussian-type orbitals (GTOs)133. Primitive 
GTOs are usually presented in Cartesian coordinates 
 , , , , N , (2.65) 

in which i, j, and k are non negative integers and r2 = x2+y2+z2. The exponent ζ 
controls the width of the GTO. The main difference between the STOs and GTOs is 
the exponential form. The advantage of GTOs over STOs is that the functions 

containing have analytic solutions for the four-center integrals. The 
disadvantage is that GTOs do not represent well the real electron density and thus a 
large number of GTOs is required to provide decent wave function. Usually, instead 
of describing each orbital with one primitive GTO (the minimal basis set) a linear 
combination of GTOs is used to enhance the accuracy of the basis set. The product 
is called contracted GTO. The coefficients of primitive GTOs in contraction can be 
obtained by fitting the contracted GTO into STO by using the least squares 
method.74 

The simplest expansion of the molecular orbitals applies only one basis function 
to each atomic orbital. These kinds of basis sets, like STO-3G, are called single-ζ or 
minimal sets. Single-ζ is, however, suitable for calculation of atoms only and for 
molecules improved results are obtained with double-ζ basis sets, which apply two 
functions to each orbital.  

During the chemical processes the changes in electronic wave functions occur 
in the valence space while the core states are usually unchanged. Thus, it is sensible 
to treat the core orbitals with smaller amount of basis functions than the valence 
orbitals. This leads to split valence basis sets. The most common split valence basis 
sets are probably those of Pople’s134, e.g. 6-31G. These are generally denoted as X-
YZG, where X indicates the number of primitive GTOs that comprise each core 
orbital basis function and YZ indicates that for valence orbitals there are two basis 
functions which consist of Y and Z primitive GTOs. The Karlsruhe split valence 
basis sets135,136 are denoted by using V in the name, e.g. TZV. 
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Correct description of the distortion of atomic orbitals in the presence of 
neighboring atoms requires basis functions of different angular momenta. Hence 
polarization functions, in other words functions with higher angular momentum 
than those occupied in the atom, are added into the basis set. Polarization functions 
have more angular nodal planes than orbitals in atoms and the orbitals can thus 
adapt better to the molecular environment. Polarization functions are indicated with 
an asterisk (6-31G*) or with P (TZVP). 

Standard basis set do not represent charged atoms that well but basis functions 
with small exponents are required. The inclusion of these so-called diffuse 
functions is usually indicated by (6-31G+) or by a prefix “aug” in Dunning’s137 
correlation consistent basis sets. Diffuse functions improve e.g. the description of 
the Rydberg states but the benefit of the diffuse functions decreases when the basis 
set size increases although the computational cost increases significantly.4  

As the quality of the wave function obtained with the HF-based methods is 
directly proportional to the quality of the basis set, one usually has to go beyond 
QZVP to reach converged results. The large number of basis functions required in 
the calculations restricts naturally the size of the system that can be studied. The 
DFT and TDDFT methods, on the other hand, are not so dependent on the basis set 
size because in the density functional methods orbitals are included only indirectly 
as a tool to construct the charge density. Hence, in density functional calculations 
the convergence is often obtained already with a basis set of TZVP quality. 
Moreover, already the SV(P) basis set yields reasonably accurate results in many 
cases,5 which provides access for larger systems.  

2.3.9 Continuum solvation models 

There are basically three ways to include the solvent effects in the calculations of 
molecular properties. First, the trivial way is to include explicit solvent molecules 
around the solvated molecule. However, decent description of the solvent effects 
requires such a large number of solvent molecules that the solvent has to be 
modeled by classical simulations. The second way is to describe only the solvated 
molecule explicitly, while the solvent is replaced with a continuum. This continuum 
solvation model (CSM) is on the one hand manageable by quantum mechanical 
methods but on the other hand unable to model e.g. hydrogen bonding. The third 
way is to combine the first two methods, i.e. use only a small number of solvent 
molecules around the solute, while the bulk solvent is described within CSM. In this 
Thesis the second approach is used. 
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In CSM a cavity, that describes the solvent excluded volume, is formed around 
the solute molecule. The solute molecule inside the cavity is embedded in a 
continuum described by permittivity . Electrostatics of the solute-solvent system 
can be described by the Poisson equation 

 4 M ,  (2.66) 

in which M  is the charge density of the solute (electronic + nuclear),  is 
dielectric function, and the total electrostatic potential  comprises of the 
electrostatic potential arising from charge density M  of the solute and the 
reaction potential arising from the polarization of the dielectric medium 

 M R .  (2.67) 

The charge distribution of the solute polarizes the dielectric solvent and the 
response of the solvent is described by the generation of charge distribution on the 
cavity surface. Thus, the Equation (2.67) can be solved by calculating the charge 
density on the cavity surface, which leads to apparent surface charge (ASC) 
methods. The ongoing development of different classes of CSM has been 
demonstrated in several review articles.138,139,140 

Polarizable continuum model 

The first ASC method is the polarizable continuum model (PCM), originally 
formulated by Miertuš, Scrocco, and Tomasi.141 In PCM the dielectric function  
is a step function such that it equals 1 inside and  outside the solute cavity. This 
leads to following boundary conditions of the total potential on the cavity surface 

 
 

· · . 
 (2.68) 

Here sin and sout are points infinitely close to the cavity surface inside and outside 
the cavity, respectively, where  is the outward-pointing unit normal vector in 
position s. The solvent reaction potential defined by using the charge density on the 
surface  

 1
4 ·   (2.69) 

can be used to solve the Equation (2.66). 
In the original formulation of PCM the surface charge density  arising from 

a given M  had to be calculated from the Equation (2.69) by an iterative process 
often referred as self-consistent reaction field (SCRF). The bottleneck of PCM in 
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early years was the double iterative procedure arising from the SCRF calculation 
that has to be carried out within each SCF cycle. The increased computational 
power and methodological developments142,143 have made, however, PCM one of 
the most widely used CSM in the field of quantum chemistry. 

In practice, the surface charge density  is expressed in terms of a finite set 
of point charges q. This is done by dividing the cavity surface Γ into a finite set of 
elements, called tesserae, such that the partial charge density of each tessera can be 
considered practically constant. The point charge representing each tessera is 
obtained by multiplying the partial charge density by the area of the tessera Ai 

 .  (2.70) 

Once the  is known, the solute–solvent interaction energy can be obtained by 
an integration over Γ 

 .  (2.71) 

Because of the ongoing development, the original formulation of PCM has been 
renamed dielectric-PCM (DPCM) to distinguish the original dielectric formulation 
from the later formulations like conductor-PCM (CPCM),144 integral equation 
formalism-PCM (IEFPCM),143,145 and implicit volume charge-PCM (IVCPCM). 
146,147. With these improvements of DPCM it is possible e.g. to treat ionic as well as 
anisotropic solvents. 

Conductor-like screening model 

The calculation of the surface charges in CSM usually requires the solution of the 
complicated boundary conditions for the dielectric solvent. In the conductor-like 
screening model (COSMO), first formulated by Klamt and Schüürmann148 and later 
adopted to PCM scene as CPCM by Barone and Cossi,144 the dielectric constant  
characteristic to each solvent is replaced with that of a conductor, i.e. ∞. This 
simplifies the boundary conditions significantly because for a conductor the 
electrostatic potential cancels out on the cavity surface 

 0.  (2.72) 

Instead of the normal component of the gradient of , like in PCM 
(Equation (2.69)),  is determined by the local value of the solute potential M. 
Thus, the charge density of the surface in COSMO can be solved from 
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 M , (2.73) 

where  is an operator defining the electrostatic potential at s due to the conductor-
like charge density . Using the boundary conditions (2.72) one obtains 

 M . (2.74) 

The finite permittivity of a real solvent is taken into account by scaling the 
unscreened surface charge densities by a factor determined empirically 

 1
, (2.75) 

in which 0 < x < 1. The original formulation of COSMO148 uses  while in the 

CPCM it is suggested to use a factor x = 0 in analogy with the Gauss law,144 but it is 

also acknowledged that the use of  may improve the calculated solvent 

shifts.149 The solute–solvent interaction energy can be written by using the surface 
charges according to Equation (2.70) 

 M. (2.76) 

The total energy of the solvated molecule is the sum of the energy of the isolated 
system calculated with the solvated wave function and the free electrostatic energy 
gained in the solvation process which is half of the interaction energy given in 
(2.76). 

In the beginning of the COSMO energy calculation a cavity surface grid is 
constructed around the solvated molecule. The surface charges are calculated within 
every cycle of the SCF procedure. The electrostatic potential generated by these 
charges is included into the Hamiltonian as an external potential, ensuring a 
variational optimization of both the molecular orbitals and the surface charges.150 

For a solvent with an infinite dielectric constant COSMO and PCM 
formulations become actually equivalent. Thus, the COSMO approximation is 
expected to work best for the highly polar solvents. However, the deviation between 

the solvent shifts calculated with DPCM and CPCM with  even in nonpolar 

solvents is actually rather small.149 After the original implementation for semi-
empirical methods, COSMO has been more recently implemented also for ab initio 
methods.150,151,152 
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3 Compounds and computational details 

In this Chapter the compounds studied computationally in this Thesis and the 
computational details of the calculations are presented. The molecular structures 
and some further details of the compounds are given in Section 3.1. The 
computational environment, programs, and computational procedures used in the 
calculations are presented in Section 3.2.  

3.1 Studied compounds 

Seven different compounds and five molecular systems are studied in this Thesis. 
Three alkoxypyridylindolizine derivatives have been investigated in publications I 
and II, porphine and porphine–quinone complex in publications III and IV, and 
four porphine–quinone–Aib8 systems in publication V. 

3.1.1 Alkoxypyridylindolizine derivatives 

All studied alkoxypyridylindolizine derivatives, called indolizine derivatives here, 
1,2,3-tricarbomethoxy-7-(4-pyridyl)-pyrrolo[1,2-a]pyridine (I), 1,2-dicarboethoxy-
3-(4-bromobenzoyl)-7-(4-pyridyl)-pyrrolo[1,2-a]pyridine (II), and its isomer 1,2-
dicarboethoxy-3-(4-bromobenzoyl)-5-(2-pyridyl)-pyrrolo[1,2-a]pyridine (III) have 
been synthesized and experimentally investigated by Vasilescu et al.7 The reference 
compound, 1,2,3-tricarbomethoxy-pyrrolo[1,2-a]pyridine (F), has been synthesized 
and studied by Cheng, Ma, and Wudl13. Only the ground state molecular and 
electronic structures of F are studied and compared those of I–III. The molecular 
structures of the derivatives F and I–III are presented in Figure 3.1. 

 
F I II III 

Figure 3.1 Molecular structures of the indolizine derivatives F and I–III. 
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All the derivatives have a pyridyl substituent either in the position C7 or C5 in 
the indolizine ring, see Figure 2.1 for the numbering of the atoms. Additionally, 
compounds II and III are also substituted by a 4-bromobenzoyl group at C3.  

Indolizine derivatives I–III absorb in the UV region and have been reported to 
be highly fluorescent. Derivative I emits purple, II blue, and III green light.7 In 
addition, derivatives I–III have relatively large Stokes shifts if compared to those of 
typical aromatic compounds e.g. oligophenylenes19,20.  

3.1.2 Porphine and the porphine–quinone complex 

Molecular structures of porphine and the cofacial porphine–2,5-dimethyl-1,4-
benzoquinone (PQ) complex are presented in Figures 2.2 and 3.2, respectively. 
Within this thesis, PQ complexes with six intermolecular distances (2.5, 3.0, 3.5, 
4.0, 4.5, 5.0 Å) are studied. 

 

 
Figure 3.2 Molecular structure of the PQ complex. 

The porphine molecule is studied in order to evaluate the applicability of the 
selected computational methods for the investigation of porphine derivatives. This 
is inevitable because the traditional GGA functionals and hybrid functionals with 
low fraction of HF exchange have been reported to yield qualitatively incorrect 
spectra for porphyrins and chlorophylls.37 

Cofacial PQ donor–acceptor dyads have been experimentally studied by Staab 
and co-workers.44,45 In these dyads the porphine and quinone moieties are connected 
by cyclophane bridges, which were neglected in this study to reduce the size of the 
system. 

3.1.3 Porphine–quinone–Aib8 systems 

The porphine–quinone–Aib8 systems consist of the PQ5.0 complex and Aib8 
homopeptides. The PQ5.0 complex was chosen in this system because the influence 
of the external electric field increases when the intermolecular distance between 
porphine and quinone increases.III Either one or two Aib8 chains is imposed next to 
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the PQ complex such that the helix axis is parallel to the axis pointing from the 
geometrical center point of porphine to the geometrical center point of quinone. In 
addition, the C-terminus is either on the porphine or quinone side of the PQ 
complex. Consequently four different systems, denoted as PQ–1P, PQ–2P, PQ+1P, 
and PQ+2P, were investigated, see Figure 3.3. 

  
PQ–1P PQ+1P 

  
PQ–2P PQ+2P 

Figure 3.3 Molecular structures of the PQ–1P, PQ+1P, PQ–2P, and PQ+2P 
systems. 

These four different PQ–Aibn systems differ from each other in the following 
ways. In PQ–1P the N-terminus of the Aib8 is on the quinone side of the PQ 
complex such that the electric field induced by the peptide is directed from quinone 
to porphine. Thus, it is expected that this alignment would enhance CT from 
porphine to quinone. There are two peptide chains in PQ–2P, the PQ complex being 
in the middle and the orientation of the Aib8 chains with respect to the PQ complex 
is identical to that in PQ–1P. 

In PQ+1P and PQ+2P one or two Aib8 chains, respectively, are oriented such 
that the N-terminus is on the porphine side of the PQ complex. In other words, in 
these systems the orientation of the electric field induced by the peptide chains is 
expected to prevent the CT from porphine to quinone. 

Geometry of the Aib8 was extracted from the crystal structure of the Z-(Aib)11-
OtBu50. The N- and C-termini were capped with a hydrogen atom and a hydroxyl 
group, respectively. The Aib8 was chosen for this study, because the electric field 
induced by the peptides is proposed to be due to the helical structure63 and Aib 
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residues are reported as strong helix formers in peptides, usually favoring the α- or 
310-helix structure.59,50  

3.2 Computational details 

The calculations were run on the IBM eServer Cluster 1600 system (ibmsc.csc.fi), 
HP Proliant DL145/DL145G2 Cluster system (sepeli.csc.fi), and HP CP4000 BL 
ProLiant supercluster (murska.csc.fi) located at the CSC – IT Center for Science 
Ltd, Espoo, Finland. 

