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“Do I have any important philosophy for the world?
Are you kidding? The world don’t need me. 
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ACM Adiabatic Connection Method 
AO Atomic Orbital 
BO Born-Oppenheimer [approximation] 
CASPT2 Complete Active Space second-order Perturbation Theory 

[method] 
CASSCF Complete Active Space SCF [method] 
CC Coupled Cluster [theory] 
CCSD CC Singles and Doubles [method] 
CCSD(T) CCSD perturbative Triples [method]  
CI Configuration Interaction 
CIN Conical Intersection 
CIS Configuration Interaction Singles [method] 
CISD Configuration Interaction Singles and Doubles [method] 
DFT Density Functional Theory 
FCI Full CI 
GGA Generalized Gradient Approximation 
HF Hartree-Fock [approximation] 
HK Hohenberg and Kohn 
HL Heitler and London 
HOMO Highest Occupied MO 
KS Kohn and Sham 
LDA Local Density Approximation 
LUMO Lowest Unoccupied MO 
MCSCF Multi-Configurational SCF [method] 
MO Molecular Orbital 
MO-LCAO MOs as Linear Combinations of AOs [ansatz]
MPn nth-order Møller-Plesset perturbation theory [method] 
MRCI Multi-Reference CI [method] 
PCM Polarized Continuum Model 
PES Potential Energy Surface 
RHF Restricted HF [approximation] 
RR Resonance Raman [spectroscopy] 
SCF Self-Consistent Field [approach] 
TD Time-Dependent 
UHF Unrestricted HF [approximation] 



ZINDO Zerner’s Intermediate Neglect of Differential Overlap
[method]  

ZPVE Zero-Point Vibrational Energy 
max Wavelength of maximum absorption 



11

Introduction

Theoretical chemistry is the field devoted to the development and 
application of theoretical methods for the study of chemical systems. These 
methods can be thought of as ‘techniques’, each with its own merits and 
disadvantages, in pretty much the same way as there are different 
experimental techniques more or less well-suited for the elucidation of a 
given chemical problem. The methods  defined in terms of equations that in 
the end need to be solved either analytically or, as is normally the case, 
numerically using computers  are developed within the framework of an 
underlying theory appropriate for the problem at hand. In general, 
application of the theory as such leads nowhere but to a series of equations 
much too complicated even for present-day numerical algorithms and 
computational resources. Instead, computationally tractable yet accurate 
methods are developed by introducing reasonable approximations to the 
theory. Methods founded on classical physics are typically referred to as 
force field methods, and are often employed to simulate the dynamics of 
chemical systems at atomic resolution. Methods founded on quantum 
mechanics, in turn, are known as quantum chemical methods. These are, 
inherently, more complex than force field methods, but also account for 
electronic structure and hence enable a proper description of chemical 
reactions.

A theoretical approach to the study of chemistry offers several 
advantages over conventional experimental techniques. First, theoretical 
chemists are not limited by practical concerns, as are experimentalists that 
perhaps may have to worry whether a chemical substance is contaminated, 
or may face significant difficulties when setting out to study highly reactive 
and short-lived molecular species. Second, theoretical chemistry offers a 
possibility to obtain information not easily retrieved from experiments. For 
example, quantum chemical methods can be used to characterize transition 
states in chemical reactions, and molecular dynamics simulations can be 
used to study, e.g., molecular recognition processes of profound importance 
in biology. Third, it may be argued that theoretical methods, as stemming 
from a series of physical and chemical arguments, constitute a better way of 
providing physical insight into a chemical problem. The Woodward-
Hoffmann rules governing the reactivity of pericyclic reactions serve as a 
thereby illustrative example of a milestone achievement of theoretical 
chemistry. Finally, with the present availability of cheap and highly efficient 
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computer hardware, theoretical studies are a viable approach also from an 
economical point of view.  

Needless to say, there are also disadvantages associated with 
theoretical chemistry. Most notably, it is often the case that the chemical 
problem at hand is far too complicated to allow for even qualitative 
assessment by theory. In other cases, seemingly ‘simple’ chemical systems 
are not amenable to calculations, merely because an underlying, key 
approximation may lose validity in that particular system.      

In the present thesis, theoretical methods are used to provide a 
better understanding of some chemical systems of biological interest. In 
particular, quantum chemical methods are applied to shed new light on 
unresolved issues concerning the photochemistry of two protein-bound 
chromophores; the photoenzymic repair of UV-light induced DNA damages; 
and the formation of lignin in plant cell walls. Following a short introduction 
(Chapter 1) to the theory underlying the quantum chemical methods used, 
Chapters 2-4 present the background to the different projects, and summarize 

 intentionally in a rather brief fashion  the main results of the respective 
papers. For a more complete account of the research, the reader is referred to 
the full papers. Chapter 5, finally, offers some final concluding remarks. 
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1 Quantum chemistry 

In 1927, Heitler and London (HL)1 rationalized the formation of a chemical 
bond between two hydrogen atoms at certain interatomic distances using the 
newly developed theory of quantum mechanics. Prior to this time, all 
attempts to explain the stability of the hydrogen molecule rooted in the 
theory of classical electrostatic forces had failed. The work by HL was 
therefore regarded as a spectacular achievement of quantum mechanics, and 
marked the birth of quantum chemistry. During the almost eighty years that 
since have passed, this field has expanded tremendously and quantum 
chemical investigations of relevance for essentially all branches of chemistry 
appear regularly in the literature today. This progress can be attributed to the 
development of increasingly accurate quantum chemical methods and the 
implementation of these into computationally efficient algorithms and easy-
to-use computer codes, as well as the dramatic improvement in computer 
technology occurring over the last twenty years or so. 

While HL in their study of the hydrogen molecule introduced a 
theoretical framework known as valence bond theory, the success  as 
measured by the number of successful applications to chemical problems 
of quantum chemistry is from a methodological point of view almost entirely 
due to the development of so-called molecular orbital (MO) methods, and in 
later years density functional theory (DFT) methods. The present chapter 
briefly introduces the basic approximations of MO theory and DFT 
underlying the quantum chemical methods used in this thesis. For thorough 
accounts of MO theory and DFT, the reader is referred to the textbooks by 
Szabo and Ostlund2 and Parr and Yang,3 respectively. 

1.1 Molecular orbital theory 
The starting point for a quantum chemical description of a system of nuclei 
and electrons forming a molecule is the time-dependent Schrödinger 
equation

t
iH ,   (1.1)      
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where H is the Hamiltonian operator for the system  defined as soon as the 
system has been specified  and  is the wave function one wishes to 
determine. If the Hamiltonian is time-independent, the time dependence of 
the wave function is manifested only through an exponential phase factor 

/),(),,( iEtet rRrR ,  (1.2) 

where E  is the energy of the (stationary) state characterized by such a wave 
function. R  and r  denote spatial nuclear and electronic coordinates, 
respectively. By inserting Eq. (1.2) into Eq. (1.1), one obtains the time-
independent Schrödinger equation      

),(),( rRrRH E .  (1.3) 

Finding solutions to Eq. (1.3) is a central goal of quantum chemistry. 
However, this requires the introduction of a number of approximations even 
for the simplest of molecular systems. One common approximation is the 
neglect of relativistic effects, which facilitates the calculations in that the 
Hamiltonian takes on a simpler form. This is normally a good approximation 
for elements of the three first rows (Z 36) of the periodic table. Heavier 
elements, on the other hand, have core electrons that may well acquire 
velocities corresponding to non-negligible fractions of the speed of light, 
which means that relativistic corrections need to be accounted for. Since this 
thesis deals exclusively with non-relativistic quantum chemical 
investigations of molecular systems consisting of atoms with Z 15, methods 
that incorporate relativistic effects are from now on not further discussed. A 
more fundamental approximation, which allows for the separation of         
Eq. (1.3) into electronic and nuclear degrees of freedom, was first presented 
by Born and Oppenheimer4 in 1927, and can  following Jensen5  briefly be 
outlined as follows. 

1.1.1 The Born-Oppenheimer approximation 
The Hamiltonian of Eq. (1.3) can be written as 

nennneeeen THVVVTTH , (1.4) 

with nT  and eT  denoting the kinetic energy operators for nuclei and 
electrons, and eeV , neV , and nnV  denoting the potential energy operators for 
interactions between electrons, nuclei and electrons, and nuclei, respectively. 

nnneeeee VVVTH  is the Hamiltonian for the electronic Schrödinger 
equation
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)()(e RrRrH ;; iii ,  (1.5) 

where )( Rr;i  is the electronic wave function for state i  with energy i ,
which depends explicitly on the electronic coordinates and parametrically on 
the nuclear positions. If a full (complete) set of solutions to Eq. (1.5) is 
available, which can be chosen to be orthonormal, the total wave function of 
Eq. (1.3) can be expressed in terms of these solutions with the expansion 
coefficients )(Rni  being functions of the nuclear coordinates           
   

i
ini )()(),( ; RrRrR .  (1.6) 

Now, by inserting Eq. (1.6) into Eq. (1.3) and making use of the facts that 
eH  only acts on electronic wave functions, and that the kinetic energy 

operator for the nuclei is given as (where kM  is the mass of nucleus k )

22
n 2

1
n

k
k

kM
T ,  (1.7)  

one gets 

i i
iniiiniinninininnini E})()()(2)({ 22 .

    (1.8) 

Multiplying Eq. (1.8) from the left by j  yields 

i
njniinjnininjnjjnjn E}||)(||2{ 22

    (1.9) 

after integration over electronic coordinates. Apparently, the electronic wave 
function has been removed from the first two terms of the LHS of Eq. (1.9). 
The two different types of matrix elements in the sum correspond to non-
adiabatic coupling elements, and represent coupling between different 
electronic states. In the adiabatic approximation, one considers only one 
electronic state at a time )( ji , i.e., all off-diagonal coupling elements are 
neglected. It is also assumed that the first-order diagonal coupling element 

jnj ||  is negligible. Hence, 

njnjjnjjn E)||( 22 . (1.10) 
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Since the mass of the lightest nuclei (a proton) is larger than that of an 
electron by a factor of ~1800, it furthermore holds that j  is significantly 

larger than the second-order diagonal coupling element jnj || 2

(often referred to as the diagonal correction). By neglecting this term as well, 
one arrives at the Born-Oppenheimer (BO) approximation   

njnjjn E)( 2 .  (1.11)    

The BO approximation introduces the concept of a potential energy 
surface (a solution to the electronic Schrödinger equation) upon which the 
nuclei move, and reduces the complicated problem of solving Eq. (1.3) into 
separate electronic and nuclear problems. First, the electronic Schrödinger 
equation (1.5) is solved for a set of nuclear configurations to obtain )(Rj .
Then, the nuclear Schrödinger equation (1.11) is solved with )(Rj  acting 
as the effective potential, which yields molecular vibrational energy levels at 
zero temperature and  in combination with statistical mechanics 
thermochemical properties. 

The adiabatic and BO approximations are usually good 
approximations, but are not valid when electronic states lie very close in 
energy. In such cases, it is no longer possible to make use of Eq. (1.11) for 
the nuclear problem, and solving the electronic counterpart by means of Eq. 
(1.5) will inevitably require a consideration of non-dynamical electron 
correlation effects (cf. subsection 1.1.3). 

 In the following, focus is on methods for solving the electronic 
Schrödinger equation. For the sake of notational simplicity, electronic 
Hamiltonians, wave functions, and energies are from now on denoted by H ,

, and E , respectively. Since the electronic motion is assumed to take 
place in the field of fixed nuclei, one may exclude the constant nnV  term 
from the electronic Hamiltonian, and add the nuclear-nuclear repulsion 
energy once the electronic problem has been solved. The problem at hand is 
thus

neeee

with
VVTH

H E
   (1.12) 

Unfortunately, exact (i.e., analytic) solutions to Eq. (1.12) can only 
be obtained for one-electron systems. It is therefore crucial to introduce 
further approximations through which one may obtain accurate numerical 
solutions. The Hartree-Fock approximation, introduced by Fock6 and Slater7
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and building on the work by Hartree,8 constitutes the first step towards more 
elaborate treatments. 