All the other calculations in publications I–III and V were carried out by using 
the TURBOMOLE versions 5.8–6.1153, except for the calculations employing PCM in 
the publication I, which were performed with the GAUSSIAN 03154 program 
package. The calculations in publication IV were carried out with DALTON 2.0155.  

3.2.1 Density functional and coupled cluster calculations 

The density functional calculations were performed with the DSCF, GRAD, ESCF, 
and EGRAD modules of TURBOMOLE, while the vibrational frequencies were 
calculated with modules AOFORCE and NUMFORCE on the ground state and 
excited state geometries, respectively. The TDDFT calculations performed with 
DALTON employed the ABACUS module. The functionals and basis sets used in the 
density functional calculations in publications I–V are listed in Table 3.1. 

Table 3.1 Functionals and basis sets used in density functional calculations in 
publications I–V. 

Functional Publications Basis set Publications 
PBE100 II, V SV(P) I, II, III, IV, V 
PBE0106 I DZP I, II 
B3LYP104,105 I, II, III, IV TZV I 
BH&HLYP103 II, III, V TZVP I, II, III, V 
CAM-B3LYP108 IV 6-31G* IV 
  6-311G** IV 

The CC2 calculations in publication III were performed with the RICC2 
module of the TURBOMOLE package. In the CC2 calculations the frozen-core 
approximation has been employed for the 1s orbitals of the carbon and nitrogen 
atoms. In addition to the main basis set (SV(P) or TZVP), an auxiliary basis set156 of 
the same quality has been used in the calculations. 
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In the calculations of the excited states in publications I and III–V only singlet 
vertical excitations have been considered. In publications III and IV the computed 
vertical transitions have been transformed into simulated absorption spectra by 
applying a uniform Gaussian broadening with a standard deviation of 0.1 eV. In 
publication I standard deviations of 8 nm have been applied for indolizine 
derivatives I and II and 14 nm for the derivative III and the simulated spectra have 
been scaled with a factor of 2.2 to allow an easier comparison with the experimental 
spectra. The potential energy curves (PECs) in publications III and IV have been 
constructed by using the calculated vertical excitation energies. 

Excited state structures in publication II have been obtained by optimizing the 
geometry of each compound at its first singlet excited state. The fluorescence 
transition energies have been obtained by calculating the electronic transitions by 
using the optimized excited state geometry. One higher state has been considered in 
most of the excited state optimizations and some of the calculations have been 
repeated by using four additional states in order to make sure no root flipping157 
occurred during the excited state optimizations. 

3.2.2 The solvent environment and the external electrostatic field 

The solvent effects have been evaluated by means of COSMO (publications I and 
II) and PCM (publication I). In COSMO calculations dielectric constants of 1.9 and 
46.6 were used for cyclohexane and DMSO, respectively, otherwise the default 
parameterization of the COSMO in TURBOMOLE has been employed. Within the 
PCM calculations, the default definitions of solvent properties of GAUSSIAN for 
cyclohexane and DMSO have been applied.  

 In the calculations including external electric field in publications III and IV, 
the field  has been applied perpendicularly to the porphine and quinone planes 
in the direction from porphine to quinone (+) or quinone to porphine (–). The 
direction of the external electrostatic field has been defined as a direction of the 
movement of a positive charge. The order of the magnitude of the strength of the 
external electric field (109 V/m ≈ 0.001945 a.u.) considered corresponds to the 
electric field observed in peptides, zeolites, and protein cavities.63,158 In addition, the 
fields of ±1, ±2, and ±4×109 V/m have been studied. The strength of the electric 
field induced by the peptide chain in publication V was studied by using the 
MOLOCH module of TURBOMOLE. 



3 Compounds and computational details 
 

40 
 

3.2.3 Other software 

The molecular structures were handled with the Materials Studio 4.1 and Arguslab 
4.0.1159 software packages. The molecular orbitals, presented as isoamplitude 
surfaces, and electron density differences were plotted with the gOpenMol version 
3.00160,161. Absorption spectra were plotted with Matlab 7.8.0.347 and enhanced by 
using the Adobe Illustrator CS3 13.0.2. 
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4 Results and discussion 

In this Chapter the most important results and findings of this Thesis are presented. 
These results are discussed in more detail in publications I–V. 

Section 4.1 summarizes the findings related to the optical properties of the 
alkoxypyridylindolizine derivatives studied in publications I and II. In Section 4.2 
the performance of TDDFT combined with the BH&HLYP functional in 
calculating the porphine absorption spectrum is discussed. Findings related to the 
electric field induced by the Aib8 homopeptides are presented in Section 4.3. 
Furthermore, the influence of the external electrostatic field and electric field 
induced by the ambient Aib8 homopeptides on the electronic structure, excited 
states, and ET of the porphine–2,5-dimethyl-1,4-benzoquinone complex is 
discussed in Section 4.4. 

4.1 Optical properties of alkoxypyridylindolizines 

The characteristic S0 → S1 absorption band between 320 and 400 nm and the S1 → 
S0 fluorescence band of compounds I–III consist of a one-electron transition 
between the highest occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO).I,II Hence, the following discussion, which is 
related to the effects of the substituents, solvent environment, XC functionals and 
basis sets on the properties of the indolizine derivatives I–III, is focused on the S0 
and S1 geometries, frontier molecular orbitals (MOs), and the S0 → S1 and S1 → S0 
transitions. 

4.1.1 Molecular structure 

Because the aromatic nature and the surrounding environment of the molecules 
affect the optical properties, the contributions to the molecular structures were 
determined first with different functionals and basis sets. The torsion angle between 
the pyridyl and indolizine rings is 30–40 degrees in the ground state. This allows 
some π-conjugation between the indolizine and pyridyl rings.I The torsion angle 
between the indolizine and p-bromobenzoyl planes is around 50–60 degrees in both 
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II and III. The structure and the position of the pyridyl substituent in the indolizine 
ring affect the bond lengths and the torsion angles α of the compounds only 
slightly. The bond lengths in the six-membered ring of indolizine are influenced 
more than those in the five-membered ring. In addition, the bonds adjacent to the 
pyridyl substitution position appear to be affected more than the other bonds in the 
six-membered ring. Because the relatively bulky p-bromobenzoyl group (II vs. I) 
does not practically influence the bond lengths of the indolizine ring, the extended 
π-conjugation induced by the pyridyl substituent is responsible for the small 
changes observed in bond lengths.I 

When the equilibrium geometries of the S0 and S1 states of compounds I–III are 
compared, the largest changes are observed in the bonds of the indolizine ring on 
which the HOMO and LUMO orbitals have strong amplitudes.II The orientations of 
both the carbomethoxyl and -ethoxyl groups are very similar in the S0 and S1 states 
and thus have no influence on the characteristic absorption bands and fluorescence 
spectra of the compounds I–III. Furthermore, in the case of compounds II and III 
the p-bromobenzoyl affects the Stokes shift hardly at all, because the relative 
orientation of the substituent with respect to the indolizine ring is almost identical in 
both the S0 and S1 states. Despite the observed inversion in the double-single bond 
pattern, the changes in bond lengths remain relatively small. Therefore, the torsion 
angle between the indolizine and pyridyl ring (variations of up to 25 degrees) 
appears to be responsible for the large Stokes shifts of I–III. 

Functionals affect the optimized ground state geometries of I–III only little.I,II 
In addition, the S1 geometries of I predicted by BH&HLYP, B3LYP, and PBE are 
very similar. However, because in the case of compounds II and III the target π → 
π* state was not reached either by PBE or B3LYP,II there are clear differences in 
the S1 geometries of II and III computed by PBE, B3LYP, and BH&HLYP. This is 
emphasized by the orientation of the p-bromobenzoyl substituent with respect to the 
indolizine core, i.e. the p-bromobenzoyl group of II is perpendicular to indolizine in 
the S1 state when optimized with B3LYP, contrary to the geometries of the S1 state 
optimized with BH&HLYP and PBE which are tilted only by ca. 50 degrees. 

Basis set has only a minor effect on the optimized ground state geometries of 
the compounds I–III. Convergence in bond lengths and in torsion angles is 
approached already with the TZP basis set.I In addition, already the SV(P) basis set 
captures the changes in the geometries resulting from electronic transitions between 
the S0 and S1 states.II The same has been observed also in the cases of benzene162, 
formaldehyde163, and 1,8-naphtalimide164, i.e. variation of bond lengths resulting 
from electronic excitations are predicted well already by a relatively small basis set. 
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This is useful since using of the SV(P) or DZP basis set instead of TZVP 
significantly decreases the computational effort in the excited state optimizations. 

Independent of the solvent polarity, modeling of the solvent as a continuum in 
the calculations induces only minor changes to the S1 and S0 geometries of the 
compounds I–III.I,II Hence, one could in principle neglect the solvent environment 
in the geometry optimizations and take the solvent effect into account only in the 
calculations of the electronic transitions, like proposed also by Jacquemin et al.163  

4.1.2 Electronic structure 

The electronic structure calculations yield some insight into the configuration of the 
excited states in the indolizine derivatives. The HOMO and LUMO isoamplitude 
surfaces of the compounds I–III calculated for the ground state geometries by using 
B3LYP/SV(P) are presented in Figure 4.1. 

 
 I II III 
 
 

LUMO 

 

 
 

HOMO 

 

Figure 4.1 The isoamplitude surfaces of HOMO and LUMO of I–III calculated 
for the ground state geometries with B3LYP/SV(P) in vacuum. 

Both the torsion angle of the pyridyl substituent and its position in the 
indolizine ring affects the MO energies in I–III.I Extended π-conjugation decreases 
the frontier MO energies, especially that of the LUMO, as compared to the pyridyl-
free compound F. The change of the energy of the HOMO–LUMO gap induced by 
the change of the position of the pyridyl substituent (II vs. III) is less significant 
than the change induced when a hydrogen is substituted by pyridyl (I vs. F) in the 
indolizine ring. The substitution of carbomethoxyl group by p-bromobenzoyl group 
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(I vs. II) stabilizes the LUMO energies and decreases the HOMO–LUMO gap. 
Considering that mainly the frontier molecular orbitals are involved in the lowest 
energy transition, absorption maximum wavelength of indolizine can be strongly 
tuned by conjugated substituents, such as pyridyl and p-bromobenzoyl groups, and 
finely tuned by changing the position of these substituents. 

Using of the PBE0 functional instead of B3LYP decreases the energies of the 
occupied MOs. The energies of the unoccupied MOs are affected only slightly and 
therefore the HOMO–LUMO gap increases.I This affects the positions of the bands 
in the absorption spectra of compounds I–III. Increasing of the basis set size 
stabilizes the MOs but the HOMO–LUMO gap is practically unaffected by the size 
of the basis set.I The MO energies calculated with the SV(P) basis set are closer to 
the results yielded by the triple-zeta basis set than to those given by the DZP basis 
set. This supports the use of the SV(P) basis set in the excited states calculations.   

The COSMO model predicts very small changes in the MO energies 
independent of the solvent polarity.I Because the solvent does not affect the MO 
energies much, no important effects are expected on the excitation energies either. 

The MOs calculated for the excited state geometries provide information on the 
nature of the relaxed state. In the case of BH&HLYP the MOs calculated for the S1 
geometry are practically identical to the ones calculated for the S0 geometry.II 
However, in the cases of PBE and B3LYP the MOs of the S0 and S1 geometries are 
different, see Figures 4.1 and 4.2 for the MOs calculated with B3LYP.  

 I II III 

LUMO 

 

HOMO 

  

Figure 4.2 The isoamplitude surfaces of HOMO and LUMO of I–III calculated 
for the S1 geometry with B3LYP/SV(P) in vacuum. 
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The MOs calculated with PBE for the excited state geometry of I reveal that the 
HOMO calculated with PBE exhibits σ or lone-pair character rather than π 
character. Hence, the S1 → S0 fluorescence obtained by using the PBE functional is 
in fact a n → π* transition.II On the contrary, the HOMO obtained with the 
BH&HLYP and B3LYP functionals has clear π character, as seen by analyzing the 
orbitals presented in Figure 4.2. Therefore, the fluorescence calculated with these 
two functionals represents the desired π → π* transition. 

Following the differences in the S1 geometries optimized with BH&HLYP, 
B3LYP, and PBE the electronic structure of the optimized S1 excited state of 
compound II obtained with these functionals is different. As in the case of 
compound I, PBE fails to optimize the correct excited state and the HOMO 
obtained exhibits σ character. However, BH&HLYP and B3LYP yield π character 
correctly for the HOMO orbital. The LUMO obtained with BH&HLYP is 
delocalized over a large part of the molecule but the LUMO obtained with B3LYP 
(see Figure 4.2) is entirely localized on p-bromobenzoyl. Hence, B3LYP predicts 
CT character for the S1 state. 

Even though there were no clear differences in the S1 geometries of the 
compound III optimized with three different functionals, PBE and B3LYP yield 
electronic structures for the optimized S1 state that differ from the one obtained by 
using BH&HLYP, see Figure 4.2 for the B3LYP-calculated MOs. Similarly to 
compound II, the LUMO of the S1 state of III obtained with PBE and B3LYP is 
localized entirely on the p-bromobenzoyl group. Hence, these two functionals 
predict CT character for the S1 state. In contrast, the LUMO of the S1 state 
calculated by using BH&HLYP is localized mainly on the indolizine and pyridyl 
rings just like the LUMO calculated for the S0 geometry. 

4.1.3 Optical transitions 

In this Section the influence of the substituents, solvent environment, basis sets, and 
the XC functionals on the optical transitions of the compounds I–III are discussed. 
The characteristic S0 → S1 absorption band between 320 and 400 nm of compounds 
I–III arise from absorption of the aromatic indolizine ring. The influence of the 
substituents in the indolizine ring is revealed by comparing the shifts of the first 
absorption peak of I (see Figure 4.3, ca. 350 nm) and II (ca. 370 nm). This peak 
involves only the transition from HOMO to LUMO and because the substitution of 
the carbomethoxyl group by the 4-bromobenzoyl group decreases the HOMO–
LUMO gap, a bathochromic shift is induced. 
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Figure 4.3 The simulated absorption spectra of compounds I–III obtained by 
using the B3LYP (black dashed line) and PBE0 (grey dashed line) functionals 
and the corresponding vertical transitions calculated with B3LYP. 
Experimental spectra in cyclohexane are also shown with black solid line. 

Comparison of the shifts of the first absorption peak of II and III reveals the 
influence of the position of the pyridyl substituent in the indolizine ring. When the 
pyridyl substituent of the indolizine ring is moved from C5 in II to C7 in III, the  
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absorption peak of II around 370 nm, involving a HOMO → LUMO transition, is 
shifted to 400 nm in III. This is because III has a slightly smaller HOMO–LUMO 
gap. 

The differences between the low wavelength regions of the absorption spectra 
of I, II, and III are due to the differences in transitions involving mainly lower lying 
HOMOs (HOMO–n, n > 2) and higher lying LUMOs (LUMO+n, n > 2). All three 
compounds have strong absorption bands between 240 nm and 300 nm, but 
calculations do not show evidence for clear similarities between the involved 
electronic transitions. 

The wavelengths of the absorption (S0 → S1) and fluorescence (S1 → S0) 
maxima, oscillator strengths, and Stokes shifts calculated in vacuum by using the 
PBE, B3LYP, PBE0, and BH&HLYP functionals with the SV(P) basis set are 
presented in Table 4.1. Because the nonpolar cyclohexane is expected to have a 
minor effect on the fluorescence maxima, the values calculated for fluorescence in 
vacuum arecompared with the experimental values measured in cyclohexane and 
reported in reference 19. 

Table 4.1 Absorption (S0 → S1) and fluorescence (S1 → S0) wavelengths λ (nm), 
oscillator strengths f, and Stokes shifts ∆S (cm-1) of I–III calculated in vacuum 
by using the PBE, B3LYP, PBE0, and BH&HLYP functionals with the SV(P) 
basis set. The experimental values measured in cyclohexane are from Ref. 19. 

 S0 → S1 S1 → S0  
 Functional λ  f λ f ∆S 
I PBE 404.3 0.16 551.6 ~0 6605 
 B3LYP 353.9 0.32 412.7 0.30 4026 

PBE0 341.5 0.33 - - - 
BH&HLYP 308.3 0.40 362.2 0.43 4827 
exp. 338.8 - 414 - 5361 

II PBE 436.8 0.08 814.5 ~0 10616 
 B3LYP 368.5 0.48 719.1 ~0 13231 

PBE0 356.4 0.49 - - - 
BH&HLYP 318.1 0.55 372.5 0.51 4591 
exp. 373.8 - 440 - 4025 

III PBE 496.3 0.04 857.8 ~0 8491 
 B3LYP 398.3 0.08 607.2 0.01 8638 

PBE0 382.9 0.09 - - - 
BH&HLYP 329.6 0.13 462.8 0.13 8732 
exp. 359.8 - 518 - 8488 

The PBE functional predicts the longest wavelengths, i.e. lowest energies, for 
the absorption maxima of I–III. Depending on the compound, B3LYP yields 50–98 
nm, PBE0 63–113 nm, and BH&HLYP 96–167 nm shorter wavelengths than PBE. 
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This is expected, because the HOMO–LUMO gap increases when the amount of HF 
exchange in the functional increases.I The fluorescence maxima reveal even larger 
differences when the results calculated with the PBE, B3LYP, and BH&HLYP 
functionals are compared, because the character of the S1 state of compounds I–III 
predicted by these functionals is differs from compound to compound.II 

As discussed in Section 4.1.2, the PBE functional fails in optimizing the correct 
excited state for compounds I and II and predicts wrongly CT character for the S1 
state of compound III. Hence, the wavelengths of the fluorescence maxima and 
Stokes shifts calculated using PBE do not agree with the experimental data. In 
addition, the B3LYP functional predicts CT character for the S1 state of compounds 
II and III. Considering that PBE and B3LYP overestimate the wavelengths of the 
fluorescence maxima of compounds II and III, i.e. underestimate the S1 energy, this 
CT state is artificial and a consequence of the CT failure of TDDFT when 
combined with the traditional density functionals with no or low amount of HF 
exchange.6,124,4 Thus, although B3LYP outperforms BH&HLYP in predicting the 
wavelengths of the absorption and fluorescence maxima for compound I, a hybrid 
functional with a larger fraction of HF exchange, e.g. BH&HLYP, is mandatory for 
getting a physically correct picture of the S1 → S0 fluorescence of compounds II 
and III. 

Using the DZP or TZVP basis sets instead of SV(P) induce only small changes 
into the calculated wavelengths of the absorption and fluorescence maxima.I,II 
Hence, though the calculated Stokes shifts increase in the order of SV(P)//SV(P) < 
DZP//DZP < TZVP//TZVP, the differences are rather small. The use of the DZP or 
TZVP basis set in the excitation energy calculations with the SV(P) geometry yields 
almost systematically slightly longer absorption and fluorescence wavelengths than 
predicted by the full DZP and TZVP calculations, but the differences are negligible 
because in all cases the wavelengths of the absorption and fluorescence maxima are 
underestimated roughly by the same amount, i.e. 30 nm (II) and 50 nm (III) with 
respect to the experimental values. Thus, the use of the SV(P) basis set both in the 
geometry optimizations and excitation energy calculations emerges as a good 
choice since the use of a larger basis set, i.e. DZP or TZVP, does not practically 
improve either the calculated fluorescence maxima or the Stokes shifts.   

The wavelengths of the absorption and fluorescence maxima and the Stokes 
shifts of compounds I–III calculated in cyclohexane agree reasonably well with the 
experimental results.I,II However, the cyclohexane solvent environment does not 
improve the fluorescence properties calculated in vacuum. The wavelengths of the 
fluorescence maxima calculated in DMSO are, however, consistently 
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underestimated. Consequently, the calculated Stokes shifts are clearly 
underestimated in DMSO. In addition, the calculations predict larger Stokes shifts 
for I–III in a nonpolar solvent than in a polar solvent, which is contrary to the 
experiments. As predicted on the basis of the ground state properties, relaxation of 
the geometry in solvent environment does not affect the vertical S0 → S1 excitation 
energies significantly.I In other words, the TDDFT/COSMO calculations using the 
vacuum-optimized ground state geometries lead to excitation energies and oscillator 
strengths almost identical to those obtained by using the ground state geometries 
optimized in solution. Hence, the solvent effect could be taken into account only 
when calculating the vertical excitations. 

4.2 Absorption spectrum of porphine calculated by using TDDFT 

Because the traditional density functionals are reported to underestimate the N 
states of porphine derivatives,37 the applicability of TDDFT combined with the 
BH&HLYP functional for porphyrin spectroscopy was investigated in publication 
III by calculating the optical absorption spectrum of porphine. 

Because the N states have CT character, they respond to the external electric 
field.37 Hence, the assignments of the bands calculated in publication III were 
confirmed by applying an external electrostatic field of 2×109 V/m in the porphine 
plane, directed along the x and y axes, see Figure 2.2. The first four energetically 
lowest states are not affected by the external field, and can thus be confirmed as the 
Qx, Qy, Bx, and By states. In agreement with the Gouterman four orbital model, the 
calculations at the TDDFT/BH&HLYP level include only the HOMO–1, HOMO, 
LUMO, and LUMO+1 orbitals (see Figure 4.4) in the transitions involved in the 
first four excitations. The states lying above the B bands responded to the external 
stimulation and are assigned to the N states. These non-Gouterman states contain 

HOMO–3 HOMO–2 HOMO–1 HOMO LUMO LUMO+1 

Figure 4.4 Some of the orbitals of porphine calculated at the 
BH&HLYP/SV(P)//B3LYP/SV(P) level of theory. The isoamplitude surfaces of 
the orbitals presented are 10 % of the maximum positive (red) and minimum 
negative (blue) amplitudes of the wave functions. 
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mainly excitations from orbitals localized on two of the pyrrole rings only (from 
HOMO-2 and HOMO-3 to LUMO and LUMO+1). 

The energies of the Q and B bands obtained with BH&HLYP are almost 
identical to those calculated by using the CAM-B3LYP functional37. This is 
surprising because, due to the lower amount of HF exchange via CAM-splitting, 
CAM-B3LYP should in principle yield more accurate energies for the locally 
excited states than BH&HLYP. The BH&HLYP functional combined with the 
SV(P) basis set overestimates the experimental energies of the Q and B bands by 
0.43 eV at most which is slightly less than 0.5 eV reported in a study of the 
bacteriochlorophyll b165. The energies of the Q and B bands of porphine calculated 
by using several computational methods both in this Thesis and in preceding 
studies34,36,37 are summarized in Table 4.2. In addition, the experimental166 values 
are shown to allow comparison. 

Table 4.2 Energies E (eV) and oscillator strengths f of the Q and B bands of 
porphine calculated with several methods. Experimental values are shown for 
comparison. 

 Qx Qy Bx By
 

 E f E f E f E f 
CASPT2/6-31G a 1.9 - 2.2 - 3.3 - 3.2 - 
CC2/TZVP 2.28 - 2.67 - 3.49 - 3.56 - 
CC2/SV(P) 2.30 0.001 2.70 0.003 3.56 0.98 3.65 1.20 
CC2/SVP b 2.32 - 2.71 - 3.57 - 3.66 - 
BH&HLYP/TZVP 2.25 0.003 2.43 0.003 3.59 0.94 3.69 1.25 
BH&HLYP/SV(P) 2.27 0.002 2.45 0.002 3.62 0.88 3.76 1.25 
CAM-B3LYP/6-31G* 2.17 0.001 2.41 0.001 3.55 0.82 3.68 1.17 
CAM-B3LYP/6-31G* a 2.19 0.001 2.42 0.001 3.55 0.81 3.69 1.16 
B3LYP/SVP+diff c 2.13 0.0009 2.25 0.0006 3.42 0.78 3.36 0.90 
Experimental d 1.98 0.02 2.42 0.07 3.33 1.15 3.33 - 

a Adopted from Ref. 37 
b Obtained from Ref. 36 
c Obtained from Ref. 34 
d Obtained from Ref. 166 

The BH&HLYP/SV(P) calculations yield the lowest two N states at 3.97 and 
4.33 eV, i.e. at slightly lower energies than CAM-B3LYP (ca. 4.3 and 4.5 eV). 
Experimentally, the N states lie above the B states at around 3.5 eV.37 Compared to 
the results obtained with the SV(P) basis set, the use of the TZVP basis set with 
BH&HLYP decreases the energies of the Q states by 0.02 eV and those of the Bx 
and By states by 0.03 and 0.07 eV, respectively. Of the density functionals, B3LYP 
yields the Q and B states that are closest to the experimental values. However, the 
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functional yields additional states between Q and B bands and it has been 
speculated whether they are the N states37 or some superfluous states34. This reduces 
the applicability of B3LYP in studying the porphyrin spectroscopy in general. 

The energies of the Q and B bands calculated by using the CC2 method with the 
SV(P) basis set are equal to the ones reported by Parac and Grimme36 and do not 
differ much from the ones calculated with TDDFT/BH&HLYP/SV(P). 
Additionally, the two methods yield very similar oscillator strengths for these states. 
The CC2/SV(P) yields the Qx and Qy (2.30 and 2.70 eV) bands at slightly higher 
energies than TDDFT/BH&HLYP/SV(P) and thus the deviation from the 
experimental values increases. On the contrary, the CC2/SV(P)-calculated Bx and 
By energies (3.56 and 3.65 eV) are closer to the experimental values than the ones 
obtained by using TDDFT/BH&HLYP/SV(P). The use of the TZVP basis set 
instead of SV(P) in the CC2 calculations decreases the energies of the Qx, Qy, Bx, 
and By states by 0.02, 0.03, 0.06, and 0.09 eV, respectively, i.e. about the same 
amount as in the case of TDDFT combined with BH&HLYP. 

Although the BH&HLYP functional overestimates the energies of the Q and B 
bands slightly, TDDFT/BH&HLYP yields correct order for the B and N bands. 
Hence, the spectrum calculated by using BH&HLYP functional is qualitatively 
consistent with the experiments and is in agreement with the results obtained with 
CAM-B3LYP and CASPT2. 

4.3 Electric field induced by α-aminoisobutyric acid homopeptides 

It is expected that the electronic structure and excited states of the PQ complex are 
affected by the internal electric fields of the Aib8 homopeptides when the molecules 
interact. If the internal electric field is strong enough, the Aib8 homopeptide could 
be used to control ET in the PQ complex. In this Section the strength of the internal 
electric field induced by the Aib8 homopeptide is discussed. 

The strength of the internal electric field induced by the Aib8 peptide is 
determined by the dipole moment of the peptide. In agreement with the previous 
investigations,62,167 the dipole moment computed in publication V is oriented along 
the helix axis and points from the C-terminus to the N-terminus, as sketched in 
Figure 4.5. 

There is only very little variation in the dipole moments calculated by using 
different XC functionals and basis sets. The dipole moment computed by using 
DFT/BH&HLYP with either the SV(P) or TZVP basis set is ~34 D, which is 
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slightly stronger than the 3.5 D per α-amino acid residues reported by Fox and 
Galoppini.62 

a) 

 
 

b) 

 
C-terminus C-terminus  

Figure 4.5 Top-view a) and side-view b) of PQ–2P. The direction of the dipole 
moment  and the electric field  induced by the Aib8 peptides is indicated with 
an arrow. Carbon atoms are presented with grey, oxygens with red, nitrogens 
with blue, and hydrogens with light grey. 

In order to estimate the field induced by the peptides only, the strength of an 
electric field induced by the Aib8 homopeptides in PQ–1P, PQ–2P, PQ+1P, and 
PQ+2P systems was calculated without the PQ complex, see Table 4.3.  

Table 4.3 Norm | |, x, y, and z components of the electric field (×109 V/m) 
induced by the Aib8 peptides in the geometric center point of the PQ complex 
calculated by using DFT/BH&HLYP/SV(P). In addition, the direction of the 
field witihn the complex is shown with an arrow. 

 x y z | | directiona 
PQ–2P ~0 ~0 –1.100 1.100 Q → P 
PQ–1P –0.131 +0.051 –0.563 0.580 Q → P 
PQ+1P –0.131 –0.051 +0.563 0.580 P → Q 
PQ+2P ~0 ~0 +1.100 1.100 P → Q 

a P = porphine, Q = quinone, see Figure 4.5. 
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The electric fields calculated at the DFT/BH&HLYP level with SV(P) between 
the geometric centers of porphine and quinone (presented in Table 4.3) are only ~1 
% weaker than those obtained by using the larger TZVP basis set. The calculated 
electric fields induced by the Aib8 homopeptides are of the same order of magnitude 
(109 V/m) than the maximum proposed for the helical peptides on the basis of the 
vacuum electrostatics62. 