1.1.2 The Hartree-Fock approximation 
In order to completely describe an electron, it is necessary to specify its spin 
state. Since the electronic Hamiltonian of Eq. (1.12) is spin-independent, this 
has to be done by imposing a certain form for the wave function. The 
procedure is as follows. First, two orthonormal spin functions corresponding 
to ‘spin up’, )( , and ‘spin down’, )( , are introduced (  is here a 
generalized spin coordinate). The four electronic coordinates (three spatial, 
r; one spin, ) are usually collectively denoted by x, and the wave function 
for an N-electron system is written ),...,,( 21 Nxxx . Since electrons are 
fermions, i.e., spin ½ particles, it is now possible to ensure that electron spin 
is dealt with in a satisfactory manner by making use of the fact that a many-
electron wave function therefore must be antisymmetric (change sign) with 
respect to the interchange of the coordinates of any two electrons. This 
requirement, which is known as the antisymmetry principle and constitutes a 
generalization of the Pauli exclusion principle, is met by forming the many-
electron wave function as a linear combination of antisymmetrized products 
(Slater determinants) of one-electron wave functions (MOs). The MOs, )(x

 also referred to as spin orbitals  are products of a spatial MO, )(r , and a 
spin function  

)()(
or

)()(
)(

r

r
x .  (1.13) 

In the Hartree-Fock (HF) approximation, the many-electron wave 
function is represented by a single Slater determinant (given here for the 
general case of N electrons and N spin orbitals)    

)()()(

)()()(
)()()(

)!(),...,,(

21

22221

11211

1/2-
21

NNNN

N

N

N N

xxx

xxx
xxx

xxx ,

(1.14)
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where -1/2)!(N  is a normalization factor. It is seen that an interchange of the 
coordinates of two electrons corresponds to an interchange of two rows of 
the determinant, which changes the sign of the wave function and ensures 
that the antisymmetry principle is fulfilled. Furthermore, any two electrons 
are prevented from occupying the same spin orbital since this would make 
two columns of the determinant equal and the wave function zero, in 
accordance with the Pauli exclusion principle. If the wave function of Eq. 
(1.14) is normalized, it is straightforward to show that the corresponding 
electronic energy equals 

N

i

N

ji
ijiji KJhE

,
)(

2
1 ,  (1.15) 

where ih  are one-electron integrals describing the motion of electrons in the 
field of M nuclei

11
1

2
11 )(

2
1)( xx

rR
x d

Z
h i

M

k k

k
ii  (1.16) 

and ijJ  and ijK  are two-electron integrals accounting for repulsive 
interactions between electrons 

2122
21

11 )()(1)()( xxxx
rr

xx ddJ jjiiij   (1.17) 

2122
21

11 )()(1)()( xxxx
rr

xx ddK ijjiij   (1.18) 

ijJ  are referred to as Coulomb integrals and represent classical electrostatic 
repulsion between two charge distributions. ijK  are known as exchange 
integrals, and have no classical counterpart. Their occurrence in Eq. (1.15) is 
a direct consequence of the determinantal form of the wave function required 
by the antisymmetry principle. From Eq. (1.15), it is realized that the 
exchange energy reduces the classical Coulomb repulsion. It can be shown 
that this effect is entirely due to interactions between electrons with parallel 
spins.

In order to calculate the best possible HF wave function, a 
particular set of spin orbitals needs to be determined. Since the HF wave 
function constructed from a trial set of spin orbitals by virtue of the 
variational principle yields an energy which is always larger than  or 
possibly equal to  the exact electronic energy, this set can be determined by 



19

minimizing the energy of Eq. (1.15) with respect to the choice of spin 
orbitals. This minimization, which has to be carried out in such a way that 
the spin orbitals remain orthonormal, results in the so-called HF equations 

N

j
jijiif ,    (1.19) 

where

N

j
jj

M

k ik

k
ii

Z
)(

2
1 2 KJ

rR
f  (1.20) 

is the Fock operator and ij  is the matrix of the Lagrange multipliers used in 
the minimization to enforce the orthonormality of the spin orbitals.  jJ  and 

jK  are the Coulomb and exchange operators defined by   

)()(1)()()( 122
21

211 xxx
rr

xxxJ ijjij d

(1.21)

and
   

)()(1)()()( 122
21

211 xxx
rr

xxxK jijij d

(1.22).

Apparently, jJ  and jK  account for interelectronic repulsion only in an 
average fashion  a given electron interacts with the average field from the 
other electrons. The Fock operator is therefore an effective one-electron 
operator, and the HF method is referred to as a mean-field approximation. It 
is also worthwhile noting that the result of operating with )( 1xK j  on 

)( 1xi  depends on the value of i  throughout all space. This means that 

jK , unlike jJ , is a non-local operator, and that the calculation of the 
exchange energy therefore is a demanding task.  

ij  is Hermitian and Eq. (1.19) can therefore be brought about to 
standard eigenvalue form by means of a unitary transformation of ij ,
yielding the canonical HF equations  
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iiiif  .   (1.23) 

It immediately follows that iiii || f , which shows that the 
Lagrange multipliers can be interpreted as MO energies. Since the Fock 
operator depends on the spin orbitals one wishes to determine, Eq. (1.23) can 
only be solved iteratively.  

For computational purposes, the canonical HF equations need to be 
reformulated in terms of spatial MOs )(r  rather spin orbitals )(x . This 
can be achieved by integrating out the spin functions. If the restriction is 
made that every occupied spatial MO should contain two electrons with 
opposite spins, one obtains 

iiiif ,   (1.24) 
      
where

2/
2 )2(

2
1 N

j
jj

M

k ik

k
ii

Z KJ
rR

f  (1.25) 

with

)()(1)()()( 122
21

211 rrr
rr

rrrJ ijjij d  (1.26) 

    
and

)()(1)()()( 122
21

211 rrr
rr

rrrK jijij d . (1.27) 

These equations underlie the so-called restricted HF (RHF) formalism often 
used for closed-shell molecules, and are  except for the Coulomb operator 
in Eq. (1.25) occurring with a weight of 2 and the sum of Coulomb and 
exchange operators being over occupied spatial MOs  analogous to those 
involving spin orbitals. If the double-occupancy constraint is released, i.e., if 
different spatial MOs for  and  electrons are introduced, one arrives at 
two sets of HF equations upon integrating out the spin functions; one for the 

 electrons and one for the  electrons. This formalism is referred to as 
unrestricted HF (UHF), and is primarily used for open-shell molecules such 
as radicals, since it allows for spin-polarization
to be taken into account. As expected, the two sets of HF equations cannot 
be solved independently of each other since the Fock operators depend on 
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both  and  MOs. This increases the computational complexity of UHF 
compared to RHF. Due to the fact that UHF is associated with a higher 
degree of variational freedom, an optimized UHF wave function will always 
yield an electronic energy which is lower than or equal to that of the 
corresponding RHF wave function. However, for closed-shell molecules at 
equilibrium geometries, UHF wave functions in general do not differ from 
those obtained by RHF. Some further aspects of UHF theory will be 
discussed in subsection 1.1.3.  

It is possible to solve Eq. (1.24) by using a numerical grid to 
represent the MOs. Such methods are known as numerical HF methods.9 In 
1951, however, Roothaan10 showed that it is possible to transform Eq. (1.24) 

 a set of indeed complicated differential equations  into a less demanding 
matrix eigenvalue problem by first expanding the MOs in terms of linear 
combinations of known analytic one-electron functions (basis functions) 
chosen so as to represent atomic orbitals (AOs), and then invoking the 
variational principle for the MO coefficients. With the MO-LCAO 
(Molecular Orbitals as Linear Combinations of Atomic Orbitals) ansatz

ii C ,   (1.28) 

one obtains the so-called Roothaan equations (or Roothaan-Hall equations11)

SCFC ,   (1.29) 

where F  is the Fock matrix, || FF ; S  is the overlap matrix, 
|S ;  is the (diagonal) matrix of MO energies; and C  is the 

matrix of MO expansion coefficients. Since the Fock matrix depends on the 
MO expansion coefficients one wishes to determine, the Roothaan equations 
are solved iteratively, typically by starting off with an estimate for the 
density matrix uvP  obtained from, e.g., a previous calculation

2/

2
N

i
viuiuv CCP .   (1.30) 

This procedure is known as the self-consistent field (SCF) approach. While 
the Roothaan equations were derived within the context of RHF, Pople and 
Nesbet12 shortly thereafter introduced the corresponding UHF equations 
the Pople-Nesbet equations  allowing efficient calculations to be performed 
also for open-shell systems.  

A HF calculation carried out by means of Roothaan or Pople-
Nesbet equations that does not introduce any approximation to the electronic 
Hamiltonian or the two-electron integrals resulting from the choice of basis 
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functions is referred to as an ab initio (‘from the beginning’) calculation. In 
principle, such a calculation employs no other parameters than physical 
constants once the set of basis functions is specified. The computational 
bottleneck in this procedure is the calculation of the two-electron integrals 
required for the construction of the Fock matrix. Since the number of two-
electron integrals grows as the fourth power of the number of introduced 
basis functions (~size of the system), it is clear that ab initio HF calculations 
have limited applicability to large molecular systems. In order to circumvent 
this problem, a wide variety of so-called semiempirical methods have been 
developed. In principle, these methods discard certain two-electron integrals, 
and introduce empirical parameters (fitted to experimental data) and/or 
appropriate functional forms for some or all of the remaining integrals. 
Furthermore, only valence electrons are considered explicitly with core 
electrons being accounted for implicitly by, e.g., reducing the nuclear charge 
accordingly. In general, a minimum basis set of Slater-type orbitals is used 
for the valence electrons. With the computational resources of today, these 
approximations extend the applicability of MO methods from systems 
consisting of, say, a few hundreds of atoms to systems with a few thousands 
of atoms*. Another advantage of semiempirical methods is that electron 
correlation effects (see subsection 1.1.3), which are not included in HF 
theory, to some extent are accounted for indirectly via the parameterization 
(experimental data of course include electron correlation). The fundamental 
disadvantage of semiempirical methods is, however, their lack of 
transferability, i.e., they perform rather poorly when applied to systems for 
which they have not been parameterized.    

1.1.3 Electron correlation  
As noted above, the HF method uses the approximation that each electron is 
moving in the average electrostatic field created by the other electrons. This 
is, however, an idealized description since the explicit dependence of the 
motion of each electron on the instantaneous positions of the other electrons 
thereby is neglected. This deficiency is often expressed as HF theory failing 
to properly account for electron correlation effects. There are two types of 
electron correlation. Exchange (Fermi) correlation, which concerns electrons 
with parallel spins and is related to the Pauli exclusion principle, is 
accounted for in HF theory through the determinantal form of the wave 
function. Coulomb correlation, which concerns all electrons and arises from 
interelectronic repulsion, is on the other hand completely neglected in HF 
theory due to the employed mean-field approximation. 

* These estimates refer to calculating the electronic energy for an organic molecule at a single 
geometry.  
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Within the space of a given basis set, the difference between the 
exact, non-relativistic electronic energy and the HF energy is referred to as 
the correlation energy13

HFexactcorr EEE .   (1.31) 

The correlation energy, which takes on negative values, is thus a measure of 
the error in the HF method arising from the neglect of Coulomb correlation. 
It is worthwhile emphasizing that the error is not given relative experimental 
data, but relative the exact eigenvalue of a non-relativistic, electronic 
Hamiltonian. In principle, the correlation energy can be thought of as having 
two components resulting from dynamical and static (near-degeneracy) 
correlation effects, respectively. Dynamical correlation essentially 
corresponds to the 1

ijr  interaction between electrons at short interelectronic 
distances. It is precisely this type of correlation that the mean-field 
approximation fails to capture. Static correlation, on the other hand, is a 
somewhat more subtle phenomenon, and corresponds to the interaction and 
mixing of electronic states that lie close in energy. The failure of HF theory 
to describe static correlations can be attributed to the HF wave function 
being represented by a single Slater determinant that cannot in a balanced 
fashion account for the two (or more) different electronic configurations that 
come into play at near-degeneracies. While dynamical electron correlation is 
always present in a molecular system, static correlation effects for electronic 
ground states are manifested primarily in open-shell molecules (e.g.,
radicals, biradicals, transition metal complexes) and in closed-shell 
molecules at non-equilibrium geometries (H2 at large internuclear distances 
is a classical example). For a closed-shell system, the use of UHF theory 
generally improves upon RHF in the sense that a portion of the static 
correlation energy can be recovered, as evidenced by, e.g., studies of H2
dissociation.2 The correlation energy is therefore most appropriately defined 
as the error in the RHF method. Unfortunately, when UHF and RHF wave 
functions are different, the former is not an eigenfunction of the total 
electron spin operator 2S , UHFUHF

2 )1(SSS . This means that an UHF 
wave function for a closed-shell system ( )0S  at a non-equilibrium 
geometry does not correspond to a pure singlet state, but may contain also 
contributions from higher spin states. This is referred to as the singlet UHF 
wave function being spin contaminated, and is an inevitable disadvantage of 
UHF theory that arises also when one ‘normally’ would choose to use UHF 
(i.e., for open-shell systems). The degree of spin contamination can be 
assessed by considering the deviation from the ideal value of )1(SS .             