As expected on the basis of the dipole moment of Aib8, in all of the systems the 
direction of the induced field is parallel to the helix axis of the peptides. Hence, in 
PQ–1P, PQ–2P, PQ+1P, and PQ+2P the influence of the induced field is the largest 
possible and any changes in the alignments of the Aib8 chains with respect to the 
PQ complex would decrease the effect of the ambient peptides.

4.4 Porphine–quinone complex at an external electrostatic field 

In this Section the effect of an external electrostatic field of the order of magnitude 
of 109 V/m, which corresponds to that observed in helical peptides,62 on the 
electronic structure and the excited states of a PQ complex is discussed. 
Furthermore, the possibility to control ET in the PQ complex by using the external 
electrostatic field is considered. 

4.4.1 Ground state molecular structure 

The stability of the PQ complex is determined by the interaction energy, that is 
calculated as the difference between the sum of the isolated porphine and quinone 
and the energy of the interacting PQ complex. The basis set superposition error 
(BSSE) stabilizes erroneously the complexes formed by two molecules. When 
calculating the interaction energy, BSSE can be taken into account e.g. by the 
counterpoise method (CP)168. The influence of BSSE on the relative orientation of 
quinone with respect to porphine in the PQ complex is shown in Table 4.4. Energies 
of the PQ complexes with different rotation angles α, calculated by using SV(P) 
without the CP correction, differ by 3.2 kJ/mol at the most. Both increasing of the 
basis set size to TZVP and taking the CP correction into account decrease the 
differences between the energies of the PQ complexes with different rotation angles 
even though the RPQ range of the conformers increases as compared to the SV(P) 
calculations without the CP correction. The interaction energy of the lowest energy 
PQ conformer with α = 135º exceeds the thermal energy at room temperature 
(~2.48 kJ/mol) only when calculated by using the SV(P) basis set without the CP 
correction. This is because the van der Waals interactions are not properly taken 
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Table 4.4 Optimized intermolecular distances RPQ (Å) and relative energies E 
(kJ/mol) for the PQ complexes with different rotation angles α (degrees) 
calculated without a correction for BSSE and with the correction for BSSE via 
the CP method by using DFT/B3LYP.a 

 SV(P) TZVP SV(P)+CP TZVP+CP 
α RPQ E RPQ E RPQ E RPQ E 
0 3.96 1.62 4.90 0.26 5.04 0 4.68 0.33 
15 4.01 2.21 4.74 0.37 5.15 0.06 4.89 0.29 
45 3.87 1.77 5.16 0.96 5.26 0.34 4.98 0.73 
60 3.91 2.58 5.66 1.29 5.31 0.70 5.06 1.15 
90 3.92 3.22 5.68 1.48 5.28 0.92 5.24 1.12 
110 3.92 2.58 4.74 1.25 5.18 0.65 5.04 0.94 
120 3.87 1.29 4.84 0.39 5.10 0.15 4.75 0.42 
135 3.82 0 4.80 0 4.78 0.19 4.60 0 

a The interaction energy of the lowest energy conformation is 6.37, 1.57, 0.92, 0.61 
kJ/mol calculated with SV(P), TZVP, SV(P)+CP, and TZVP+CP, respectively. 

into account by DFT74 and thus the interaction energy of the complexes is rather 
weak. Because the CP correction decreases the complexation energy and the SV(P) 
basis set predicts the same  minimum energy conformation as the calculations with 
the TZVP basis set, the SV(P) basis set is valid for the geometry optimization of the 
PQ complex.  

The weak interaction between porphine and quinone is seen also in Figure 4.6 
which presents the PEC of the ground state as a function of RPQ obtained by single 
point calculations at the B3LYP/SV(P) optimized geometry by using  
BH&HLYP/SV(P), CAM-B3LYP/6-31G*, and CC2/TZVP without the CP 
correction. 

Figure 4.6 a) the ground state PECs calculated by using BH&HLYP/SV(P) 
(black dashed line), CAM-B3LYP/6-31G*(grey solid line), and CC2/TZVP 
(black solid line). b) a magnification of the PECs calculated by using 
BH&HLYP and CAM-B3LYP from 3 to 5 Å. 

a)  b)  
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Both density functionals predict very shallow minima at RPQ of 3.5 Å. The 
thermal energy at room temperature (~2.48 kJ/mol) exceeds the complexation 
energy already at RPQ = 5.0 Å, which means that the thermal fluctuation would 
dissociate the complex already at that distance. In contrast, CC2 calculations predict 
a clearly stronger interaction between porphine and quinone, which is seen as a 
PEC with deeper minimum at around RPQ = 3.0 Å and the PQ complex is still bound 
also when RPQ > 5.0 Å. 

Applying an external electrostatic field of the order of magnitude 109 V/m in 
the direction from quinone to porphine stabilizes the PQ complex and vice versa. 
However, the external electric field has a smaller influence on the interaction 
energy than the intermolecular distance between porphine and quinone.III 

4.4.2 Ground state electronic structure 

Without the external perturbation 

The localizations and energies of the MOs reveal the nature of the excited sates and 
provide insight into the absorption spectra of the PQ complexes. Within this Thesis 
the orbitals that are involved in the transitions giving rise to the Q, B, and the 
lowest CT bands of the PQ complexes, i.e. HOMO–1, HOMO, LUMO, LUMO+1, 
and LUMO+2, are of special interest. In order to illustrate the differences in 
localizations of the MOs as a function of RPQ, the isoamplitude surfaces of these 
orbitals of PQ2.5, PQ3.0, PQ3.5, PQ4.0, and PQ4.5 are presented, see Figure 4.7. The 
isoamplitude surfaces of PQ3.5 under the external electric field are presented in 
Figure 4.8. The isoamplitude surfaces of PQ5.0 under zero field are presented in 
Figure 4.9. 

In the complexes with a short RPQ (PQ2.5 and PQ3.0) the interaction between 
porphine and quinone increases the delocalization of the orbitals.III Most of the 
orbitals of these complexes are delocalized over the whole complex and cannot be 
unambiguously related to the orbitals of either the isolated porphine or quinone. 
However, in PQ3.5 the delocalization of the orbitals is decreased and the orbitals of 
PQ4.0, PQ4.5, and PQ5.0 are almost entirely localized on either porphine or quinone. 
In these complexes the electronic structure is roughly the combination of the 
orbitals of the isolated porphine (see Figure 4.4) and quinone (not shown). The 
HOMO and HOMO–1 orbitals of the PQ complexes arise from the degenerate 
HOMO and HOMO–1 of porphine. The LUMO and LUMO+1 of the PQ2.5, PQ3.0, 
and PQ3.5 complexes and LUMO+1 and LUMO+2 of the PQ4.0, PQ4.5, and PQ5.0 
complexes arise from the degenerate LUMO and LUMO+1 of the isolated 
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Figure 4.7 Some MOs of the PQ complex with 2.5 Å ≤ RPQ ≤ 4.5 Å calculated at 
the BH&HLYP/SV(P)//B3LYP/SV(P) level under zero external field. The 
isoamplitude surfaces of the orbitals presented are 10 % of the maximum 
positive (red) and minimum negative (blue) amplitudes of the wave functions. 

porphine. The LUMO+2 of the PQ2.5, PQ3.0, and PQ3.5 complexes and LUMO of the 
PQ4.0, PQ4.5, and PQ5.0 complexes can be related to LUMO of the isolated quinone. 

The energies of the orbitals localized on porphine in PQ3.5 differ only very little 
(< 0.09 eV) from the energies of the corresponding orbitals of the isolated porphine. 
However, the energies of the orbitals localized on quinone in the PQ3.5 complex are 
~0.5 eV smaller than the energies of the corresponding orbitals of the isolated 
quinone. Moreover, changing of the RPQ affects the energies of the MOs in which 
the isoamplitude surface is either delocalized to both porphine and quinone or 
localized entirely on quinone whereas the energies of the MOs localized on 
porphine remain practically constant. Hence, LUMO and LUMO+2 cross, i.e. 
change places, when the RPQ increases from 3.5 Å to 4.0 Å, see Figure 4.7.  
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Effect of the perturbation generated by an electrostatic field or ambient peptides 

The external electrostatic field of the order of magnitude of 109 V/m directed from 
porphine to quinone (+) or from quinone to porphine (–) affects the localization and 
the order of the MOs. III This is illustrated by the MOs of PQ3.5 and PQ5.0 presented 
in Figures 4.8 and 4.9, respectively, and by the MO energies of PQ5.0 presented in 
Figure 4.10. 

L+2 

   
L+1 

   
L 

   
H 

   
H–1 

   
 –2 –1 0 +1 +2 
 Electric field (109 V/m) 

Figure 4.8 Some MOs of the PQ3.5 complex calculated at the BH&HLYP/SV(P) 
level under the 0, ±1, and ±2×109 V/m external electric fields. The isoamplitude 
surfaces of the orbitals predented are 10 % of the maximum positive (red) and 
minimum negative (blue) amplitudes of the wave functions. 

In PQ complexes with some MOs that are not entirely localized on porphine or 
quinone (PQ2.5, PQ3.0, PQ3.5, PQ4.0) the external electrostatic field increases 
localization of the delocalized orbitals. Electric fields directed from quinone to 
porphine increase the localization of the orbitals on quinone, whereas fields directed 
from porphine to quinone increase the localization on porphine, see Figure 4.8. In 
addition, electric fields directed from quinone to porphine stabilize MOs localized  
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Figure 4.9 Two highest occupied and three lowest unoccupied MOs of the PQ5.0 
complex calculated at the BH&HLYP/SV(P) level under the 0, ±1, and ±2×109 
V/m external electric fields. The isoamplitude surfaces of the orbitals predented 
are 10 % of the maximum positive (red) and minimum negative (blue) 
amplitudes of the wave functions. 

mainly on quinone and fields directed from porphine to quinone destabilize the 
same MOs. Therefore, LUMO and LUMO+2 change order at certain field strength 
at all RPQ longer than 2.5 Å, see Figure 4.9.III 
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Influence of an external electrostatic fieldIII and ambient Aib8 peptidesV on the 
energies of the two highest occupied and three lowest unoccupied MOs of the PQ5.0 
complex is presented in Figure 4.10. 

 
Figure 4.10 The influence of an external electrostatic field and ambient Aib8 
homopeptide chains on the MO energies in the PQ5.0 complex calculated at the 
DFT/BH&HLYP/SV(P) level of theory. 

An external electrostatic field affects the energies of the orbitals localized 
mostly on quinone whereas the orbitals localized entirely on porphine are affected 
hardly at all (see Figure 4.10). III However, depending on the system, the Aib8 
peptide influence the MOs localized either on porphine or on quinone. The field 
induced by the ambient peptides is into negative direction, that is, in PQ–1P and 
PQ–2P, affects mainly the energies of the MOs localized on quinone and the 
energies of the MOs localized on porphine are affected only little. Meanwhile, in 
the systems where the field is induced into positive direction, that is, PQ+1P, 
PQ+2P, the field affects mainly the energies of the MOs localized on porphine and 
the energies of the MOs localized on quinone are affected less.V 

Because the electric field of the order of magnitude under consideration has a 
clear influence on the MO energies, it must also have influence on the excited states 
of the PQ complexes. The unoccupied orbitals of the PQ complexes localized on 
quinone respond to the perturbation generated by external electrostatic field while 
the unoccupied orbitals localized on porphine are not affected by the external field. 
In addition, the electric field induced by the ambient Aib8 homopeptides affects the 
gap between the occupied MOs localized on porphine and unoccupied MOs 
localized on quinone but not the gap between the occupied and the unoccupied MOs 
localized on porphine. Hence, the excitation energies to excited states localized on 
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quinone are expected to be influenced by the electric field more than the excitation 
energies to states localized on porphine. Moreover, it can be speculated if would be 
possible to control the porphine-to-quinone CT excited states without perturbing the 
locally excited states in the PQ systems by using the external electrostatic field or 
ambient peptides. If so, it could be also possible to control ET in the PQ complex 
by the electric field, which would be useful in designing molecular electronic 
devices. 

4.4.3 Electronic absorption spectrum 

Without the external perturbation 

The excited states of the PQ complexes could be characterized by the one-electron 
transitions involved in the electronic transitions. In PQ complexes with a short RPQ 
(PQ2.5 and PQ3.0) the interaction between porphine and quinone complicates the 
identification of the excited states. Hence, the first eight vertical electronic 
transitions of the PQ3.5 complex calculated by using TDDFT with the BH&HLYPIII 
functional are shown as an example in Table 4.5. 

Table 4.5 Excitation energies E (eV) and the corresponding one-electron 
transitionsa of the excited states (ES) of the PQ3.5 complex calculated at the 
BH&HLYP/SV(P) level of theory. 

ES E One-electron transitions 
Qx 2.25 H→L+1; H–1→L; H–1→L+1 
Qy 2.42 H–1→L+1; H→L; H→L+1 
CT 2.83 H→L; H→L+2 
CT 2.90 H–1→L+2; H–1→L 
qS1 3.20 H–6→L; H–6→L+2 
qS2 3.47 H–12→L; H–12→L+2; H–10→L 
Bx 3.59 H–1→L+1; H→L+2 
By 3.68 H→L+1; H–1→L+2; H→L+2 

a Transitions with weights less than 15 % have been neglected. 

The locally excited Q and B states of porphine are slightly lower in energy in the 
PQ3.5 complex than in the isolated porphine, compare BH&HLYP/SV(P) results in 
Tables 4.2 and 4.5. The energies of the lowest two quinone states qS1 (2.84 eV) and 
qS2 (3.09 eV) calculated using CC2 are slightly lower in the energy than the 
corresponding states of the isolated quinone (2.90 and 3.14 eV). In contrast, the 
energies of the lowest quinone states of the PQ3.5 complex calculated by using 
TDDFT with either BH&HLYP or CAM-B3LYP are actually slightly higher in 
energy than those of the isolated quinone, 3.16 and 3.45 eV (TDDFT/BH&HLYP) 
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and 2.92 and 3.21 eV (TDDFT/CAM-B3LYP). This shows that CC2 predicts much 
stronger interaction between porphine and quinone as has been also concluded on 
the basis of the ground state energies. Hence, only in PQ5.0 the qS1 and qS2 energies 
obtained with CC2 equal those of the isolated quinone. 