Even though the HF method may provide a qualitatively correct 
description of many chemical phenomena involving closed-shell molecules 
around their equilibrium geometries, it is in general necessary to obtain 
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(parts of) the correlation energy for achieving quantitative accuracy in a 
quantum chemical calculation.  This has stimulated the development of a 
wide variety of MO methods that in different ways account for dynamical 
and/or static electron correlation effects. These methods are referred to as 
post-HF methods, and often use the HF wave function as a reference wave 
function for the treatment of electron correlation. In the configuration 
interaction (CI) method, the many-electron wave function is expressed as a 
linear combination of the HF wave function and excited Slater determinants   

T
TT

D
DD

S
SSHFHFCI cccc .

(1.32)

Subscripts S, D, T etc. denote singly, doubly, triply etc. excited 
determinants, where S  is obtained by replacing one occupied MO in the 
optimized HF wave function with one that is unoccupied; D  is obtained by 
replacing two occupied MOs in the optimized HF wave function with two 
that are unoccupied, etc. The respective sums in the CI expansion then 
include all such determinants that can be formed. In order to calculate the 
best possible CI wave function, the expansion coefficients are variationally 
optimized (without reoptimizing the HF MOs) with the normalization 
constraint 1| CICI , which yields the CI matrix eigenvalue equation    
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The matrix elements SHF || H  and HFS || H  are zero by 
virtue of Brillouin’s theorem.14 Furthermore, since H  contains only one and 
two-electron operators, all matrix elements of H  between Slater 
determinants which differ by more than two MOs (such as THF || H
and HFT || H ) are also zero. The lowest eigenvalue of the CI matrix 
then gives the CI energy and the corresponding eigenvector the expansion 
coefficients for the CI wave function. The second lowest eigenvalue, in turn, 
gives the CI energy for the first excited state, etc.

If the CI expansion of Eq. (1.32) includes all possible excited 
determinants of each type, the solution to Eq. (1.33) constitutes an exact
solution (in the BO approximation) to the non-relativistic electronic problem 
within the space of the employed basis set. This is referred to as full CI 
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(FCI). However, in computational practice, such calculations are possible 
only for very small molecular systems (containing around 10 electrons at 
most). It is therefore necessary to truncate the CI expansion, typically by 
considering only singly and doubly excited determinants. This method is 
commonly known as CISD. 

For systems in which a single-reference HF wave function is 
qualitatively accurate, CISD typically recovers 80-90% of the correlation 
energy. However, if static correlation effects need to be considered, most 
computationally tractable single-reference CI methods are inappropriate 
since the underlying HF wave function in such cases is qualitatively 
incorrect. Instead, multi-reference CI (MRCI) methods are to be preferred. 
As the name suggests, these methods carry out a CI calculation involving 
excited determinants derived from a reference wave function including 
contributions from several electronic configurations. The required reference 
wave function can be calculated by means of multi-configurational self-
consistent field (MCSCF) techniques.

One of the most appealing features of CI methods is that they  as 
being founded on the variational principle  provide an energy which 
represents an upper bound to the exact electronic energy. Unfortunately, all 
CI methods but FCI are also associated with a significant undesirable 
feature: the lack of correct scaling of energy with respect to the size of the 
molecular system under study. This deficiency is often expressed as 
truncated CI methods failing to display size-extensivity, which implies that 
the part of the correlation energy that can actually be recovered decreases as 
the size of the molecular system increases. As a consequence, a CISD 
calculation on two infinitely separated water molecules will not give the 
same energy as twice the CISD energy of a single water molecule (which 
will be lower), a problem which in turn is referred to as a lack of size-
consistency. Computationally tractable, size-extensive electron correlation 
MO methods have nevertheless been developed within the framework of 
Møller-Plesset (MP) perturbation theory and coupled cluster (CC) theory. 
These methods (e.g., MP2, MP4, CCSD, CCSD(T)) are non-variational and 
may hence yield energies below the exact electronic energy. Due to the use 
of limited basis sets, this however rarely happens in computational practice. 
Standard MP and CC methods are based on a single-reference HF wave 
function. This means that they primarily account for dynamical correlation 
effects.

To account for electron correlation using ab initio MO methods is a 
computationally demanding task not only from the point of view of CPU 
time, but also in terms of memory and disk space requirements. Furthermore, 
the computational cost of correlated ab initio MO methods scales (with 
respect to basis set size) increasingly unfavourably as one proceeds to use 
increasingly accurate methods. For example, in the large-system limit, MP2, 
CISD, CCSD, and CCSD(T) display M5, M6, M6, and M7 scaling, 
respectively. As a result, MP2 cannot at present be routinely applied (e.g.,
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for geometry optimizations and frequency calculations) to organic molecules 
with more than a few tens of atoms, whereas CCSD(T) has a limitation of 
around ten atoms. In order to perform correlated quantum chemical 
calculations on large molecular systems, it is hence crucial to simplify the 
treatment of electron correlation effects. During the past twenty years, 
developments within the field of DFT have led to a plethora of methods that, 
albeit being associated with computational requirements comparable to those 
of HF, challenge and in many cases outperform correlated ab initio MO 
methods. In the next section, the central concepts and approximations 
underlying the DFT methods used in this thesis will be presented. 

1.2 Density functional theory 
The basic (independent) variable of the MO methods outlined above is the 
electronic wave function. For an N-electron system, the wave function 
depends on 4N (3N spatial and N spin) coordinates. From a general 
viewpoint, the (relative) complexity of MO methods may therefore be 
regarded as an inevitable consequence. DFT methods, on the other hand, use 
the electron density )(r  as the basic variable. This quantity depends on 3 
spatial coordinates, regardless of the number of electrons. Even though the 
reduction in the number of degrees of freedom as such not necessarily leads 
to a simplified formalism, this suggests a possibility that quantum chemical 
methods founded on DFT will be less intricate than MO methods. The 
theoretical justification for the use of )(r  to extract molecular properties in 
quantum chemical calculations was given by Hohenberg and Kohn (HK)15 in 
1964.   

The concept of functionals will occur frequently in the following 
subsections. Loosely, a functional can be thought of as a function that 
transforms another function into a number. We will adopt the notation 

)(fFF r to denote that F is a functional of f(r).     

1.2.1 The Hohenberg-Kohn theorems  
The problem at hand is, again, the electronic Schrödinger equation   

,

with

neeee VVTH

H E

   (1.34) 
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and the aim is to calculate the electronic energy without first having to 
calculate the wave function. The electronic energy can be written as   

||)()( eeene VTrrr dVE  , (1.35) 

where the electron density is defined by 

NN dddN rrrrrrr 32
2

21 |),,,(|)(  (1.36) 

and the wave function is assumed to be normalized. The electronic 
Hamiltonian is determined by the number of electrons N and the external 
potential )(ne rV  due to the nuclei. Therefore, the wave function and, 
consequently, all molecular properties are determined by N and )(ne rV . It is 
thus possible to express E as a functional of N and )(ne rV

ne,VNEE  .   (1.37) 

In their pioneering work, HK first showed that, for non-degenerate electronic 
ground states, the external potential is uniquely determined by the electron 
density. This is referred to as the first HK theorem. Since the electron 
density also determines the number of electrons through rr dN )(

(which follows trivially from Eq. (1.36)), the electronic energy may hence be 
represented as a functional of the electron density alone  

EE .   (1.38) 

It is worthwhile emphasizing that the external potential is not restricted to 
include the Coulomb potential from the nuclei only. For example, external 
electric and magnetic fields may well be included too. Eq. (1.38) is 
commonly written as  

HKne )()( FdVE rrr ,  (1.39) 

where HKF  is a functional accounting for kinetic electron energy and 
electron-electron repulsion energy 

eeeHK VTF  .  (1.40) 

eeV , in turn, can be decomposed into classical and non-classical parts 
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xcee JV ,  (1.41) 

where J  represents classical electrostatic repulsion and xc  is the 
exchange-correlation energy functional.  

HK moreover showed that it is possible to invoke the variational 
principle for the ground-state electronic energy as a functional of the 
electron density. Specifically, for any trial density )(r  such that 

Ndrr)( , it holds that 

exact0EE  ,   (1.42) 
         
where exact0E  is the exact ground-state energy obtained from the exact 
ground-state density. Assuming that E  is differentiable, application of the 
variational principle to Eq. (1.39), with the constraint rr dN )(

accounted for using a Lagrange multiplier , yields the Euler-Lagrange 
equation

HK
ne

FV    .  (1.43) 

 is the chemical potential. Eq. (1.43) constitutes the basic working 
equation of Kohn-Sham DFT.16 Within this framework, the HK theorems are 
used to formulate the computational methodology that underlies all modern 
DFT methods.      

1.2.2 The Kohn-Sham equations 
For a uniform gas of non-interacting electrons, it can be shown that eT
and the exchange part of xc  are given as 
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TFT  and DK  are referred to as the Thomas-Fermi kinetic energy 
functional17,18 and the Dirac exchange energy functional,19 respectively. 
Neglecting electron correlation, the use of these in Eq. (1.39) defines the so-
called Thomas-Fermi-Dirac energy functional TFDE

DTFneTFD )()( KJTdVE rrr .

(1.45)

This model has to some extent been successfully applied in solid state 
physics (in particular to metallic systems where the underlying uniform non-
interacting electron-gas assumption constitutes a reasonable first 
approximation). For molecular systems, this approximation is however far 
too crude, resulting primarily in a poor representation of the (real) kinetic 
energy. As a consequence, chemical bonds are not predicted. One way to 
improve the model is to consider a non-uniform electron gas by including in 
the kinetic energy functional terms depending on derivatives of the density 
(i.e., non-local terms). A first-order correction was first derived by 
Weizsacker,20 and later higher-order corrections have been obtained as 
well.21,22 Up to fourth order, these corrections gradually improve upon TFD 
theory and enable the description of chemical bonds. Nevertheless, the 
resulting models are with respect to both accuracy and computational 
efficiency inferior to MO methods.  

Rather than trying to explicitly derive an appropriate expression for 
eT , Kohn and Sham (KS)16 devised a scheme in which eT  is 

decomposed into two terms; one leading term which can be calculated 
exactly and one small correction term which can be accounted for indirectly. 
The first step is the introduction of a fictitious reference system of non-
interacting electrons moving in an effective external potential )(eff rV ,
constructed in such a way that the electron density of the reference system 
equals that of the real system. It follows from the first HK theorem that a 
potential meeting this requirement actually exists. The Euler-Lagrange 
equation for the reference system is (cf. Eq. 1.43)  

S
effS

TV ,    (1.46) 

where ST  is the kinetic energy functional for the non-interacting 
electrons. )(eff rV  is then constructed so that the chemical potential of the 
reference system equals that of the real system , leading to (after making use 
of Eqs. (1.40) and (1.41) ) 
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)( xcSeneeff TTJVV . (1.47) 

By defining the exchange-correlation functional 
xcSexc TTE  and the exchange-correlation potential 

xcxc EV r , one has 

xcneeff VJVV ,  (1.48) 

and for the energy functional  for the real system  

xcSne )()( EJTdVE rrr . (1.49) 

In this last expression, the kinetic energy of the non-interacting electrons 
ST  occurs explicitly, whereas the difference Se TT  (the correction 

term) is absorbed in xcE . The crucial advantage of the Kohn-Sham 
approach is now that, by using a wave function description for the reference 
system  whose Schrödinger equation can be separated into N exactly 
solvable one-electron equations of the form  

iiiV )
2
1( eff

2 ,   (1.50) 

where )}({ ri  are referred to as Kohn-Sham orbitals  the exact kinetic 
energy of the non-interacting electrons is straightforwardly obtained as  

N

i
iiiT |

2
1| 2

S      (1.51) 

once the N one-electron equations have been solved. Furthermore, given the 
appropriate effective external potential, the electron density  

N

i
i

2|)(|)( rr    (1.52) 

equals that of the real system. By inserting this density into Eq. (1.49), which 
also can be written as 
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rrr dVEJE
N

i
i )()( xcxc , (1.53)  

the electronic energy of the real system is obtained. Even though the 
introduction of orbitals in a way is inconsistent with the original aim of not 
having to consider any other variable than the electron density, it should be 
emphasized that Eq. (1.50) represents a one-electron problem. The Kohn-
Sham methodology can be summarized as follows. 

1. Given an initial electron density for the reference system, construct 
the effective external potential by means of Eq. (1.48). 

2. Solve Eq. (1.50) using this potential. 

3. Determine the electron density due to the Kohn-Sham orbitals by 
means of Eq. (1.52). 

4. Use this density to construct a new effective external potential and 
repeat steps 2, 3, 4, etc.

The calculations are considered converged when the densities from two 
consecutive iterations are equal to within a certain tolerance. The resulting 
density is then that of the real system. Eqs. (1.48), (1.50), and (1.52) are 
commonly known as the Kohn-Sham equations.  

In order to make use of the above methodology, an expression for 
the exchange-correlation functional xcSexc TTE  is needed. 
Unfortunately, the exact analytic form of this is not known, which means 
that approximate expressions have to be used. It is important to note that the 
theory would be formally exact (but not necessarily amenable to actual 
calculations) if the precise form of xcE  was known. The key to the 
success of Kohn-Sham DFT is two-fold. First, the kinetic energy correction 
term of xcE  is small, which means that the problem of constructing an 
approximate functional essentially is a problem of expressing exchange and 
correlation energies in terms of electron densities. Secondly, functionals that 
perform well at a low computational cost can actually be constructed.   

1.2.3 Exchange-correlation functionals 
There are essentially two main strategies for obtaining approximate 
exchange-correlation functionals. One is more ‘empiric’ in nature and, given 
a basic form for the terms involving the electron density, involves the 
introduction and fitting of a number of parameters to experimental or 
accurately calculated (by MO methods) energies or densities. The other 
relies more on attempts to make sure that the resulting functional satisfy 
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known exact constraints. For example, it should hold that rV
r

/1)(lim xc r .

It is of course possible to optimize functionals using both strategies.        
The exchange-correlation functional is usually decomposed into 

separate exchange and correlation parts 

rrrrrr ddEEE )()()()( cxcxxc ,

    (1.54) 

where x  and c  are the exchange and correlation energy density
functional, respectively. Since the procedure by which the respective part is 
obtained in general does not ensure a well-defined separation of exchange 
and correlation contributions, it is clear that this decomposition is only 
approximate.  

In the local density approximation (LDA), the functionals are based 
on the uniform electron gas model. This means that the exchange part 
derives from the Dirac formula Eq. (1.44)     
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As for the correlation part, no analytic derivation has yet been reported for 
the uniform electron gas (the simplest of model systems). However, by 
means of quantum Monte Carlo methods, numerical correlation energies 
have been obtained for uniform electron gases at a number of different 
densities.23 These energies have been used as the basis for the development 
of two different correlation functionals commonly referred to as VWN and 
VWN5, respectively.24 The use of the Dirac formula (sometimes with a 
slightly modified value for xC ) in combination with either VWN or VWN5 
then defines an LDA calculation. In computational practice, LDA methods 
rarely outperform HF, and have not found widespread use as a quantitative 
tool in quantum chemistry. 

In order to improve upon the LDA, functionals that depend on both 
the density and the gradient of the density have been introduced. This is 
referred to as the generalized gradient approximation (GGA). Many GGA 
functionals (for both exchange and correlation) are constructed by adding a 
correction term to the corresponding LDA functional 
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Rather than being a functional of the absolute value of the gradient, the 
correction term is a functional of a dimensionless reduced gradient. 
Functionals of this form have most notably been developed by Becke25,26 and 
by Perdew and co-workers.27,28,29,30,31,32 As for exchange, the most popular 
functional (commonly known as B88 or B) is due to Becke26
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The  parameter was determined through a fit to exact exchange energies 
for six noble gas atoms. It has been stated33 that the introduction of B88 
“was responsible for the acceptance of DFT as a valuable tool for 
computational chemistry”.  

In 1988, Lee, Yang, and Parr presented a GGA correlation 
functional (commonly known as LYP) which does not include any LDA 
component.34 This functional is based on the work by Colle and Salvetti, 
who derived an approximate correlation energy formula for helium in terms 
of density matrices.35 Lee, Yang, and Parr then turned this formula into a 
functional involving not only the density, but also the gradient and laplacian 
of the density. Shortly thereafter, Miehlich et al. were able to remove the 
laplacian terms  which are cumbersome to calculate  by integration by 
parts.36 The LYP functional has four empirical parameters, all of which stem 
from the original formula of Colle and Salvetti.35 The primary advantage of 
LYP is that it considers the complete correlation energy without making any 
reference to the uniform electron gas. 

Given that HF theory deals adequately with exchange, it seems like 
a sound strategy to somehow try to include HF exchange in the DFT 
formalism. The adiabatic connection method (ACM)37 provides a theoretical 
motivation for the addition of HF exchange to a general exchange-
correlation functional. The key equation of the ACM makes it possible to 
express the exchange-correlation energy in terms of a parameter ,

10 , whose value gives the extent of interelectronic interaction 
ranging from none ( 0 ) to fully interacting ( 1). Explicitly, 
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0
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In order to make use of Eq. (1.58), one may as a first approximation crudely 
assume that xcV  depends linearly on . Then 

))1(|)1(|)1()0(|)0(|)0((
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1

xcxcxc VVE .

(1.59)

The first term in Eq. (1.59) refers to a system of non-interacting electrons, 
for which the exact wave function is a Slater determinant of Kohn-Sham 
orbitals. The exchange energy due to a Slater determinant can be obtained 
exactly by HF theory. Hence, HF

xxc )0(|)0(|)0( EV , where HF
xE  is 

calculated using Kohn-Sham orbitals. The second term in Eq. (1.59) can, of 
course, be approximated using any density functional DFT

xcE . Therefore, 

)(
2
1 DFT

xcxc EEE HF
x .  (1.60) 

This result is indicative of HF exchange being a natural component of 
density functionals. Functionals that indeed include HF exchange are 
referred to as hybrid density functionals. In 1993, Becke showed that using 

LDA
xc

DFT
xc EE  yields a functional (commonly known as ‘Becke half-and-half’ 

or H&H) of promising accuracy.38 In addition to adding HF exchange to an 
LDA functional, Becke moreover generalized the H&H methodology by 
developing a functional (commonly referred to as B3PW91) adding a 
suitable portion of HF exchange to a GGA functional39
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B88
xE  and PW91

cE  are the correction terms of B88 and PW91 (the 1991 
GGA correlation functional due to Perdew and Wang29 ), respectively. The 
a, b, and c parameters were determined through a fit to experimental data. 
B3PW91 was shortly thereafter modified with respect to the correlation part 
by introducing LYP in place of PW91, yielding the B3LYP hybrid density 
functional.40 Since LYP has no LDA component, B3LYP takes the form 
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 (1.62)   
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B3LYP has found widespread use as a quantitative tool in quantum 
chemistry, and has in a number of benchmark studies been shown to provide, 
e.g., energies (atomization energies, ionization potentials, electron affinities, 
enthalpies of activation, etc.) and geometries which compare very favourably 
with those of (highly) correlated ab initio methods.41 Furthermore, as is 
generally the case in DFT, its basis set requirements is rather modest.     

1.2.4 Time-dependent density functional theory         
DFT as developed by Kohn and co-workers is essentially a theory for 
electronic ground states. The formalism can, in analogy with HF theory, in 
principle be extended to include any excited state which is the lowest-energy 
state of a given symmetry and is well-described by a single-determinantal 
wave function, but does not allow for a general treatment of electronically 
excited states. Time-dependent (TD) DFT, which incorporates time-
dependent external potentials, constitutes a remedy for this deficiency.  

TD-DFT is by now a well-established theory. The HK theorems 
and the Kohn-Sham methodology have been generalized to include also 
systems subject to TD external potentials,42,43 and useful approximations to 
TD exchange-correlation potentials have been introduced.44,45 The TD Kohn-
Sham equations take the form  
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where )(tV  is the applied field. Normally, the adiabatic approximation 

)(),( xcxc rr tVtV   (1.64) 

is introduced. This makes it possible to use the exchange-correlation 
functionals of static DFT, and to consider the dependence of the energy on 
the density at fixed time t . The adiabatic approximation appears to work 
best for low-lying excited states.46

A TD formalism enables the computation of the dynamic 
polarizability (as well as other frequency-dependent response functions), 
which has the important property that it diverges (has poles) at electronic 
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excitation energies of the unperturbed system. The determination of response 
functions using TD-DFT has been the subject of much research.47,48,49

The dipole moment )(µ  of a molecule placed in a TD electric 
field ))cos(,0,0( tEzE  can be written as (to first order) 

Eµµ )()( 0 ,  (1.65) 

where 0µ  is the permanent dipole moment and )(  is the dynamic 
polarizability. Using time-dependent perturbation theory, the ‘sum-over-
states’ relation  
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can be derived. )(  is referred to as the mean dynamic polarizability, and 
has poles at /)( 00 EEII , where )( 0EEI  is the vertical 
excitation energy from the ground state to excited state I . 0If  is the 
oscillator strength which through the transition dipole moment 

00 || µI  is defined as 
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0000 ||||
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If )(  is known, Eq. (1.66) offers a route to the calculation of vertical 
excitation energies not involving the explicit consideration of excited-state 
wave functions. Furthermore, all excitation energies can be obtained in a 
single calculation. This is in contrast to more elaborate CASSCF/CASPT2 
calculations,50 which require an accurate description of both the ground and 
the excited state and have to be carried out one state at a time. In 
computational practice, )( is obtained from the linear response of the 
charge density matrix to the applied field.51,52,53 It follows from this 
procedure that the accuracy of excitation energies is largely dependent on the 
quality of both occupied and virtual Kohn-Sham orbitals and eigenvalues.53

This means that TD-DFT usually works best for low-lying valence excited 
states, since high-energy virtual orbitals are rather poorly described using 
conventional exchange-correlation functionals.46 As an aside, it is here 
appropriate to emphasize that Kohn-Sham orbitals are defined for a system 
of non-interacting electrons, and, hence, formally are of no chemical 
significance. In actual calculations, this is however not necessarily the case. 
Interestingly enough, Koopman’s theorem would apply also to Kohn-Sham 
orbitals were an exact exchange-correlation functional to be used.54,55
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As for the performance of B3LYP within a TD-DFT formalism, 
several successful applications have been reported.51,52,56,57,58 For low-lying 
valence excited states, the improvement over conventional HF-based 
methods like CIS  which require similar computational effort  is 
substantial.51,52 It has also been shown that B3LYP does remarkably well 
(given that DFT is essentially a one-electron theory) when applied to states 
with appreciable double-excitation character.59

There are also some well-documented disadvantages associated 
with TD-DFT methods. As noted above, high-energy virtual orbitals tend to 
be inaccurate and Rydberg excited states therefore not properly described. 
This deficiency is related to the incorrect asymptotic behaviour of standard 
exchange-correlation potentials.46 Tozer and Handy53 have explicitly shown 
that modifying the potential to have the correct  Ir homo1/  behaviour 
for large distances from the nuclei, where homo  is the energy of the highest 
occupied molecular orbital and I  is the ionization potential, leads to an 
improved description of Rydberg states. Apart from pure Rydberg states, 
problems with TD-DFT might also occur when valence and Rydberg states 
are strongly interacting, or when transitions involving extensive charge 
transfer are studied.58,60,61
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2 Protein-bound chromophores 

Many proteins require bound, specific non-polypeptide units for their 
biological activity. Such units are known as prosthetic (helper) groups. A 
prosthetic group that absorbs light is referred to as a chromophore, in 
analogy with the definition of a chromophore as a chemical group or residue 
which imparts specific absorption characteristics to the compound of which 
it is a constituent. In this thesis, unresolved issues concerning the protein-
bound chromophores astaxanthin and phytochromobilin have been addressed 
using quantum chemical methods.   

2.1 Astaxanthin 
The slate-blue colouration of the shell of the lobster Homarus gammarus is 
due to the binding of the carotenoid astaxanthin (AXT; 3,3 -dihydroxy- , -
carotene-4,4 -dione; Fig. 1) in the multimacromolecular protein complex    

-crustacyanin.62 While the electronic absorption spectra of free AXT in 
solution typically peak between 472 (in hexane) and 492 nm (in pyridine)63

(corresponding to an orange-red colouration), the maximum absorption is at 
632 nm in the protein64 (corresponding to a slate-blue colouration). The 
absorption by AXT in -crustacyanin is thus bathochromically shifted by 

13-15 kcal/mol, which is among the largest shifts recorded in nature.   