The CT energies calculated by using BH&HLYP are lower in energy than those 
calculated by using CC2, no matter what the intermolecular distance between 
porphine and quinone is. This is due to the traditional density functionals, which are 
known to underestimate the energies of the CT excitations.123,6,124,4 However, the 
energies of the Q and B states are 0.06 eV smaller when the basis set in the CC2 
calculations is smaller (SV(P) vs. TZVP). Furthermore, a smaller basis set 
decreases the energy of the lowest CT state up to 0.14 eV.III Considering that the 
TZVP basis set is yet relatively small for coupled cluster calculations, the energy of 
the CT state could decrease further if larger basis sets were used in the CC2 
calculations. This has not been checked because even for such a small system as the 
PQ complex the increase of the basis set size beyond TZVP slowed down the CC2 
calculations significantly. For the PQ complexes with a short RPQ the CAM-B3LYP 
functional yields the CT states at slightly lower energies than BH&HLYP. Only in 
PQ5.0 the CAM-B3LYP energies of the both lowest two CT states are higher than 
the ones obtained with BH&HLYP, which is due to the larger amount of HF 
exchange employed in CAM-B3LYP. 

Simulated absorption spectra obtained from both the 
TDDFT/BH&HLYP/SV(P) and TDDFT/CAM-B3LYP/6-31G* calculations are 
almost identical. The spectrum obtained with BH&HLYP and the corresponding 
vertical excitations of PQ3.5 are presented in Figure 4.11. Except for an additional 
band due to CT, the spectrum of PQ3.5 is in principle a superposition of the spectra 
of the isolated porphine and quinone presented as a line spectrum in Figure 4.11. 

The simulated spectra of the PQ4.0, PQ4.5, and PQ5.0 complexes are almost 
identical to that of PQ3.5 but the appearance of the simulated PQ spectrum starts to 
change when the distance between porphine and quinone decreases from RPQ = 3.5 
Å. The increasing interaction between porphine and quinone increases the intensity 
of the CT band in the case of PQ3.0. Moreover, in the case of PQ2.5 the absorption 
bands are clearly broader, the intensities of the B bands are smaller, and the CT 
band is more intense than in the spectra of the PQ complexes with longer 
intermolecular distances.III, IV 

As in the case of the isolated porphine, using of the TZVP basis set instead of 
SV(P) in the TDDFT calculations affects the energies of the Q, B, and CT bands of 
the PQ complexes only very little. Therefore, the SV(P) or 6-31G* basis set is  
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Figure 4.11 Simulated absorption spectrum, corresponding vertical excitations 
(local quinone excitations marked with grey circles), and assignments of the Q, 
B, and CT bands of the PQ3.5 complex calculated by using 
TDDFT/BH&HLYP/SV(P). The vertical excitations of the isolated porphine 
(black lines) and quinone (grey lines) are shown below. 

sufficient for the TDDFT calculations of the PQ complexes.III As discussed above, 
the CC2 calculations were more sensitive for the choice of the basis set and thus a 
basis set of at least the TZVP quality must be used in the CC2 calculations of the 
PQ complex. 

Effect of the perturbation generated by an electrostatic field or ambient peptides 

Excitation energies (eV) of the Qx, Qy, Bx, and By states as well as of the lowest CT 
state of the PQ5.0 complex in zero field, in the presence of an external electric field,  
and in the presence of ambient Aib8 homopeptides are presented in Table 4.6. 

Because the energies of the MOs localized on porphine are not affected by the 
external electrostatic field, also the locally excited Q and B states of porphine in PQ 
complex are not affected by the field.III In addition, the two lowest locally excited 
quinone states, q1S, and q2S are not influenced by the field. This is because the 
external field changes equally the energies of the occupied and unoccupied MOs 
localized on quinone. In contrary, the two lowest CT states of the PQ complex are 
affected by the external field. An external electrostatic field directed from porphine 
to quinone (+) induces a blue shift of the CT states towards the B states and the 
external field directed from quinone to porphine (–) induces a red shift towards the 
Q states.III This is because the negative electric fields decrease the gap between the 
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Table 4.6 Excitation energies (eV) of the Qx, Qy, Bx, and By states as well as of 
the lowest CT state of the PQ complex under zero field, in the presence of an 
external electric field of ±0.5 and ±1×109 V/m , and in the presence of ambient 
Aib8 homopeptides calculated at the TDDFT/BH&HLYP/SV(P) level of theory. 
 PQ PQ + Electric Field PQ + Peptides 

State Zero field –1 –0.5 +0.5 +1 PQ–2P PQ–1P PQ+1P PQ+2P 
Qx 2.26 2.26 2.26 2.26 2.26 2.25 2.26 2.26 2.25 
Qy 2.45 2.45 2.45 2.45 2.45 2.43 2.44 2.44 2.43 
CT 2.92 2.46 2.69 3.15 3.38 2.22 2.56 3.10 3.27 
Bx 3.61 3.61 3.61 3.61 3.61 3.56 3.59 3.59 3.56 
By 3.73 3.73 3.73 3.73 3.73 3.67 3.70 3.70 3.67 

occupied MOs localized on porphine and unoccupied MOs localized on quinone 
while positive fields increase the gap. 

Ambient Aib8 homopeptides have similar influence on the excitation energies 
of the PQ5.0 complex as the external electrostatic field,V see Table 4.6. In systems 
where the field induced by the peptides is in the direction from porphine to quinone 
(PQ+1P and PQ+2P) the lowest two CT states are shifted towards the B states. In 
systems where the induced field is in the direction from quinone to porphine (PQ–
1P and PQ–2P) the lowest two CT states are shifted towards the Q states. However, 
in contrast to the perturbation generated by the external electrostatic field, the Q and 
B states are slightly red shifted when the PQ complex is perturbed by the ambient 
peptides.V This is also consistent with the MO energies of the PQ complex because 
the ambient Aib8 chains in PQ–1P and PQ–2P increased and in PQ+1P and PQ+2P 
decreased the energies of the MOs localized on porphine. 

4.4.4 Electron transfer in the porphine–quinone complex 

Without the external perturbation 

The PECs of the ground state, Q and B states, and the energetically lowest CT 
state as a function of the RPQ of the PQ complex calculated at the 
TDDFT/BH&HLYP/SV(P),III TDDFT/CAM-B3LYP/6-31G*,IV and CC2/TZVPIII 
levels of theory are presented in Figure 4.12. 

The PEC of the lowest CT state calculated with TDDFT combined with 
BH&HLYP or CAM-B3LYP is not crossing either the Q or the B states thus 
indicating that no ET would occur when porphine is locally excited to any of these 
states. This is consistent with the experimental results obtained in nonpolar 
solvents, where no indication of ET was found if the Q states were excited.43 The 
CC2 calculations yield a similar picture for the Q state although the excited state 
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Figure 4.12 PECs of the ground state and some excited states of the PQ 
complex as a function of RPQ calculated by using TDDFT/BH&HLYP/SV(P), 
TDDFT/CAM-B3LYP/6-31G*, and CC2/TZVP. 

energies are higher than the ones obtained with TDDFT. The CC2 method does not 
predict a crossing between the CT and B states in the studied RPQ range, either. 
However, the CT state calculated by using CC2 lies so close to the B states at 5.0 Å 
that the states could cross at slightly larger distances. 

Solvent environment may affect the presence and location of CX by changing 
the topology of the PES of the intersecting states.169,170 Solvent effects on the 
vacuum state calculated PECs of the PQ complex can be evaluated by comparing 
with the PECs of the zincporphyrin–quinone dyad.48 The energetically lowest CT 
state of zincporphyrin–quinone dyad was found to be stabilized by about 0.2 eV in 
non-polar solvents and by over 0.4 eV in polar solvents, but the locally excited 
porphyrin and quinone states were not affected by the solvent environment.48 
Hence, the lowest CT state of the PQ complex would still lie above the Q states in 
non-polar solvents while in polar solvents the CT state and Q states could cross 
close to the equilibrium structure thus allowing fast ET from porphine to quinone if 
the Q states are photoexcited. This is exactly what has been seen in the experiments, 
where ET takes place in polar but not in non-polar solvcents.42 

Effect of the perturbation generated by an electrostatic field or ambient peptides 

The PESs of the Q and B states as well as of the energetically lowest CT state are 
presented as functions of the external electrostatic field and RPQ are presented in 
Figure 4.13 a), b), and c), respectively, as obtained from the TDDFT/BH&HLYP, 
TDDFT/CAM-B3LYP, and CC2 calculations. Regardless of the direction and the 
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strength, the external electric field does not practically affect the excitation energies 
of the Q and B states when calculated by using TDDFT/BH&HLYP or CC2.III 
Therefore, the PESs of these states change only when the RPQ changes. In contrast, 
the energy of the PESs of the Q and B states calculated by using TDDFT/CAM-
B3LYP decrease slightly under the negative external electrostatic field and increase 
under the positive external field. However, because in all cases 
(TDDFT/BH&HLYP, TDDFT/CAM-B3LYP, and CC2) the PESs of the Q and B 
states follow the trends of the ground state PES, this difference has no influence on 
the analysis made on the basis of these PESs. 

The lowest CT band responds clearly to the external stimulation and the 
excitation energy increases when the field becomes more positive, see Figure 4.13, 
with all the methods used. Additionally, the stabilization or destabilization of the 
CT state is different at different intermolecular distances and depends also on the 
strength of the electric field. As a consequence, the PES of CT is influenced in such 
a way that it intersects the PESs of either the Q or the B states at different RPQs. 
This allows tuning of the ET process in the PQ complex as described later below. 

In order to locate the crossing seam between the CT state and the locally 
excited porphine states of the PQ complex, the energy differences between the CT 
states and the Q and B states are shown in Figure 4.14. In the Figure the energy 
differences under zero external field are indicated by the thick black lines while the 
crossing seams are presented as the thick white lines. According to the 
TDDFT/BH&HLYP results, the CT state crosses the Bx and By states at RPQ of 5.0 
Å at the external field of ca. +1.5×109 V/m, see Figure 4.14. Increasing of the 
strength of the external field shifts the crossing point to a shorter RPQ such that 
under an electric field strength of +4×109 V/m the CT and B states cross already at 
RPQ of around 3.3 Å, where the porphine an d quinone start to repel each other, see 
Figure 4.13 a). Thinking other way around, an external electric field of ca. +3×109 
V/m would shift the crossing point very close to the equilibrium RPQ of ca. 3.5 Å. 
Hence, under the influence of the carefully chosen positive field the CT state would 
closely resemble the ground state equilibrium structure, which would favor a fast 
electron transfer from porphine to quinone if the B states were photoexcited. 
Negative fields increase the energy difference between the PESs of the CT state and 
the B states (see Figure 4.13 and Figure 4.14) and are thus clearly hindering the ET 
if the B states are photoexcited. However, the CT state crosses the Q states at all the 
studied distances under the external electrostatic fields of –1.5…–2.0×109 V/m 
(Figure 4.14). The negative field could thus ease the formation of the CT state from 
the locally excited Q state. Increasing of the negative field over –2×109 V/m 
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a) 

 
b) 

 
c) 

 
Figure 4.13 Potential energy surfaces of the ground state (GS), the Qx, Qy, Bx, 
and By states, and the lowest CT state of the PQ complex as functions of the RPQ 
and the  external electrostatic field calculated at the TDDFT/BH&HLYP/SV(P) 
(a), TDDFT/CAM-B3LYP/6-31G* (b), and CC2/TZVP (c)  levels of theory. 
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BH&HLYP CAM-B3LYP CC2 

 

 

 

 
Figure 4.14 Energy differences between the Qx, Qy, Bx, and By states and the 
energetically lowest CT state, E(CT)–E(nm), n = Q or B and m = x or y. The 
black thick lines indicate the energy differences under zero external electric 
field, while the white thick lines indicate the seams where the two states are 
degenerate. 

decreases the energy of the CT state such that it becomes the lowest excited state 
and thus the CT and Q states do not cross, see Figure 4.13 a).III 

The general qualitative picture of the influence of the electric field on the PESs 
of the Q and B states and the lowest CT state of the PQ complex is preserved by the 
TDDFT/CAM-B3LYP and CC2 calculations. III,IV All three methods show that a 
carefully chosen positive electric field can induce crossing of the CT and the B 
states thus allowing efficient ET from porphine to quinone if the B states are 
photoexcited. In a similar manner an appropriate negative field can induce ET from 
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porphine to quinone, if the Q states are excited. However, reliable determination of 
an exact location of the crossing seam between the excited states would require 
relaxation of the excited states. Considering the difficulties TDDFT has in 
predicting geometries close to CX,71 this would leave the computationally 
expensive CASSCF or CASPT2 calculations as the only choices. 

The influences of the ambient Aib8 homopeptides on the ET in the PQ complex 
can be estimated by using the PES and the energy differences of the states 
calculated at the external electrostatic field, presented in Figures 4.13 and 4.14, 
respectively.V  Calculations at the TDDFT/BH&HLYP level show that one Aib8 
chain with the N-terminus oriented to the quinone side of the PQ complex (PQ–1P) 
has roughly the same effect on the relative energies of the Q states and the lowest 
CT state as the external electrostatic field of –0.8×109 V/m, see Table 4.6. 
Meanwhile, one Aib8 chain with the C-terminus oriented to the quinone side 
(PQ+1P) has roughly the same overall effect on the gap between the CT and B 
states than the external electrostatic field of +0.4×109 V/m. The PESs of the B states 
and the lowest CT state calculated by using TDDFT/BH&HLYP intersect under the 
influence of an external electrostatic field of +1.5×109 V/m. Because one Aib8 chain 
in PQ+1P and PQ+2P has a milder effect on the relative energies of the B states and 
the lowest CT state than the external electrostatic field of +1×109 V/m, it would 
require four or more Aib8 homopeptides in close proximity to the PQ complex in 
order to induce crossing of the B states and the lowest CT state. The PESs of the Q 
states and the lowest CT state calculated with TDDFT/BH&HLYP cross at 5.0 Å 
under the external electrostatic field of ca. –1.5×109 V/m, respectively. Thus, 
already two ambient Aib8 chains (PQ–2P) would be enough to shift the PES of the 
lowest CT close to the Q states and induce CX between these states. 