Figure 1. Chemical structure and atom numbering of AXT. The stereochemical 
designation refers to the orientation of the -ionone rings around the C6 C7 bond.

The chemical basis for the bathochromic shift has been the subject 
of much research. Using in situ resonance Raman (RR) techniques, Salares 
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et al. have put forward a polarization mechanism in which proximal charged 
groups and hydrogen-bonding to AXT cause a charge redistribution and 
increased electron delocalization in the ground state of the carotenoid.65

More recent NMR66,67 and Stark spectroscopy68 studies of protein-carotenoid 
interactions in -crustacyanin have shown that charge polarization indeed is 
of importance for the bathochromic shift. Studies of reconstituted                

-crustacyanin complexes containing modified carotenoids have furthermore 
established that the presence of C4 keto groups in conjugation with the 
polyene chain is an essential chemical feature of a carotenoid for its 
absorption to exhibit a large bathochromic shift.69

Detailed information on the structural basis for the shift was scarce 
up until the determination of the X-ray structure of a -crustacyanin in 
200270 ( -crustacyanin is an octamer of different -crustacyanins, which 
have maximum absorption at 580-590 nm64 and consist of two apoprotein 
subunits, each with a bound AXT molecule). Even though the X-ray 
structure of unbound AXT is not available for comparison, this study 
revealed a number of structural features with possible implications for the 
bathochromic shift. For example, in the protein, the C4 keto groups and the 
C5=C6 bonds are almost fully conjugated with the polyene chain as the      

-ionone rings and the polyene chain are essentially coplanar. Since the      
-ionone rings of unbound AXT most likely adopt an out-of-plane 

configuration71 (inferred from C5=C6 C7=C8 dihedral angles of around 43o

in the X-ray structure of unbound canthaxanthin†),72 the protein thus serves 
to increase the conjugation and electronic delocalization of the carotenoid. 
As for explicit protein-carotenoid interactions involving the C4 keto groups, 
it was also proposed that a hydrogen-bonded histidine (His) and a hydrogen-
bonded water molecule could contribute to the bathochromic shift by 
exerting a polarizing effect.70

Based on the reported -crustacyanin X-ray structure, the origin of 
the bathochromic shift assumed by protein-bound AXT was investigated in 
Papers I and II.

2.1.1 Paper I 
In Paper I, the contributions to the bathochromic shift from a number of 
hydrogen-bond mediated interactions involving the C4 keto and the C3 
hydroxyl groups were estimated. The interactions considered are shown in 
Fig. 2.

† 4,4 -diketo- -carotene  a carotenoid that differs from AXT only in that it lacks the C3 
hydroxyl groups. 
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Figure 2. Hydrogen-bonded interactions in the -crustacyanin X-ray structure70

possibly contributing to the bathochromic shift. 

First, the performance of CIS, ZINDO/S,73 and TD-DFT in 
calculating wavelengths of maximum absorption ( max) for an isolated 
carotenoid in two different forms  neutral (AXT) and singly protonated 
(AXTH+  one protonated C4 keto group)  was investigated. For both 
forms, it was found that the excitation energies obtained with the 
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semiempirical ZINDO/S method are in very close agreement with 
experimental data, and that neither CIS nor TD-DFT is of comparable 
accuracy at the basis set levels employed. The excited-state calculations on 
structures A K were therefore carried out using ZINDO/S only. The results 
are presented in Table 1.   

Table 1. Calculated max (nm) for systems shown in Fig. 2 in comparison with 
experimental values. 

A B C D E F G H I J K 

max
 a 626 623 466 473 473 468 466 471 470 468 466 

   
 AXT in solutionb AXT in  / -crustacyaninc

max 472 492 632 / 580 590 
a ZINDO/S calculations on B3LYP/3-21G optimized geometries. b Experimental 
data from ref. 63. c Experimental data from ref. 64. 

The ZINDO/S estimate of max for isolated AXT is 468 nm. Thus, 
the calculated max = 626 nm for system A supports the hypothesis that the 
bathochromic shift is partly a result of the C4 keto groups being hydrogen-
bonded to a His and a water molecule in the protein, as put forward in ref. 
70. From the max values for systems B and C, it is furthermore clear that 
while the effect of His alone is substantial ( max = 623 nm), a sole water 
molecule does not contribute to the shift ( max = 466 nm). A comparison 
between the results for systems A and B with those for systems D and E 
shows that the histidine needs to be protonated (His+) in order to influence 
the absorption. Finally, none of the hydrogen-bonded interactions 
represented by systems F through K has a max significantly larger than that 
of isolated AXT (468 nm). This result constitutes further (indirect) support 
for our suggestion that the bathochromic shift is largely due to a hydrogen-
bonded His.     

2.1.2 Paper II 
It has been argued that the hydrogen-bonded His in all likelihood is 
deprotonated, and that  as described above  protein-enforced coplanarity 
of the -ionone rings with the polyene chain rather than His-mediated 
polarization is the major structural perturbation responsible for the 
bathochromic shift.71,74 First, the -crustacyanin crystals remain blue up to 
pH 8.5 (i.e., the bathochromic-shift mechanism operates at pH 8.5), at which 
His normally is expected to be deprotonated. Second, nearby negatively 
charged counterions are not found in the (low-resolution) X-ray structure.70

A mechanism involving a protonated His, as suggested in Paper I, is not 
compatible with these observations.  Therefore, in Paper II, an exhaustive 
study of the conformational dependence of the electronic absorption by AXT 
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was carried out. In particular, the dependence of max on the C5=C6 C7=C8 
dihedrals was investigated. By using quantum chemical methods of the same 
type as those employed in Paper I, the bathochromic effect of protein-
enforced -ionone ring/polyene chain coplanarization could be compared 
with that due to His+-mediated polarization.  

First, the ground-state potential energy surface (PES) for rotation 
of the -ionone rings about the C6 C7 bonds was calculated using DFT 
methods. This predicted energy barriers of around 3-4 kcal/mol for the 
interconversion (s-cis  s-trans,s -cis  s-trans) between the principal 
stereoisomeric forms of AXT. Based on ground-state geometries, the 
dependence of max on the C5=C6 C7=C8 dihedrals was then explored by 
performing ZINDO/S and TD-DFT excited-state calculations. 

While the carotenoid adopts an almost fully coplanar (fc) s-trans
configuration in the -crustacyanin X-ray structure,70 no direct evidence for 
the conformational preference in solution (if any) is available. This means 
that it is difficult to define the reference max relative to which the 
bathochromic shift should be estimated. In Paper II, the average wavelength 
of maximum absorption max for the 1111  ground-state conformations 
considered was used as the reference value. Assuming a Boltzmann 
population of the different conformations, one has 

kT

kT
i

i

/

/
max,

max ie
e

,  (2.1) 

where imax,  is the wavelength of maximum absorption for conformation i ,
with energy i relative to the most stable conformation. At the 
experimental temperature63,64 of 298 K, this yields shifts 
( maxmax )-sfc( trans ) accounting for only a small fraction 
(ZINDO/S: 11 nm; TD-DFT: 22 nm) of the 100 nm achieved by                

-crustacyanin alone.  
It has been argued that an out-of-plane (~40 ) s-cis configuration 

most likely is preferred in solution.71 Using the calculated max for the 
corresponding conformation as reference value yields comparatively small 
shifts too (ZINDO/S: 19 nm; TD-DFT: 37 nm).   

Based on the above results and the finding that the effect of a 
protonated His on max is substantial, we believe that the bathochromic shift 
of the absorption by AXT in crustacyanins to only a small extent is caused 
by protein-enforced coplanarity of the -ionone rings with the polyene chain. 
Since the His protonation state plays a decisive role for the mechanism 
advocated by us, future research on the issue whether its pKa is thereby 
compatible would be valuable. 
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2.2 Phytochromobilin 
Phytochromes make up a class of regulatory biliprotein photoreceptors in 
plants that monitor the quality and quantity of light in the environment and 
govern the adaptation of growth and developmental patterns in response to 
the prevailing light conditions by means of photomorphogenic 
processes.75,76,77 The chromophore of phytochrome, phytochromobilin (P B,
Fig. 3), is an open-chain tetrapyrrole which is covalently bound to a cysteine 
residue of the apoprotein through a thioether linkage.78 Phytochromes occur 
in two thermostable forms: the physiologically inactive red-light absorbing 
form (Pr, max = 660 nm) and the physiologically active far-red-light 
absorbing form (Pfr, max = 730 nm).79 These two are photointerconvertible, 
and Pr/Pfr thus constitutes a photochromic system. Illumination with 660-nm 
light shifts the in vitro equilibrium between the two towards approximately 
85% Pfr and triggers a physiological response in vivo, whereas illumination 
with 730-nm light yields about 99% Pr and cancels the physiological 
effect.79

response
calPhysiologi

(active)Pfr
nm730

nm660
(inactive)Pr

While the kinetics of the Pr  Pfr phototransformation has been 
extensively studied by a variety of time-resolved spectroscopic 
techniques,80,81,82,83 a detailed understanding is still missing as to 
conformational changes of the protein and the chromophore associated with 
the reaction. For example, X-ray structures are not available. In 1983, 
Rüdiger and co-workers recorded 1H NMR spectra of chromopeptide 
fragments of phytochrome showing that while the chromophore in Pr has a Z
configuration around the C15=C16 bond (C15-Z), the chromophore adopts a 
C15-E configuration in Pfr.84 Accordingly, they proposed that the primary 
photochemical reaction underlying the activation of phytochrome involves a 
Z E isomerization of the chromophore around its C15=C16 bond. In later 
studies, RR techniques have been used to probe the conformation of P B at 
different stages of the photocycle.85,86,87,88,89 The consensus of these studies is 
that the configuration of P B indeed is C15-Z in Pr and C15-E in Pfr. 
Furthermore, the photoisomerization appears to take place prior to the 
formation of the first intermediate of the photocycle86,89 (referred to as   
lumi-R), which is in accordance with the observation that the subsequent 
steps leading to Pfr do not require light (cf. ref. 83). 
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Figure 3. Chemical structure of phytochromobilin.   

Apart from revealing different configurations around the C15=C16 
bond, RR vibrational spectra have also implicated different configurations 
with respect to the C14 C15 bond in Pr and Pfr (C15-syn and C15-anti,
respectively).85,88 This suggests that the geometry of the methine bridge 
between pyrrole rings C and D changes from C15-Z,syn to C15-E,anti during 
the course of the reaction (Fig. 3), i.e., the conversion of Pr into Pfr involves 
a ‘two-fold’ isomerization of P B.
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Even though it is well-established that the Z E isomerization 
proceeds photochemically prior to the formation of lumi-R, the nature and 
starting of the syn anti isomerization remain elusive issues. It has been 
argued that the primary photochemical reaction corresponds to the two 
isomerizations occurring simultaneously in a concerted fashion, as this mode 
may require less space in the protein pocket harbouring rings C and D.79,90

On the other hand, RR vibrational spectra of Pr, lumi-R, and Pfr suggest that 
the syn anti isomerization is not initiated until after the formation of  
lumi-R, a finding that ascribes a thermal pathway to this reaction.88

In Paper III, the P B C15-Z,syn  C15-E,anti isomerization was 
investigated using a combination of ab initio and DFT methods. In 
particular, through calculated ground- and excited-state PES taking into 
account both concerted (Z,syn E,anti) and stepwise (Z E followed by 
syn anti)  reaction pathways, the syn anti isomerization was assessed 
in light of the above discussion. 

2.2.1 Paper III 
The main computational model used is shown in Fig. 4, and is hereafter 
referred to as P B1. Even though this model, in which the full tetrapyrrolic 
skeleton is retained, from the point of view of quantum chemical modeling 
of photochemical reactions is a large model, it is clear that the inherent 
neglect of interactions with the surrounding protein implies that the 
calculations are of immediate relevance only for the assessment of intrinsic
features of different reaction pathways.  

Figure 4. Phytochromobilin model used in Paper III. 

First, the suitability of using P B1 in the modeling was explored 
by comparing calculated ground-state geometric parameters and wavelengths 
of maximum absorption for different configurations of P B1 with the 
corresponding data as obtained for three larger model systems, and by 
comparing calculated absorption and emission characteristics of P B1 with 
available experimental data. Thereby, it was concluded that P B1 appears to 
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be a reasonable computational model. Next, the computational procedure 
was assessed in terms of choice of basis set and inclusion of other 
contributions to the energy other than purely electronic ones. These 
calculations indicated that electronic energies, as obtained using a 6-31G(d) 
basis set, will suffice for the description of the isomerization energetics.  