On the basis of the PECs calculated at the CC2/TZVP level of theory under the 
influence of an external electrostatic field it seems that already the presence of one 
Aib8 homopeptide would be enough to induce crossing of the B states and the 
lowest CT state because the PEC of the CT state lies so close to the B states already 
under zero field (see Figure 4.14). Furthermore, because one Aib8 chain with the N-
terminus oriented to the quinone side of the PQ complex has roughly the same 
effect as the external electrostatic field of ca. –0.9×109 V/m, also the CC2 
calculations predict that the perturbation created by two peptides with the N-
terminus oriented to the quinone side of the PQ complex would induce the crossing 
of the CT and Q states. 
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5 Conclusions 

Molecular and electronic structures and optical properties of three 
alkoxypyridylindolizine derivatives were studied by using DFT and TDDFT. In 
addition, the influence of an external electrostatic field of the order of magnitude of 
109 V/m and electric fields induced by ambient Aib8 homopeptides on the 
intermolecular CT in a PQ complex was studied by using the TDDFT and CC2 
methods. Based on the reported results, following conclusions can be drawn: 

Alkoxypyridylindolizine derivatives and intramolecular CT 

1) The large Stokes shifts of the alkoxypyridylindolizine derivatives are 
caused by large variations in the torsion angle between the indolizine and 
pyridyl rings while the influence of the p-bromobenzoyl is less significant. 

2) Although the absorption spectra of these indolizine derivatives are 
characterized by intramolecular CT between indolizine backbone and the 
pyridyl substituent attached to it, TDDFT calculations employing hybrid 
functionals with 20–25 % of HF exchange reproduce the experimental 
absorption spectra of the derivatives well. 

3) The use of the XC functional with a high fraction of HF exchange is 
mandatory in the TDDFT-based fluorescence calculations for getting the 
qualitatively correct picture in the case of these alkoxypyridylindolizine 
derivatives. This, however, restricts the quantitative accuracy of the results. 

4) Already the relatively small SV(P) basis set yields decent results in the 
ground and excited state optimizations as well as in the calculations of the 
wavelengths of the absorption and fluorescence maxima. 

5) The absorption and fluorescence wavelengths and intensities and Stokes 
shifts of the indolizine derivatives calculated in cyclohexane do not 
improve from those calculated in vacuum. Moreover, because the 
calculations do not reproduce the clear differences observed in the shapes 
of the experimental absorption spectra measured in cyclohexane and 
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DMSO, improved models are required to model the solvent effects in 
indolizine derivatives. 

PQ complex and intermolecular CT 

1) Time-dependent DFT combined with the BH&HLYP functional is suitable 
for studying spectroscopic properties of porphine derivatives. 

2) Aib8 homopeptides induce an electric field directed parallel to the helix axis 
from the N-terminus to the C-terminus. The strength of this field is of the 
order of magnitude of 109 V/m. 

3) The overall effect of the electric field induced by the ambient Aib8 
homopeptides on the electronic structure of the PQ complex is very similar 
to that of the external electrostatic field. However, depending on the 
relative orientation with respect to the PQ complex the ambient peptides 
affect the MOs localized either on porphine or quinone, whereas the 
external electrostatic field affects the MOs localized on quinone only. 

4) The perturbation generated by the external electrostatic field or by the 
ambient Aib8 peptides affects the energies of the locally excited porphine Q 
and B states of the PQ complex clearly less than the energy of the lowest 
CT state. Hence, one may either create or destroy the CX between the 
locally excited porphine states (Q and B) and the lowest CT state by using 
an electrostatic field or ambient peptides. 

5) It is possible to select the locally excited state (Q or B) of the PQ complex 
whose photoexcitation leads to ET from porphine to the quinone moiety via 
CX. This can be achieved by introducing one or two ambient Aib8 
homopeptides in close proximity of the PQ complex and by changing the 
orientation of the ambient homopeptides with respect to porphine and 
quinone. 

6) Time-dependent DFT applied with the BH&HLYP or CAM-B3LYP 
functional underestimates the energy of the CT state. However, the general 
qualitative picture of the influence of the external electric field on the PES 
of the Q and B states and the lowest CT state of the PQ complex described 
in points 4) and 5) predicted by the TDDFT and CC2 calculations is the 
same. 



 

71 
 

Bibliography

 
 
[1]  Zhu, Y.; Kulkarni, A. P.; Jenekhe, S. A. Phenoxazine-based emissive 

donor—acceptor materials for efficient organic light-emitting diodes. 
Chem. Mater. 2005, 17, 5225–5227. 

[2]  Kulkarni, A. P.; Kong, X.; Jenekhe, A. A. High-performance organic light-
emitting diodes based on intramolecular charge-transfer emission from 
donor–acceptor molecules: significance of electron-donor strength and 
molecular geometry. Adv. Funct. Mater. 2006, 16, 1057–1066. 

[3]  Flood, A. H.; Wong, E. W.; Stoddart, J. F. Models of charge transport and 
transfer in molecular switch tunnel junctions of bistable catenanes and 
rotaxanes. Chem. Phys. 2006, 324, 280–290. 

[4]  Dreuw, A.; Head-Gordon, M. Single-reference ab initio methods for the 
calculation of excited states of large molecules. Chem. Rev. 2005, 105, 
4009–4037. 

[5]  Elliot, P.; Burke, K.; Furche, F. Excited states from time-dependent density 
functional theory. Rev. Comput. Chem. 2009, 26, 91–165. 

[6]  Dreuw, A.; Weisman, J. J.; Head-Gordon, M. Long-range charge-transfer 
excited states in time-dependent density functional theory require non-local 
exchange. J. Chem. Phys. 2003, 119, 2943–2946. 

[7]  Simonyan, V. V.; Zinin, A. I.; Babaev, E. V.; Jug, K. Mechanism of 
cycloaddition to indolizines. J. Phys. Org. Chem. 1998, 11, 201–208. 

[8]  Nasir, A. I.; Gundersen, L.-L.; Rise, F.; Antonsen, Ø.; Kristensen, T.; 
Langhelle, B.; Bast, A.; Custers, I.; Haenen, G. R. M. M.; Wikström, H. 
Inhibition of lipid peroxidation mediated by indolizines. Bioorg. Med. 
Chem. Lett. 1998, 8, 1829–1832. 

[9]  Michael, J. P. Indolizine and quinolizidine alkaloids. Nat. Prod. Rep. 1999, 
16, 675–696. 

 



Bibliography 

72 
 

 
[10]  Østby, O. B.; Dalhus, B.; Gundersen, L.-L.; Rise, F.; Bast, A.; Haenen, G. 

R. M. M. Synthesis of 1-substituted 7-cyano-2,3-diphenylindolizines and 
evaluation of antioxidant properties. Eur. J. Org. Chem. 2000, 9, 3763–
3770. 

[11]  Shen, Y.-M.; Lv, P.-C.; Chen, W.; Liu, P.-G.; Zhang, M.-Z.; Zhu, H.-L. 
Synthesis and antiproliferative activity of indolizine derivatives 
incorporating a cyclopropylcarbonyl group against Hep-G2 cancer cell line. 
Eur. J. Med. Chem. 2010, 45, 3184–3190. 

[12]  Donnell, A. F.; Dollings, P. J.; Butera, J. A.; Dietrich, A. J.; Lipinski, K. K.; 
Ghavami, A.; Hirst, W. D. Identification of pyridydazino[4,5-b]indolizines 
as selective PDE4B inhibitotrs. Bioorg. Med. Chem. Lett. 2010, 20, 2163–
2167. 

[13]  Cheng, Y.; Ma, B.; Wudl, F. Synthesis and optical properties of a series of 
pyrrolopyridazine derivatives: deep blue organic luminophors for 
electroluminescent devices. J. Mater. Chem. 1999, 9, 2183–2188. 

[14]  Vlahovici, A.; Druta, I.; Andrei, M.; Cotlet, M.; Dinica, R. Photophysics of 
some indolizines, derivatives from bipyridyl, in various media. J. Lumin. 
1999, 82, 155–162. 

[15]  Rotaru, A. V.; Druta, I. D.; Oeser, T.; Müller, T. J. J. A novel coupling 1,3-
dipolar cycloaddition sequence as a three-component approach to highly 
fluorescent indolizines. Helv. Chim. Acta 2005, 88, 1798–1812. 

[16]  Fourmentin, S.; Surpateanu, G. G.; Blach, P.; Landy, D.; Decock, P.; 
Surpateanu, G. Experimental and theoretical study on the inclusion 
capability of a fluorescent indolizine β-cyclodextrin sensor towards volatile 
and semi-volatile organic guest. J. Incl. Phenom. Macrocycl. Chem. 2006, 
55, 263–269. 

[17]  Surpateanu, G. G.; Becuwe, M.; Lungu, N. C.; Dron, P. I.; Fourmentin, S.; 
Landy, D.; Surpateanu, G. Photochemical behavior upon the inclusion for 
some volatile organic compounds in new fluorescent indolizine β-
cyclodextrin sensors. J. Photochem. Photobiol. A-Chem. 2007, 185, 312–
320. 

 



Bibliography 

73 
 

 
[18]  Becuwe, M.; Landy, D.; Delattre, F.; Cazier, F.; Fourmentin, S. Fluorescent 

indolizine-β-cyclodextrin derivatives for the detection of volatile organic 
compounds. Sensors 2008, 8, 3689–3705. 

[19]  Vasilescu, M.; Bandula, R.; Dumitrascu, F.; Lemmetyinen, H. 
Spectrometric characteristics of new pyridylindolizine derivatives solutions. 
J. Fluoresc. 2006, 16, 631–639. 

[20]  Park, C.-H.; Ryabova, V.; Seregin, I. V.; Sromek, A. W.; Gevorgyan, V. 
Palladium-catalyzed arylation and heteroatoarylation of indolizines. Org. 
Lett. 2004, 6, 1159–1162. 

[21]  López, S.; Rodriquez, V.; Montenegro, J.; Saá, C.; Alvarez, R.; López, C. 
S.; de Lera, A. R.; Simon, R.; Lazarova, T.; Padros, E. Synthesis of N-
heteroaryl retinals and their artificial bacteriorhodopsins. Chem. Bio. Chem. 
2005, 6, 2078–2087. 

[22]  Shigemitsu, Y.; Komiya, K.; Mizuyama, N.; Tominaga. TD-DFT 
investigation on the electronic spectra of novel N-methylmaleimides linked 
with indolizine ring system. J. Mol. Struct. THEOCHEM 2008, 855, 92–
101. 

[23]  Vasilescu, M.; Bandula, R.; Cramariuc, O.; Hukka, T.; Lemmetyinen, H.; 
Rantala, T.T.; Dumitrascu F. Optical spectroscopic characteristics and 
ulations of new pyrrolo[1,2-b]pyridazine derivatives. J. Photochem. 
Photobiol. A-Chem. 2008, 194, 308–317. 

[24]  Wiench, J. W.; Stefaniak, L.; Webb, G. A. Structure and protonation of 
some indolizine derivatives studied by ab initio MO calculations. J. Mol. 
Struct. 2002, 605, 33–39. 

[25]  Kadishm K. M.; Smith, K. M.; Guilard, R. Editors, The porphyrin 
handbook. Vol. 1. Academic Press, San Diego, 1999. 

[26]  Gouterman, M.; Wagniére, G. H.; Snyder, L. C. Spectra of porphyrins: part 
II. Four-orbital model.  J. Mol. Spectrosc. 1963, 11, 108–127. 

[27]  Baker, J. D.; Zerner, M. C. Applications of the random phase 
approximation with the INDO/S Hamiltonian: UV-VIS spectra of free-base 
porphin. Chem. Phys. Lett. 1990, 175, 192–196. 

 



Bibliography 

74 
 

 
[28]  Yamamoto, Y.; Noro, T.; Ohno, K. Ab initio CI calculations on free-base 

porphin. Int. J. Quantum Chem. 1992, 42, 1563–1575. 

[29]  Merchán, M.; Orti, E.; Roos, B. O. Ground state free base porphin: C2v or 
D2h symmetry? A theoretical contribution. Chem. Phys. Lett. 1994, 221, 
136–144. 

[30]  Bauernschmitt, R.; Ahlrichs, R. Treatment of electronic excitations within 
the adiabatic approximation of time dependent density functional theory, 
Chem. Phys. Lett. 1996, 256, 454–464. 

[31]  Tokita, Y.; Hasegawa, J.; Nakatsuji, H. SAC—CI study on the excited and 
ionized states of free-base porphyrin: Rydberg excited states and effect of 
polarization and Rydberg functions. J. Phys. Chem. A 1998, 102, 1843–
1849. 

[32]  Serrano-Andrés L.; Merchán, M.; Rubio, M.; Roos, B. O. Interpretation of 
the electronic absorption spectrum of free base porphin by using 
multiconfigurational second-order perturbation theory. Chem. Phys. Lett. 
1998, 295, 195–203. 

[33]  van Gisbergen, S. J. A.; Rosa, A.; Ricciardi, G.; Baerends, E. J. Time-
dependent density functional calculations on the electronic absorption 
spectrum of free base porphin. J. Chem. Phys. 1999, 111, 2499–2506. 

[34]  Sundholm, D. Interpretation of the electronic absorption spectrum of free-
base porphin using time-dependent density-functional theory. Phys. Chem. 
Chem. Phys. 2000, 2, 2275–2281. 

[35]  Parusel, A. B. J.; Ghosh, A.; Density functional theory based configuration 
interaction calculations on the electronic spectra of free-base porphyrin, 
chlorin, bacteriochlorin, and cis- and trans-isobacteriochlorin. J. Phys. 
Chem. A 2000, 104, 2504–2507.  

[36]  Parac, M.; Grimme, S. Comparison of multireference Møller—Plesset 
theory and time-dependent methods for the calculation of vertical excitation 
energies of molecules. J. Phys. Chem. A 2002, 106, 6844–6850. 

[37]  Cai, Z.-L.; Crossley, M. J.; Reimers, J. R.; Kobayashi, R.; Amos, R. D. 
Density functional theory for charge transfer: the nature of the N-bands of 

 



Bibliography 

75 
 

 
porphyrins and chlorophylls revealed through CAM-B3LYP, CASPT2, and 
SAC-CI calculations. J. Phys. Chem. B 2006, 110, 15624–15632. 

[38]  Hoff, A. J.; Deisenhofer, J. Photophysics of photosynthesis. Structure and 
spectroscopy of reaction centers of purple bacteria. Phys. Rep. 1997, 287, 
1–247. 

[39]  Lindsey, J. S.; Mauzerall, D. C.; Linschitz H. Excited-state porphyrin–
quinone interactions at 10-Å separation. J. Am. Chem. Soc. 1983, 105, 
6528–6529. 

[40]  Lindsey, J. S.; Delaney, J. K.; Mauzerall, D. C.; Linschitz, H. Photophysics 
of a cofacial porphyrin–quinone cage molecule and related compounds: 
fluorescence properties, flash transients, and electron-transfer reactions. J. 
Am. Chem. Soc. 1988, 110, 3610–3621. 

[41]  Delaney, J. K.; Mauzerall, D. C.; Lindsey, J. S. Electron tunneling in a 
cofacial zinc porphyrin–quinone cage molecule: novel temperature and 
solvent dependence. J. Am. Chem. Soc. 1990, 112, 957–963. 

[42]  Heitele, H.; Pöllinger, F.; Kremer, K.; Michel-Beyerle, M. E.; Futscher, M.; 
Voit, G.; Weiser, J.; Staab, H. A. Electron transfer in porphyrin–quinone 
cyclophanes. Chem. Phys. Lett. 1992, 188, 270–278. 

[43]  Heitele, H.; Pöllinger, F.; Häberle, T.; Michel-Beyerle, M. E.; Staab H. A. 
Energy gap and temperature dependence of photoinduced electron transfer 
in porphyrin–quinone cyclophanes. J. Phys. Chem. 1994, 98, 7402–7410. 

[44]  Häberle, T.; Hirsch, J.; Pöllinger, F.; Heitele, H.; Michel-Beyerle, M. E.; 
Anders, C.; Döhling, A.; Krieger, C.; Rückemann, A.; Staab, H. A. 
Ultrafast charge separation and driving force dependence in cyclophane-
bridged zn–porphyrin–quinone molecules. J. Phys. Chem. 1996, 100, 
18269–18274. 

[45]  Staab, H. A.; Hauck, R.; Popp, B. Distance dependence of photoinduced 
electron transfer: syntheses and properties of anthracene-spacered 
porphyrin–quinone cyclophanes. Eur. J. Org. Chem. 1998, 631–642. 

[46]  Hayashi, T.; Hisanobu, O. Molecular modeling of electron transfer systems 
by noncovalently linked porphyrin–acceptor pairing. Chem. Soc. Rev. 1997, 
26, 355–364. 

 



Bibliography 

76 
 

 
[47]  Worth, G. A.; Cederbaum, L. S. Mediation of ultrafast electron transfer in 

biological systems by conical intersections. Chem. Phys. Lett. 2001, 338, 
219–223. 

[48]  Dreuw, A.; Worth, G. A.; Cederbaum, L. S.; Head-Gordon, M. Ultrafast 
long-range electron transfer in cyclophane-bridged zincporphyrin–quinone 
complexes via conical intersections. J. Phys. Chem. B 2004, 108, 19049–
19055. 

[49]  Olaso-González, G.; Merchán, M.; Serrano-Andrés, L. Ultrafast electron 
transfer in photosynthesis: reduced pheophytin and quinone interaction 
mediated by conical intersections. J. Phys. Chem. B 2006, 110, 24734–
24739. 

[50]  Gessmann, R.; Brückner, H.; Petratos, K. Three complete turns of a 310-
helix at atomic resolution: the crystal structure of Z-(Aib)11-OtBu. J. 
Peptide Sci. 2003, 9, 753-762. 

[51]  Zhang, L; Hermans, J. 310 Helix versus α-helix: a molecular dynamics study 
of conformational preferences of Aib and Alanine. J. Am. Chem. Soc. 1994, 
116, 11915–11921. 

[52]  Benedetti, E.; Bavoso, A.; Di Blasio, B.; Pavone, V.; Pedone, C.; Crisma, 
M.; Bonora, G. M.; Toniolo, C. Solid-state and solution conformation of 
homo oligo(α-aminoisobutyric acids) from tripeptide to pentapeptide: 
evidence for a 310 helix. J. Am. Chem. Soc. 1982, 104, 2437–2444. 

[53]  Di Biasio, B.; Pavone, V.; Benedetti, E.; Moretto, V.; Crisma, M.; Toniolo, 
C. Crystal-state conformation of homo-oligomers of α-aminoisobutyric 
acid: molecular and crystal structure of pBrBz-(Aib)6-OMe. Struct. Chem. 
1991, 2, 523–537. 

[54]  Tonniolo, C.; Crisma, M.; Bonora, G. M.; Benedetti, E.; di Blasio, B.; 
Pavone, V.; Pedone, C.; Santini, A. Preferred conformation of the 
terminally blocked (Aib)10 homo-oligopeptide: a long regular 310-helix. 
Biopolymers 1991, 31, 129–138. 

[55]  Vlassi, M.; Brückner, H.; Kokkinidis, M.; Peptide with built in constraints: 
structure of Z-(Aib)7-OtBu. Acta Crystallogr. 1993, B49, 560–564. 

 



Bibliography 

77 
 

 
[56]  Hodgkin, E. E.; Clark, J. D.; Miller, K. R.; Marshall, G. R. Conformational 

analysis and helical preferences of normal and α, α -dialkyl amino acids. 
Biopolymers 1990, 30, 533–546. 

[57]  Aleman, C.; Subirana, J. A.; Perez, J. J.; A molecular mechanical study of 
the structure of poly(α-aminoisobutyric acid). Biopolymers 1992, 32, 621–
631. 

[58]  Wang, Y.; Kuczera, K. Multidimensional conformational free energy 
surface exploration: helical states of Alan and Aibn peptides. J. Phys. Chem. 
B 1997, 101, 5205–5213. 

[59]  Improta, R.; Barone, V.; Kudin, K. N.; Scuseria, G. E. Structure and 
conformational behavior of biopolymers by density functional calculations 
employing periodic boundary conditions. I. The case of polyglycine, 
polyalanine, and poly-α-aminoisobutyric acid in vacuo. J. Am. Chem. Soc. 
2001, 123, 3311–3322. 

[60]  Hol, W. G. J. The role of the α-helix dipole in protein function and 
structure. Prog. Biophys. Mol, Biol. 1985, 45, 149–195. 

[61]  Piotrowiak, P. Photoinduced electron transfer in molecular systems: recent 
developments. Chem. Soc. Rev. 1999, 28, 143–150. 

[62]  Galoppini, E.; Fox, M. A. Effect of the electric field generated by the helix 
dipole on photoinduced intramolecular electron transfer in dichromophoric 
α-helical peptides. J. Am. Chem. Soc. 1996, 118, 2299–2300. 

[63]  Fox, M. A.; Galoppini; E. Electric field effects on electron transfer rates in 
dichomophoric peptides: the effect of helix unfolding. J. Am. Chem. Soc. 
1997, 119, 5277–5285. 

[64]  Burghardt, I.; Cederbaum, L. S.; Hynes, T. Environmental effects on a 
conical intersection: a model study. Faraday Discuss. 2004, 127, 395–411. 

[65]  Truhlar, D. G.; Mead, C. A. Relative likehood of encountering conical 
intersections and avoided intersections on the potential energy surfaces of 
polyatomic molecules. Phys. Rev. A 2003, 68, 032501-1–032501-2. 

[66]  Robb, M. A.; Bernardi, F.; Olivucci, M. Conical intersections as a 
mechanistic feature of organic photochemistry. Pure Appl. Chem. 1995, 67, 
783–789. 

 



Bibliography 

78 
 

 
[67]  Yarkony, D. R. Diabolical conical intersections. Rev. Mod. Phys. 1998, 68, 

985–1013.  

[68]  Domcke, W.; Yarkony, D. R.; Köppel, H. Editors, Conical intersections: 
electronic structure, dynamics, and spectroscopy. World Scientific, 
Singapore, 2004. 

[69]  Jensen, F. Introduction to computational chemistry. John Wiley & Sons 
Ltd., Chichester, 2004. 

[70]  Köhn, A.; Tajti, A. Can coupled-cluster theory treat conical intersections? 
J. Chem. Phys. 2007, 127, 044105-1–044105-9. 

[71]  Levine, B. G.; Ko, C.; Quenneville, J.; Martínez, T. J. Conical intersections 
and double excitations in time-dependent density functional theory. Mol. 
Phys. 2006, 104, 1039–1051. 

[72]  Boumouar, M. Theoretical study of anharmonic vibrational modes and 
couplings with the VSCF algorithm. Doctoral Thesis, Technische 
Universität München, Munich, 2008. 

[73]  Koch, W.; Holthausen, M. C. A chemist’s guide to density functional 
theory. Wiley-VCH Verlag GmbH, Weinheim, 2001. 

[74]  Kohanoff, J. Electronic structure calculations for solids and molecules - 
theory and computational methods. Cambridge University Press, 
Cambridge, 2006. 

[75]  Marques, M. A. L.; Ullrich, C. A.; Noqueira, F.; Rubio, A.; Burke, K.; 
Gross, E. K. U. Time-dependent density functional theory. Lect. Notes 
Phys. 706. Springer-Verlag, Berlin, 2006. 

[76] Born, M.; Oppenheimer, J. R. Quantum theory of the molecules. Ann. D. 
Physik 1927, 84, 457–484. 

[77]  Hartree, D. R. The wave mechanics of an atom with a non-coulomb central 
field. I. Theory and methods. Proc. Cambridge Phil Soc. 1928, 24, 89–110. 

[78]  Slater, J. C. The theory of complex spectra. Phys. Rev. 1929, 34, 1293–
1322. 

[79]  Slater, J. C. Note on Hartree’s method. Phys. Rev. 1930, 35, 210–211. 

 



Bibliography 

79 
 

 
[80]  Fock, V. Näherungsmethode zur Losung des quantenmechanischen 

Mehrkörperprobleme. Z. Phys. 1930, 61, 126–148. 

[81]  Møller, C.; Plesset, M. S. Note on an approximation treatment for many-
electron systems. Phys. Rev. 1934, 46, 618–622. 

[82]  Čižek, J. On the correlation problem in atomic and molecular systems. 
Calculation of wavefunction components in Ursell-type expansion using 
quantum-field theoretical methods. J. Chem. Phys. 1966, 45, 4256–4266. 

[83]  Bartlett, R. J. Coupled-cluster approach to molecular structure and spectra: 
a step toward predictive quantum chemistry. J. Phys. Chem. 1989, 93, 
1697–1708. 

[84]  Christiansen, O.; Koch, H.; Jørgensen, P. Second-order approximate 
coupled cluster singles and doubles model CC2. Chem. Phys. Lett. 1995, 
243, 409–418. 

[85]  Thomas, L. H. The calculation of atomic fields. Proc. Cambridge Phil. Soc. 
1927, 23, 542–548. 

[86]  Fermi, E. A statistical method for the determination of some properties of 
atoms. II. Application to the periodic system of the elements. Z. Phys. 1928, 
48, 73–79. 

[87]  Dirac, P. A. M. Note on the exchange phenomena in the Thomas atom. 
Proc. Cambridge Phil. Soc. 1930, 26, 376–385. 

[88]  Hohenberg, P.; Kohn, W. Inhomogeneous electron gas. Phys. Rev. B 1964, 
136, 864–871. 

[89]  Ziegler, T.; Seth, M.; Krykunov, M.; Autschbach, J.; Wang, F. On the 
relation between time-dependent and variational density functional theory 
approaches for the determination of excitation energies and transition 
moments. J. Chem. Phys. 2009, 130, 154102-1–154102-8. 

[90]  Oliveira, L. N.; Gross, E. K. U.; Kohn, W. Density-functional theory for 
ensembles of fractionally occupied states. II. Application to the He atom. 
Phys. Rev. A 1988, 37, 2821–2833. 

[91]  Slater, J. C.; Wood. J. H. Statistical exchange and the total energy of a 
crystal, Int. J. Quantum Chem. 1971, 4S, 3–34. 

 



Bibliography 

80 
 

 
[92]  Kohn, W.; Sham, L. J. Self-consistent equations including exchange and 

correlation effects. Phys. Rev. A 1965, 140, 1133–1138. 

[93]  Dirac, P. A. M. Quantum mechanics of many-electron systems. Proc. R. 
Soc, Lond. A 1929, 123, 714–733. 

[94]  Slater, J. C. A simplification of the Hartree–Fock method. Phys. Rev. 1951, 
81, 385–390. 

[95]  Vosko, S. H.; Wilk, L.; Nusair, M. Accurate spin-dependent electron liquid 
correlation energies for local spin density calculations: a critical analysis. 
Can. J. Phys. 1980, 58, 1200–1211. 

[96]  Sousa, S. F.; Fernandes, P. A.; Ramos, M. J. General performance of 
density functionals. J. Phys. Chem. A 2007, 111, 10439–10452. 

[97]  Becke, A. J. Density-functional thermochemistry. I. The effect of the 
exchange-only gradient correction. J. Chem. Phys. 1992, 96, 2155–2160. 

[98]  Becke, A. D. Density-functional exchange-energy approximation with 
correct approximation with correct asymptotic behavior. Phys. Rev. A 1988, 
38, 3098–3100. 

[99]  Lee, C.; Yang, W.; Parr, R. G. Development of the Colle–Salvetti 
correlation-energy formula into a functional of the electron density. Phys. 
Rev. B 1988, 37, 785–789. 

[100]  Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized gradient 
approximation made simple. Phys. Rev. Lett. 1996, 77, 3865–3868. 

[101]  Perdew, J. P.; Wang, Y. Accurate and simple analytic representation of the 
electron-gas correlation energy. Phys. Rev. B 1992, 45, 13244–13249. 

[102]  Ernzerhof, M.; Scuseria, G. E. Assesment of the Perdew–Burke–Ernzerhof 
exchange-correlation functional. J. Chem. Phys. 1999, 110, 5029–5036. 

[103]  Becke, A. D. A new mixing of Hartree–Fock and local density-functional 
theories. J. Chem. Phys. 1993, 98, 1372–1377. 

[104]  Becke, A. D. Density-functional thermochemistry. III. The role of exact 
exchange. J. Chem. Phys, 1993, 98, 5648–5652. 