Finally, ground- and excited-state PES for P B1 taking into 
account variation in C13=C14 C15=C16 and C14 C15=C16 C17 dihedrals 
were computed employing 99 ‘grid points’. At each point, B3LYP/6-31G(d) 
ground-state and CIS/6-31G(d) excited-state geometry optimizations were 
carried out relaxing all other degrees of freedom. In order to obtain more 
accurate excited-state energies, TD-DFT single point calculations using 
B3LYP/6-31G(d) were then performed on the optimized CIS geometries. 
Fig. 5 presents the results for S0 (the ground state) and S1 (the strongly 
absorbing first singlet excited state originating from a one-electron HOMO 

 LUMO  transition). 
Considering first the S0 PES, we note that thermal Z,syn E,syn

isomerization around the C15=C16 bond is prevented by a high-energy 
barrier (>35 kcal/mol), as expected. However, light does not seem to be an 
absolute requirement for E,syn E,anti isomerization around the C14 C15 
bond, as suggested by a barrier of ~8 kcal/mol along the thermal pathway.  

Turning to the S1 PES, it is interesting to note that  while 
photochemical Z,syn E,syn isomerization is associated with a flat energy 
profile and a subsequent minimum-energy region which enables the system 
to decay to the S0 PES and evolve to E,syn  the reaction path corresponding 
to a concerted Z,syn E,anti photoisomerization has an unfavourable 
energy profile.  

These findings strongly suggest that the primary photochemical 
reaction does not involve a syn anti isomerization. Instead, the most 
probable outcome of chromophore photoexcitation is a Z E isomerization 
only, which upon completion is followed by thermal syn anti
isomerization.  

The decay process by which the system returns to the ground state 
is a key mechanistic element of a photochemical reaction. By means of 
CASSCF calculations, it has been shown that the decay channel in a number 
of systems corresponds to a conical intersection (CIN) of the ground- and 
excited-state potential energy surfaces.91,92,93 Given that single-reference 
DFT methods cannot be used to locate a CIN, the possibility that the decay 
along the photochemical Z,syn E,syn path is governed by a S0/S1 CIN 
cannot be excluded. This uncertainty is however of minor relevance for 
distinguishing Z,syn E,syn from Z,syn E,anti as the most probable 
photochemical reaction.  
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Figure 5. S0 and S1 potential energy surfaces for P B1. Electronic energies (E) are 
given relative to the ground-state Z,syn configuration. : C13=C14 C15=C16, :
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From relatively recent quantum chemical studies of the 
chromophore photoisomerization underlying the biological activity of the 
rhodopsin family of proteins,91,94,95 it has been suggested that only two 
electronic states of the retinal chromophore are of importance for this 
reaction: the ground state S0 and the strongly absorbing first singlet excited 
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state S1. This two-state model, which challenges a proposed three-state 
model96,97 involving also the optically forbidden second singlet excited state 
S2 (via an avoided crossing with S1), has later been implicated in other 
photoisomerizations of conjugated protein-bound chromophores including, 
e.g., that of p-coumaric acid responsible for the activation of the bacterial 
photoreceptor photoactive yellow protein.98 Fig. 6 shows cuts of the S1 and 
S2 potential energy surfaces along the Z,syn E,syn isomerization 
coordinate. We note that there is no sign of an S1/S2 avoided crossing. On the 
contrary, the S2 S1 energy gap increases as the system evolves towards the 
decay channel. This suggests that also the photoisomerization of P B
proceeds solely through interactions between the S0 and S1 electronic states.

Figure 6. S1 (circles) and S2 (squares) potential energy curves for Z,syn E,syn
isomerization of P B1. Energies (E) are given relative to the ground-state Z,syn 
configuration. Note that an optimized S2 structure at  = 0 ,  = 30  could not be 
obtained.  
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3 UV-light induced DNA damages 

Exposure of DNA to UV radiation produces two major types of direct 
lesions: cyclobutane pyrimidine dimers (CPD) and pyrimidine (6 4) 
pyrimidone photoproducts (6 4 photoproducts).99 These lesions, which 
inhibit the enzymes carrying out DNA replication and transcription and 
perturb interstrand base-pairing interactions, have been correlated with cell 
lethality, mutagenesis, and the development of skin cancer.100,101 In order to 
specifically recognize and repair these damages, organisms have developed a 
number of different enzymatic pathways. Base- and nucleotide-excision 
repair involve the removal and replacement of the damaged parts of the 
DNA strand,102 while DNA photolyases  which provide the major defense 
system in many organisms  restore the pyrimidines to their native form in a 
photochemical process (referred to as photoreactivation).103,104,105,106 In this 
thesis, mechanistic details of the photoenzymic repair of CPD and 6 4
photoproducts have been explored. Furthermore, the formation of CPD has 
been studied.        

3.1 Cyclobutane pyrimidine dimers 
The CPD comprise 80-90% of the direct lesions in UV-irradiated DNA,106

and are formed between adjacent pyrimidine bases exposed to radiation in 
the far-UV range (Fig. 7).107,108 The reaction between the two bases is a 
prototype example of a [2+2] cycloaddition, and results in the conversion of 
two -bonds (C5=C6 of each moiety) into two -bonds (C5 C5  and 
C6 C6 ). Cycloadditions constitute a type of pericyclic reactions. These are 
concerted reactions (i.e., no intermediates are involved) that proceed via a 
cyclic transition state and are governed by orbital symmetry constraints, as 
first described by Woodward and Hoffmann.109 Accordingly, the [2+2] 
cycloaddition is symmetry-allowed as a photochemical reaction, but 
symmetry-forbidden as a thermal reaction. 

CPD photolyases, which are activated by concurrent or subsequent 
exposure to near-UV and visible light (hence the term ‘photoreactivation’), 
repair CPD by catalyzing the cleavage of the C5 C5  and C6 C6 -bonds 
(Fig. 7). The proposed reaction mechanism can be outlined as follows     
(Fig. 8).103,104,105,106
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Figure 7. UV-light induced formation of a cis-syn thymine CPD. The 
photoreactivation process is catalyzed by DNA photolyase, which uses near-UV and 
visible light.  

The enzyme recognizes and binds to the DNA lesion (Pyr<>Pyr) in 
a light-independent process. A light-harvesting cofactor (LHC) of the protein 
absorbs a photon, and the excitation energy is transferred to a catalytic 
cofactor (FADH  1,5-dihydroflavin adenine dinucleotide in its 
deprotonated form), which in turn is excited. Both excitations are to the first 
singlet excited state and correspond to a one-electron HOMO  LUMO 

 transition. The enzyme then shuttles an electron from the excited 
FADH  to Pyr<>Pyr, whereby a FADH radical (FADH ) and a pyrimidine 
dimer radical anion (Pyr<>Pyr ) are formed. Pyr<>Pyr  subsequently 
fragments, forming Pyr and Pyr . The excess electron of Pyr  is thereafter 
transferred back to FADH , to regenerate FADH . Finally, the enzyme 
dissociates from the now intact DNA. Apparently, there is no gain or loss of 
electrons during the process. The net result of photoreactivation is therefore 
a transformation of a CPD into two pyrimidine monomers. The regeneration 
of FADH  enables the enzyme to perform another catalytic cycle as soon as 
it has dissociated from the DNA.  
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Figure 8. Proposed reaction mechanism of DNA photolyase: (1) binding of the 
enzyme to the DNA lesion; (2) photon absorption by the light-harvesting cofactor 
(LHC); (3) transfer of excitation energy to the catalytic cofactor (FADH ); (4) 
electron transfer to the DNA lesion; (5) fragmentation of the dimer radical anion; 
and (6) back electron transfer and regeneration of the catalytic cofactor. 1LHC and 
1FADH  denote the first singlet excited state of the respective cofactor.  

CPD photolyases are efficient enzymes with quantum yields in the 
0.5-0.9 range.104 A key chemical feature of the catalytic cofactor enabling 
this efficiency is that excited-state FADH   is a much better reducing agent 
than ground-state FADH . However, since excited-state FADH   in addition 
is an efficient oxidizing agent, and since also pyrimidine dimer radical 
cations (Pyr<>Pyr +) are prone to fragmentation,110,111 much research has 
gone into trying to establish why an anionic reaction pathway (involving the 
formation FADH  and Pyr<>Pyr ) is favoured over a cationic pathway 
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(involving the formation of a two-electron reduced flavin species FADH 2

and Pyr<>Pyr +). For example, a number of quantum chemical studies on 
fragmentation of CPD radicals have been reported.112,113,114,115,116 In Paper 
IV, DFT methods were used to assess whether the favouring of an anionic 
mechanism over a cationic one can be rationalized in terms of intrinsic 
differences in reaction energetics.   

While the mechanism of action of CPD photolyases has been the 
subject of many studies (reviewed in, e.g., refs. 103-106), few attempts have 
been made to explain the observation that the CPD formed between thymine 
bases (T<>T) is more abundant in UV-irradiated DNA than those formed 
between cytosines (C<>C) and cytosine and thymine (C<>T). Paper V 
presents a preliminary series of calculations aiming to provide some insight 
into this issue.  

3.1.1 Paper IV 
The calculations focused on photoenzymic repair of T<>T in the biologically 
relevant cis-syn stereoisomeric form.104 Simplified computational models 
were used both for the DNA lesion and the protein cofactors (FADH ,         
8-HDF, and MTHF). 8-HDF (8-hydroxy-5-deazariboflavin) and MTHF 
(methenyltetrahydrofolate) are the LHC of DNA photolyases belonging to 
the flavin and folate class, respectively.102 The DNA lesion was modeled 
using the two pyrimidines only, FADH  using the reactive isoalloxazine 
ring, and 8-HDF and MTHF using the conjugated  system of the respective 
molecule. By subjecting these models to DFT calculations (B3LYP for 
electronic ground states, TD-B3LYP for excited states), the reaction 
energetics of the photoenzymic repair could be assessed (Fig. 9). 

Following light-absorption by 8-HDF/MTHF and transfer of 
excitation energy to FADH , which of course is a downhill process energy 
wise ( 16.2/ 15.2 kcal/mol), we observe that each consecutive step of the 
anionic reaction pathway has a favourable reaction energy ( 38.5, 2.4, and 

42.3 kcal/mol, respectively). Electron transfer from T<>T to FADH , on 
the other hand, is a distinctively unfavourable process ( E > 230 kcal/mol!). 
It therefore seems highly unlikely that the photoenzymic repair is governed 
by a cationic mechanism. Even though this value may correspond to a 
considerable overestimation, and the effect of the surrounding protein 
environment on the energetics may be significantly different for anionic and 
cationic pathways, the accumulated error would have to be of the order of 
hundreds of kcal/mol for this conclusion to be qualitatively erroneous. Since 
the calculated gas-phase electronic energies agree well with both 
experimental wavelengths of maximum absorption for enzyme-bound 
cofactors (Table 2) and experimentally determined (free) energies for the 
steps following excitation-energy transfer (Table 3), we can clearly ascribe 



53

reliability to the calculations and, hence, have faith in our claim that 
photoenzymic repair inevitably has to proceed by an anionic mechanism.   

Figure 9. Photoenzymic repair reaction energies as calculated in Paper IV. 
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Table 2. Relative energies (in kcal/mol) of enzymatic 
cofactors in different states. 

Cofactor Calculated Experimentala

FADH 0 0 
FADH 42.9  

1FADH 61.1 57.3 
FADH 2 96.9  
8-HDF 0 0 
18-HDF 77.3 68.1 
MTHF 0 0 

1MTHF 76.3 73.3 
aConverted from wavelengths of maximum  
Absorption for enzyme-bound cofactors.103,104

Table 3. Comparison with experimental energies (in 
kcal/mol) for the anionic reaction mechanism.  

 Calculated ( E) Experimental ( G)a

Step 1b -38.5 -29.9 
Step 2+3c -44.7 -49.7 
Overalld -22.1 -22.2 

a From ref. 104. b Initial electron transfer. c Fragmentation 
of T<>T  and back-electron transfer. d Overall reaction 
energy.

3.1.2 Paper V 
In Paper V, the [2+2] cycloadditions leading to the formation of cis-syn
T<>T, C<>C, and C<>T were explored using DFT methods and employing 
model systems consisting of isolated pyrimidine bases (Fig. 10). The use of 
small model systems was required in order to be able to consider numerous 
structures along the respective reaction coordinate (see below). Even though 
the surrounding DNA (through, e.g., strain effects from the backbone and 
hydrogen bonding with the complementary strand) and the presence of water 
and ions most certainly influence the reacting bases, it should be emphasized 
that our aim was to study differences in reactivity towards cycloaddition, and 
that the errors introduced by the model systems to some extent are expected 
to cancel when relative energies are compared. It may be noted that model 
systems consisting of isolated nucleobases are sensible in that the absorption 
of light by DNA results in localization of energy primarily at the sites of the 
nucleobases.117,118 One may legitimately argue that a polarized continuum 
model (PCM), which enables an implicit yet often fairly accurate treatment 
of bulk solvation effects in a quantum chemical context,119,120 could have 
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been used to represent the surrounding media, as a putatively better 
approximation. However, since the use of PCM in an initial study of the 
[2+2] cycloaddition of thymines implied only minor modifications of the 
overall in vacuo energetics,121 this option was not explored.  

Figure 10. The [2+2] cycloadditions under investigation in Paper V. 

Stationary points (reactant complex, transition structure, and 
product complex) along the respective thermal reaction pathway were 
determined by means of B3LYP geometry optimizations. Photochemical 
reaction pathways, in turn, were explored by performing TD-B3LYP 
excited-state calculations using ground-state geometries, i.e., stationary 
points along the photochemical paths were not explicitly located. In order to 
be able to account for changes in excited-state energy with respect to 
variations in geometry anyhow, the TD-B3LYP calculations made use of a 
large number of ground-state geometries as obtained from intrinsic reaction 
coordinate calculations.122,123 It is important to emphasize that this procedure 
assumes that the photochemical pathway in geometrical terms is similar to 
the thermal pathway; a model which is often referred to as the van der Lugt 
and Oosterhoff model124 of photochemical reactions. The resulting potential 
energy curves are presented in Fig. 11. 
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Figure 11. B3LYP/6-311G(d,p) potential energy curves (in kcal/mol) for thermal 
(solid curves) and photochemical (dashed curves) cycloaddition of pyrimidines. The 
photochemical cycloadditions involve the lowest singlet excited state along the 
reaction coordinate. E is the energy gap at the decay channel.  
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For each system, we find that a thermally induced cycloaddition is 
prevented by a very large (>79 kcal/mol) energy barrier, in accordance with 
the Woodward-Hoffmann rules. As for reactivity towards 
photocycloaddition, the most notable feature of the T + T system possibly 
underlying the predominance of T<>T in UV-irradiated DNA is the net        
~ 9 kcal/mol driving ‘force’ for the excited-system to reach the decay 
channel (at the ground-state transition structure). No such driving force is 
found in the C + C and C + T systems. Given that an often-used empiric 
model for the prediction of reactivities in [2+2] and [4+4] singlet-state 
photocycloadditions ascribes high reactivity to molecular systems with high 
singlet energy at reacting positions,125 it is furthermore interesting to note 
that the excited T + T system throughout lies ~10 kcal/mol above the excited 
C + C and C + T systems. 

Clearly, the above results only constitute a rough, qualitative 
explanation for the predominance of T<>T over C<>C and C<>T in        
UV-irradiated DNA. In order to obtain a quantitative assessment, it will be 
necessary not only to use larger computational model systems, but also to 
apply more elaborate quantum chemical methods accounting for non-
dynamical electron correlation effects of importance for, e.g., an accurate 
description of the decay channel. 

3.2 Pyrimidine (6 4) pyrimidone photoproducts 
The 6 4 photoproducts comprise 10-20% of the direct lesions in              
UV-irradiated DNA,106 and are also formed through [2+2] cycloaddition 
reactions involving adjacent pyrimidine bases exposed to far-UV radiation. 
In these reactions, however, the C5=C6 -bond of one of the pyrimidines   
(T or C) is added to either the C4 =O4 -bond (of T) or the C4 =N4 -bond  
(of C in its imino tautomeric form) of the other to give either a cyclic 
oxetane (C5=C6 + C4 =O4 ) or a cyclic azetidine (C5=C6 + C4 =N4 )
intermediate (Fig. 12). This type of [2+2] cycloaddition is widely known as 
the Paterno-Büchi reaction,126 and is followed by transfer of a 
proton/hydrogen atom from N3  to O4  (N4 ) of the oxetane (azetidine). The 
proton/hydrogen atom transfer is coupled to the fragmentation of the 
C4 O4  (C4 N4 ) bond of the oxetane (azetidine), which leads to the final 
6 4 photoproduct           (Fig. 12).105

As a result of having first been discovered comparatively recently 
(from 1993 and onwards),127,128,129,130,131 the reaction mechanism of 6 4
photolyases has not been as well-researched as that of CPD 
photolyases.105,106 Since the direct splitting of a 6 4 photoproduct would 
yield modified pyrimidines, the photoenzymic repair has been suggested to 
proceed via the cyclic intermediate of the forward reaction.128,131 Even 
though no experimental support  in the form of, e.g., an X-ray structure of 
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an enzyme-substrate complex  for such a mechanism is available, the first 
step of the process is generally believed to involve the regeneration of the 
oxetane/azetidine intermediate.105,106,132 Significant structural (as well as 
cofactor) similarity with CPD photolyases is furthermore indicative of the 
photoenzymic repair of 6 4 photoproducts also being accomplished by a 
photochemically induced electron transfer.133 However, in contrast to the 
large body of work having established the anionic reaction pathway of CPD 
photolyases, no direct experimental evidence as to the direction of electron 
transfer (to or from the intermediate) underlying the catalytic activity of 6 4
photolyases has yet been obtained. In Paper VI, electron-transfer induced 
fragmentation of oxetane and azetidine intermediates were investigated 
using DFT methods. 

Figure 12. UV-light induced formation of 6 4 photoproducts. 

3.2.1 Paper VI 
The calculations considered fragmentation of T+T oxetane and T+C 
azetidine (Fig. 12). For both systems, the effect of one-electron reduction 
and oxidation on the tendency to fragmentation was assessed by computing 
and comparing the corresponding fragmentation barriers with that obtained 
for concerted fragmentation of the parent intermediate. Two different 
fragmentation pathways were explored for the reduced/oxidized 
intermediates (Fig. 13): (i) splitting of the C6 C4  bond followed by splitting 
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of the C5 X4  bond (C6 C4 ---C5 X4 ), and (ii) splitting of the C5 X4
bond followed by splitting of the C6 C4  bond (C5 X4 ---C6 C4 ).

Figure 13. Fragmentation pathways explored in Paper VI. 

Performing B3LYP calculations using model systems comprising 
the two nucleobases as well as the sugar-phosphate backbone connecting 
these, it was first and foremost found that non-catalyzed concerted 
fragmentation of both T+T oxetane and T+C azetidine are prevented by an 
energy barrier larger than 30 kcal/mol. Furthermore, as for the effect of 
electron transfer, the calculations showed that a reduction of the 
oxetane/azetidine favours the C5 X4 ---C6 C4  fragmentation pathway, 
whereas an oxidation favours the C6 C4 ---C5 X4  pathway. Typically, a 
rate-determining barrier of a couple of kcal/mol was estimated along the 
respective pathway. While no conclusion as to the most likely direction of 
electron transfer could be drawn based on the calculated energy barriers, it 
was shown that an oxidative pathway in all likelihood is prohibited by an 
unfavourable electron transfer process.  
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4 Formation of lignin 

Lignin is second to cellulose the most abundant polymer in the biosphere. 
Lignins occur in the cell walls of vascular plants, and are distributed with 
hemicelluloses in the vacant regions between cellulose microfibrils. Without 
lignin, which confers rigidity to plant tissues134 and stiffens plant stems to 
withstand forces of gravity and wind, plants would never have been able to 
adapt to terrestrial life during evolution. Lignin also acts as a 
physicochemical barrier against pathogens, and reduces the water 
permeability of cell walls by increasing the hydrophobicity.135

Despite the crucial role played by lignin in plant anatomy and 
physiology, the mechanism governing its formation has not been elucidated 
in any great detail. This is largely due to the structural complexity of lignin 
making it difficult to solubilize the polymer, which in turn hampers chemical 
studies.

Lignin is also an important biopolymer from an economical point 
of view. In paper manufacture, it constitutes an undesirable component 
yielding paper with reduced printing quality that readily fragments and turns 
yellow upon exposure to sunlight  that has to be removed by alkaline 
pulping and subsequent chemical bleaching.  

4.1 Background 
Lignin is a polymer of hydroxycinnamyl alcohols (monolignols) of three 
different types: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol 
(Fig. 14a).136 The polymerization is initiated by enzymatic dehydrogenation 
of monolignols producing phenoxy radicals (Fig. 14b). It has been proposed 
that the phenoxy radicals couple non-enzymatically to form dimeric quinone 
methides (QME) as reactive intermediates.136,137 The QME are then 
converted into various dilignols by either intra-molecular rearrangement or 
addition of water. The mechanism by which the polymerization proceeds is 
not fully understood. Based on the pioneering work by Freudenberg,137

several scenarios are possible. All dilignols are phenols, and may therefore 
undergo enzymatic dehydrogenation as well, forming dilignol radicals. 
Hence, in one mode of lignin growth, dilignol radicals couple with phenoxy 
radicals to produce (via intra-molecular rearrangement or addition of water) 
phenolic trilignols which, in turn, are oxidized enzymatically etc. This mode 
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of molecular growth is thus based on subsequently repeating 
dehydrogenations and radical-radical additions. In a second growth 
mechanism, the polymer is formed by successive non-radical additions of 
phenols (monolignols, dilignols etc.) to QME without further loss of 
hydrogens. In a third growth mechanism, the polymer evolves from 
polymerization of QME. In addition to an elusive polymerization 
mechanism, it is also a matter of great controversy whether, or to what 
extent, the initial coupling of phenoxy radicals is controlled 
enzymatically.138,139,140,141,142,143

Figure 14. a) Hydroxycinnamyl alcohol building blocks of lignin. b) Resonance 
structures of a coniferyl phenoxy radical. 

The structural complexity of lignin is primarily a consequence of 
the different phenoxy radical resonance structures enabling a large number 
of possible coupling reactions. Even though it is difficult to clearly establish 
their relative occurrence (different analytical methods tend to give different 
results),144,145 -O-4, -5, - , -1, 5-5, and 5-O-4 (Fig. 15) are the most 
frequent linkages in both softwood and hardwood. Clearly, since a detailed 
understanding of lignin polymerization is missing, it is a challenging task to 
rationalize the observed ratios of different linkages in natural lignin. Instead, 
most analyses have considered the distribution of intermonomeric linkages 
resulting from the initial dimerization of phenoxy radicals  which can be 
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studied in vitro  and, in particular, have tried to rationalize this distribution 
in terms of intrinsic properties of these radicals and the dilignols 
subsequently formed. 

Figure 15. Coniferyl alcohol dilignols containing the principal lignin linkage modes. 
The acronyms reflect the sites of initial radical-radical coupling. Note that formation 
of -1 is preceded by the abstraction of one of the 3-hydroxy-propen-1-yl groups.  

In an early study, it was argued that the phenoxy radical spin 
density distribution is the determining factor.146 By assuming that coupling 
reactions involving the C1 and C3 positions are sterically hindered (i.e.,
kinetically controlled) by the 3-hydroxy-propen-1-yl and methoxy groups, 
this hypothesis  hereafter referred to as the spin distribution hypothesis 
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would account for the fact that -5, - , -O-4, and 5-5 dilignols have the 
highest ratios in experimental studies. The spin distribution hypothesis was 
first tested by Elder and Worley,147 and was subsequently revisited by Elder 
and Ede.148 Both studies made use of semiempirical methods to calculate 
spin densities in an isolated coniferyl alcohol radical. Even though the 
calculations showed that the positions through which dimerization occurs 
indeed carry most of the unpaired spin, no direct correlation between 
calculated spin densities and linkage ratios could be pointed out. Besides 
phenoxy radical spin densities, the relative stabilities of the different 
dilignols have been suggested to play a deciding role in determining the 
distribution of intermonomeric linkages.149 This hypothesis is known as the 
thermodynamic control hypothesis. 