 



Bibliography 

81 
 

 
[105]  Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. Ab initio 

calculation of vibrational absorption and circular dichroism spectra using 
density functional force fields. J. Phys. Chem. 1994, 98, 11623–11627. 

[106]  Perdew, J. P.; Ernzerhof, M.; Burke, K. Rationale for mixing exact 
exchange with density functional approximations. J. Chem. Phys. 1996, 
105, 9982–9985. 

[107]  Pollet, R.; Savin, A.; Leininger, T.; Stoll, H. Combining multideterminantal 
wave functions with density functionals to handle near-degeneracy in atoms 
and molecules. J. Chem. Phys. 2002, 116, 1250–1258. 

[108]  Yanai, T.; Tew, D. P.; Handy, N. C. A new hybrid exchange-correlation 
functional using the Coulomb-attenuating method (CAM-B3LYP). Chem. 
Phys. Lett. 2004, 393, 51–57. 

[109]  Peach, M. J. G.; Cohen, A. J.; Tozer, D. J. Influence of Coulomb-
attenuation on exchange-correlation functional quality. Phys. Chem. Chem. 
Phys. 2006, 8, 4543–4549. 

[110]  Ball, J. A.; Wheeler, J. A.; Firemen, E. L. Photoabsorption and charge 
oscillation of the Thomas–Fermi atom. Rev. Mod. Phys. 1973, 45, 333–352. 

[111]  Horbatsch, M.; Dreizler, R.M. Time dependent Thomas Fermi approach to 
atomic collisions I. High energy proton-atom scattering. Z. Phys. A 1981, 
300, 119–127. 

[112]  Malzacher, P.; Dreizler, R. M. Charge oscillations and photoabsorption of 
the Thomas-Fermi-Dirac-Weizsäcker atom. Z. Phys. A 1982, 307, 211–219. 

[113]  Peuckert, V. A new approximation method for electron systems. J. Phys. C 
1978, 11, 4945–4956. 

[114]  Chakravarty, S.; Fogel, M. B.; Kohn, W. Dynamic response of 
inhomogeneous Fermi systems. Phys. Rev. Lett. 1979, 43, 775–778. 

[115]  Bartolotti, L. J. Time-dependent extension of the Hohenberg-Kohn-Levy 
energy-density functional. Phys. Rev. A 1981, 24, 1661–1667. 

[116]  Deb, B. M.; Ghos, S. K. Scrödinger fluid dynamics of many-electron 
systems in a time-dependent density-functional framework. J. Chem. Phys. 
1982, 77, 342–348. 

 



Bibliography 

82 
 

 
[117]  Runge, E.; Gross, E. K. U. Density-functional theory for time-dependent 

systems. Phys. Rev. Lett. 1984, 52, 997–1000. 

[118]  van Leeuwen, R. Causality and symmetry in time-dependent density-
functional theory. Phys. Rev. Lett. 1998, 80, 1280–1283. 

[119]  Marques, M. A. L.; Gross, E. K. U. Time-dependent density functional 
theory. Annu. Rev. Phys. Chem. 2004, 55, 427–455. 

[120]  Furche, F.; Rappoport, D. Density functional methods for excited states: 
equilibrium structure and electronic spectra. Theoretical computational 
chemistry, Elsevier, Amsterdam, 2005. 

[121]  Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, D. R. Molecular 
excitation energies to high-lying bound states from the time-dependent 
density-functional response theory: characterization and correction of the 
time-dependent local density approximation ionization threshold. J. Chem. 
Phys. 1998, 108, 4439–4449. 

[122]  Wasserman, A.; Maitra, N. T.; Burke, K. Accurate Rydberg excitations 
from the local density approximation. Phys. Rev. Lett. 2003, 91, 263001-1–
263001-4. 

[123]  Casida, M. E.; Gutierrez, F.; Guan, J.; Gadea, F.-X.; Salahub, D.; Daudley, 
J.-P. Charge-transfer correction for improved time-dependent local density 
approximation excited-state potential energy curves: analysis within the 
two-level model with illustration for H2 and LiH. J. Chem. Phys. 2000, 113, 
7062–7071. 

[124]  Tozer, D. J. Relationship between long-range charge-transfer excitation 
energy error and integer discontinuity in Kohn–Sham theory. J. Chem. 
Phys. 2003, 119, 12697–12699. 

[125]  Peach, M. J. G.; Helgaker, T.; Sałek, P.; Keal, T. W.; Lutnæs, O. B.; Tozer, 
D. J.; Handy, N. C. Assessment of a Coulomb-attenuated exchange 
correlation energy functional. Phys. Chem. Chem. Phys. 2006, 8, 558–562. 

[126]  Kobayashi, R.; Amos, R. D. The application of CAM-B3LYP to the 
charge-transfer band problem of the zincbacteriochlorin-bacteriochlorin 
complex. Chem. Phys. Lett. 2006, 420, 106–109. 

 



Bibliography 

83 
 

 
[127]  Furche, F.; Ahlrichs, R. Adiabatic time-dependent density functional 

methods for excited state properties. J. Chem. Phys. 2002, 117, 7433–7447. 

[128]  Burcl, R.; Amos, R. D.; Handy, N. C. Study of excited states of furan and 
pyrrole by time-dependent density functional theory. Chem. Phys. Lett. 
2002, 355, 8–18. 

[129]  Yabana, K.; Bertsch, G. F. Time-dependent local-density approximation in 
real time. Phys. Rev. B 1996, 54, 4484–4487.  

[130]  Casida, M. E. Recent advances in density functional methods. World 
scientific, Singapore, 1995. 

[131]  Bauernschmitt R.; Ahlrichs, R. Treatment of electronic excitations within 
the adiabatic approximation of time dependent density functional theory. 
Chem. Phys. Lett. 1996, 256, 454–464. 

[132]  Slater, J. C. Atomic shielding constants. Phys. Rev. 1930, 36, 57–64. 

[133]  Boys, S. F. Electronic wave functions I. A general method of calculation 
for stationary states of any molecular system. Proc. R. Soc. London A 1950, 
200, 542–554. 

[134]  Hehre, W. J.; Stewart, R. F.; Pople, J. A.; Self-consistent molecular-orbital 
methods. I. Use of Gaussian expansions of Slater-type atomic orbitals. J. 
Chem. Phys. 1969, 51, 2657–2664. 

[135]  Schäfer, A.; Horn H.; Ahlrichs R. Fully Optimized Contracted Gaussian 
Basis Sets for Atoms Li to Kr. J. Chem. Phys. 1992, 97, 2571–2577. 

[136]  Schäfer, A.; Huber, C.; Ahlrichs, R. Fully optimized contracted Gaussian 
basis sets of triple zeta valence quality for atoms Li to Kr. J. Chem. Phys. 
1994, 100, 5829–5835. 

[137]  Dunning, T. H. Gaussian basis sets for use in correlated molecular 
calculations. I. The atoms boron through neon and hydrogen. J. Chem. 
Phys. 1989, 90, 1007–1023. 

[138]  Tomasi, J.; Persico, M. Molecular interactions in solution: an overview of 
methods based on continuous descriptions of the solvent. Chem. Rev. 1994, 
94, 2027–2094. 

 



Bibliography 

84 
 

 
[139]  Cramer, C. J.; Truhlar, D. G. Implicit solvation models: equilibria, 

structure, spectra, and dynamics. Chem. Rev. 1999, 99, 2161–2200. 

[140]  Tomasi, J.; Menucci, B.; Cammi, R. Quantum mechanical continuum 
solvation models. Chem. Rev. 2005, 105, 2999-3093. 

[141]  Miertuš, S.; Scrocco, E.; Tomasi, J. Electrostatic interaction of a solute with 
a continuum. A direct utilization of ab initio molecular potential for the 
prevision of solvent effects. Chem. Phys. 1981, 55, 117–129. 

[142]  Cammi, R.; Tomasi, J. Remarks on the use of the apparent surface charges 
(ASC) methods in solvation problems: Iterative versus matrix-inversion 
procedures and the renormalization of the apparent charges. J. Comp. 
Chem. 1995, 16, 1449–1458. 

[143]  Menucci, B.; Cancès, E, Tomasi J. Evaluation of solvent effects in isotropic 
and anisotropic dielectrics and in ionic solutions with a unified integral 
equation method: theoretical bases, computational implementation, and 
numerical applications. J. Phys. Chem. B 1997, 101, 10506–10517. 

[144]  Barone, V.; Cossi M. Quantum calculation of molecular energies and 
energy gradients in solution by a conductor solvent model. J. Phys. Chem. 
A 1998, 102, 1995–2001. 

[145]  Cossi, M.; Barone, V.; Menucci, B.; Tomasi, J. Ab initio study of ionic 
solutions by a polarizable continuum dielectric model. Chem. Phys. Lett. 
1998, 286, 253–260. 

[146]  Chipman, D. M. Reaction field treatment of charge penetration. J. Chem. 
Phys. 2000, 112, 5558–5565. 

[147]  Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. Polarizable dielectric model 
of solvation with inclusion of charge penetration effects. J. Chem. Phys. 
2001, 114, 5691–5700. 

[148]  Klamt, A.; Schüürmann, G. COSMO: a new approach to dielectric 
screening in solvents with explicit expressions for the screening energy and 
its gradient. J. Chem. Soc. Perkin Trans. 2 1993, 5, 799–805. 

[149]  Cossi, M.; Barone, V. Time-dependent density functional theory for 
molecules in liquid solutions. J. Chem. Phys. 2001, 115, 4708–4714. 

 



Bibliography 

85 
 

 
[150]  Schäfer, A.; Klamt, A.; Sattel, D.; Lohrenz, J. C. W.; Eckert, F. COSMO 

Implementation in TURBOMOLE: extension of an efficient quantum 
chemical code towards liquid systems. Phys. Chem. Chem. Phys. 2000, 2, 
2187–2193. 

[151]  Truong, T. N.; Stefanovich, E. V. A new method for incorporating solvent 
effect into the classical, ab initio molecular orbital and density functional 
theory frameworks for arbitrary shape cavity. Chem. Phys. Lett. 1995, 240, 
253–260. 

[152]  Andzelm, J.; Klömel, C.; Klamt, A. Incorporation of solvent effects into 
density functional calculations of molecular energies and geometries. J. 
Chem. Phys. 1995, 103, 9312–9320. 

[153]  Ahlrichs, R.; Bär, M.; Häser, M.; Horn, H.; Kölmel, C. Electronic structure 
calculations on workstation computers: the program system Turbomole. 
Chem.  Phys. Lett. 1989, 162, 165–169. 

[154]  Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 
Cheeseman, J. R.; Montgomery, Jr., J. A.; Vreven, T.; Kudin, K. N.; 
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; 
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; 
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; 
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, 
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.; 
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; 
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; 
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, 
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; 
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; 
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; 
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, 
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; 
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 
03, Revision E.1, Gaussian, Inc., Wallingford CT, 2004. 

[155]  DALTON a molecular electronic structure program, Release 2.0, 2005, see 
http://www.kjemi.uio.no/software/dalton/dalton.html. 

 



Bibliography 

86 
 

 
[156]  Weigend, F.; Häser, M.; Patzelt, H.; Ahlrichs, R. RI-MP2: optimized 

auxiliary basis sets and demonstration of efficiency. Chem. Phys. Lett. 
1998, 294, 143–152. 

[157]  Turbomole 5.10, Program Package for ab initio Electronic Structure 
Calculations, user’s manual, 2008. 

[158]  Rai, D.; Joshi, H.; Kulkarni, A. D.; Gejji, S. P.; PAthak, R. K. Electric field 
effects on aromatic and aliphatic hydrocarbons: a density-functional study. 
J. Phys. Chem. A 2007, 111, 9111–9121. 

[159]  Thompson, M. A. ArgusLab 4.0.1, Planaria Software LLC, Seattle, WA, 
see http://www.arguslab.com. 

[160]  Laaksonen, L. A graphics program for the analysis and display of molecular 
dynamics trajectories. J. Mol. Graph. 1992, 10, 33–34. 

[161]  Bergman, D. L.; Laaksonen, L.; Laaksonen, A. Visualization of solvation 
structures in liquid mixtures. J. Mol. Graph. Model. 1997, 15, 301–306. 

[162] Jacquemin, D.; Perpète, E. A.; Scalmani, G.; Frisch, M. J.; Ciofini, I.; 
Adamo, C. Absorption and emission spectra in gas-phase and solution 
using TD-DFT; Formaldehyde and benzene as case studies. Chem. Phys. 
Lett. 2006, 421, 272–276. 

[163] Jacquemin, D.; Perpète, E. A.; Scalmani, G.; Frisch, M. J.; Ciofini, I.; 
Adamo, C. Absorption and emission spectra in gas-phase and solution 
using TD-DFT; Formaldehyde and benzene as case studies. Chem. Phys. 
Lett. 2006, 421, 272–276. 

[164]  Jacquemin, D.; Perpète, E. A.; Scalmani, G.; Frisch, M. J.; Ciofini, I.; 
Adamo, C. Fluorescence of 1,8-naphtalimide: a PCM-TD-DFT 
investigation. Chem. Phys. Lett. 2007, 448, 3–6. 

[165]  Sundholm, D. A density-functional study of bacteriochlorophyll b.  Phys. 
Chem. Chem. Phys. 2003, 5, 4265–4271. 

[166]  Edwards, L.; Dolphin, D. H.; Gouterman, M.; Adler, A. D. Porphyrins 
XVII. Vapor absorption spectra and redox reactions: tetraphenylporphyrins 
and porphine. J. Mol. Spectrosc. 1971, 38, 16–32. 

 



Bibliography 

87 
 

 
[167]  Sengupta, D.; Behera, R. N.; Smith, J. C.; Ullmann, G. M. The α helix 

dipole: screened out? Structure, 2005, 13, 849–855. 

[168]  Boys, S. F.; Bernardi, F. The calculation of small molecular interactions by 
the differences of separate total energies. Some procedures with reduced 
errors. Mol. Phys. 1970, 19, 553–566. 

[169]  Burgehardt, I.; Cederbaum, L. S.; Hynes, J. T. Environmental effects on a 
conical intersection: a model study. Faraday Discuss. 2007, 127, 395–411. 

[170]  Burgehardt, I.; Hynes, J. T. Excited-state charge transfer at a conical 
intersection: effects of an environment. J. Phys. Chem. A 2006, 110, 
11411–11423. 