In light of the above discussion, DFT methods were here used to 
provide the first putatively accurate evaluations of the thermodynamic 
(Paper VII) and spin distribution (Paper VIII) hypotheses and to explore two 
different mechanisms for the formation of -O-4 linked dimeric lignin 
structures (Paper IX) 

4.1.1 Paper VII  
The thermodynamic control hypothesis was evaluated by first subjecting 
coniferyl alcohol dilignols ( -O-4, -5, - , -1, 5-5, and 5-O-4) to a 
systematic conformational search involving semiempirical PM3 (initially) 
and B3LYP (subsequently for refinement) geometry optimizations. Thereby, 
it was first and foremost found that intra-molecular hydrogen bonding acts as 
a stabilizing force in the lowest-energy conformer(s) of several dilignols. By 
carrying out B3LYP single point calculations on the resulting geometries 
within the PCM formalism and by using a large basis set, the thermodynamic 
control hypothesis was straightforwardly assessed. The results are given in 
Table 4. Since the formation of the -O-4 dilignol involves the addition of a 
water molecule to the corresponding QME rather than intra-molecular 
rearrangement, the energy of water  evaluated at the same level of theory 
was subtracted from the -O-4 energies. Under the assumption that the water 
addition ( -O-4QME + H2O -O-4) has a favourable (negative) reaction 
energy, this procedure overestimates the stabilities of the -O-4 conformers. 
The -1 dilignol has a different stochiometry (cf. Fig. 15) too, and is not 
included in the comparison. 

Even though factors such as type of solvent150,151 and pH150 affect 
the ratios, the major dimerization products observed in experimental studies 
are in general -5 (a typical ratio is 50%), -  (30%), -O-4 (20%), and, in 
small amounts, 5-5.152 From Table 4, it is thus interesting to note that 5-O-4 
is the least stable dilignol, and that -  and -5 are the two most stable ones. 
The data is, however, inconclusive. For example, 5-5 is more stable than     

-O-4, which clearly contradicts the thermodynamic control hypothesis. 
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Furthermore, -  is more stable than -5. In conclusion, then, the 
calculations attribute some relevance to the thermodynamic control 
hypothesis, but also clearly show that dilignol stabilities by no means are the 
decisive factor as to the outcome of dimerization of phenoxy radicals. 

Table 4. Zero-point vibrational energy (ZPVE) corrected 
relative energies (in kcal/mol) for the most stable conformers 
of - , -5, 5-5, -O-4, and 5-O-4 dilignols. 

Dilignol Relative energies of conformersa

- 0.0 0.6 
-5 2.6 4.6 

5-5 6.6 7.0 
-O-4 11.6 19.6 

5-O-4 22.6 24.4 
a PCM-B3LYP/6-311G(2df,p) single point calculations 
using B3LYP/6-31G(d,p) optimized geometries. 

4.1.2 Paper VIII 
Since also dilignols may be subjected to enzymatic dehydrogenation during 
the course of lignin polymerization, the spin distribution hypothesis was 
evaluated by calculating spin densities in both coniferyl alcohol radical and 
coniferyl alcohol dilignol radicals. An initial conformational data set of 
dilignol radicals was derived from Paper VII, by simply removing the 
phenolic hydrogen of the corresponding closed-shell conformers. 
Geometries were then optimized using B3LYP in combination with the       
6-31G(d,p) basis set, followed by B3LYP/6-311++G(2df,p) standard 
Mulliken population analysis to obtain spin densities (Table 5). 

As noted above, the semiempirical calculations on coniferyl 
alcohol radical reported by Elder and co-workers147,148 assigned most of the 
unpaired spin to atomic sites through which dimerization occurs. 
Furthermore, sites within the aromatic ring (C1 and C5) had higher spin 
densities than those outside (O4 and C ). Our study verifies that the unpaired 
spin resides primarily on atoms involved in bond formation during 
dimerization, but assigns the highest spin density to the phenolic oxygen  a 
finding supported by experimental electron paramagnetic resonance studies 
of biological systems containing tyrosyl radicals.153 On the whole, however, 
there is no discernible correlation between coniferyl alcohol radical spin 
densities and distribution of intermonomeric couplings. From a quantitative 
point of view, we therefore believe that the spin distribution hypothesis 
should be abandoned.   

Since dehydrogenation of dilignols, in turn, also produces radicals 
with most of the spin residing at the phenolic oxygen (Table 5), one may 
nevertheless speculate that the marked predominance of -O-4 couplings 
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observed in natural lignin154 is related to the spin distribution in the 
dehydrogenated phenols formed during the lignin polymerization process.            

Table 5. Spin densities in coniferyl alcohol radical and dilignol radicals.a

 Coniferyl 
alcohol
radical

-O4b -5b - b -1b 5-5b O4-5b

Atomc

C1 0.25 0.22 0.29 0.29 0.30 0.30 0.28 
C2 0.10 0.11 0.11 0.12 0.11 0.10 0.11 
C3 0.22 0.25 0.23 0.24 0.26 0.23 0.24 
C4 0.00 0.01 0.02 0.03 0.04 0.06 0.09 
O4 0.32 0.37 0.36 0.36 0.36 0.29 0.30 
C5 0.18 0.16 0.22 0.24 0.22 0.24 0.23 
C6 0.08 0.04 0.07 0.09 0.08 0.10 0.10 
C 0.10 0.01 0.00 0.01 0.00 0.12 0.11 
C  0.21 0.01 0.00 0.02 0.01 0.23 0.23 
C 0.01 0.01 0.00 0.01 0.01 0.01 0.00 

a The dilignol radical spin densities are those of the atomic sites in the 
‘monolignol subunit’ from which the phenolic hydrogen has been abstracted. 
The spin densities in the ‘other’ subunit are without exception negligible.  
b Values are only listed for the open-shell conformer derived from the most 
stable parent closed-shell conformer. c The atom numbering scheme is that of 
Figure 14a.  

4.1.3 Paper IX 
In Paper IX, the coupling of two coniferyl alcohol radicals forming a -O-4
linked QME and the subsequent water addition producing a -O-4 dilignol, 
as well as the coupling of a coniferyl alcohol radical to a (closed-shell) 
coniferyl alcohol, were explored by means of B3LYP calculations (Fig. 16). 
The latter reaction constitutes an alternative pathway to the formation of     

-O-4 linked lignin structures, and was assessed in light of the calculated 
energetics for the radical-radical addition. The resulting radical will hereafter 
be referred to as QMER.
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Figure 16. Two routes for the formation of -O-4 linked lignin structures. 

The computed energy barriers and reaction energies for the two 
coupling modes are listed in Table 6. For the radical-radical coupling, an 
approximate energy barrier was obtained by locating the geometry (with 
respect to C O4 distance) at which singlet- and triplet-state energies 
intersect. As expected, we observe that this barrier is low (~2-5 kcal/mol), 
and that the corresponding reaction energy is favourable too                        
(< 20 kcal/mol). The radical-alcohol coupling, in turn, is a less favourable 
process both with respect to energy barrier (~8-12 and ~7-11 kcal/mol with 
and without ZPVE corrections, respectively) and reaction energy (around     
0 kcal/mol). However, these values are by no means indicative of this 
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reaction not taking place. It is also straightforward to conceive the 
involvement of a -O-4 linked QMER in lignin polymerization by 
considering the formation of the guaiacylglycerol- , -bis-coniferyl ether 
trilignol (Fig. 17, upper scheme). This reaction constitutes the simplest 
example of how lignin growth proceeds through the addition of phenols to 
QME.137 Given the ease by which two coniferyl alcohol radicals form a       

-O-4 linked QME, it however seems rather plausible that an alternative 
pathway to the formation of this trilignol would be through the addition of a 
coniferyl alcohol radical to a -O-4 linked QMER (Fig. 17, lower scheme).   

Table 6. Energy barriers ( E‡) and reaction energies ( E) (in kcal/mol) with 
respect to isolated reactants for the formation of -O-4 linked QME and 
QMER.  

 6-311G(2df,p)a 6-311++G(2df,p)a PCM 6-311G(2df,p)a

QME    
E‡ 1.6-3.1 3.6-5.2 3.3-5.2 
E 24.9 23.0 23.0 

QMER    
E‡ 6.7 (7.6) 8.8 (9.7) 10.6 (11.5) 
E 3.5 ( 1.1) 1.5 (0.9) 0.4 (2.8) 

a B3LYP single point calculations using B3LYP/6-31G(d,p) optimized 
geometries. PCM indicates that the polarized continuum model has been 
used to include solvent effects. The uncertainties in E‡ for the formation of 

-O-4 linked QME reflect the uncertainties in determining the corresponding 
singlet/triplet energy intersection points. ZPVE-corrected energies are given 
in parentheses. 

Finally, as for the conversion of a -O-4 linked QME into a  -O-4 
dilignol through the addition of a water molecule, it was found that this 
reaction is facilitated substantially by the presence of an additional proton, 
which suggests an acid-catalyzed mechanism. 
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Figure 17. Two routes for the formation of guaiacylglycerol- , -bis-coniferyl ether 
trilignol.  
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5 Concluding remarks

This thesis has been devoted to quantum chemical studies aiming to 
contribute to the understanding of some biochemical reactions and 
phenomena. Using simplified model systems amenable to such studies, the 
aim has in particular been to either complement previous experimental 
investigations, or extend existing theoretical studies by performing 
putatively more accurate and/or more relevant calculations. The reliability of 
the results can be measured via a comparison with available experimental 
and theoretical data regarded as accurate. For example, in the studies 
concerning the molecular basis of the bathochromically shifted electronic 
absorption by protein-bound AXT (Papers I and II), it was found that 
ZINDO/S reproduces the max for the unbound chromophore to within 0.11 
(AXT) and 0.04 eV (AXTH+). This indicates that the computational model 
and methodology is sound, and that the subsequent calculations considering 
structural perturbations to the chromophore are trustworthy. Reference data 
enabling a direct assessment of the reliability of the calculations may, 
however, not always be available. In fact, the very reason for initiating a 
computational project may well be a significant lack of information 
regarding the chemical problem at hand. In such cases, it is nevertheless 
often possible to validate the calculations indirectly. For example, the 
reliability of the study aimed to evaluate the thermodynamic control 
hypothesis for the distribution of intermonomeric linkages resulting from the 
dimerization of phenoxy radicals (Paper VII) cannot be adequately assessed 
in terms of energies, but can to some extent be validated indirectly from the 
fair agreement between optimized structures and NMR and crystallographic 
data as obtained for lignin model compounds.  

In light of the above discussion, it is worthwhile emphasizing that 
correlated quantum chemical methods in many instances challenge 
experimental techniques for accuracy, and therefore constitute a means for 
making quantitative predictions that in principle can be reliably trusted 
without any reference being made to experimental data. This holds true in 
particular for theoretical gas-phase spectroscopy studies of small and 
medium-sized molecules with a low degree of conformational flexibility. 
Herein, focus is however primarily on comparatively large molecular 
systems, whereby computational accuracy cannot be taken for granted and 
somehow needs to be assessed, as alluded to above.          
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In conclusion, then, I believe that the work reported in the present 
thesis has contributed to the understanding of the biochemical reactions and 
phenomena studied, and that the calculations underlying the predictions are 
trustworthy. Apart from enabling the use of increasingly realistic model 
systems in quantum chemical studies of biological systems, the ever-
increasing development of theoretical methods, numerical algorithms, 
software, and computer hardware will eventually offer a possibility to more 
adequately treat, e.g., solvent and thermal effects, which herein at best are 
accounted for using a polarized continuum model and, as for thermal effects, 
by assuming ideal gas behaviour and invoking statistical mechanics by 
performing frequency calculations on potential energy surface minima. In 
my opinion, perhaps the most promising computational methodology in this 
respect is ab initio molecular dynamics,155,156,157 which combines the 
advantages of quantum chemical methods with those of classical and 
statistical mechanics simulation methods.   
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Summary in Swedish 

Kvantkemiska studier av proteinbundna kromoforer, 
UV-ljus-inducerade DNA skador, och ligninbildning 

Teoretisk kemi är ett forskningsfält som inbegriper utvecklandet och 
tillämpandet av teoretiska metoder för studier av kemiska reaktioner, 
förlopp, och fenomen. Dessa metoder kan användas för att tolka och 
komplettera experimentella studier, och i många fall även helt ersätta 
kostsamma eller ur praktisk synvinkel svårgenomförbara experiment. För 
vissa kemiska frågeställningar saknas dessutom relevanta experimentella 
tekniker, varvid ett teoretiskt angreppssätt till problemet utgör en alternativ 
väg framåt. Precis som olika slags experiment är bäst lämpade för 
utforskandet av olika slags kemiska problem har metoderna inom fältet 
teoretisk kemi diversifierade egenskaper. Metoderna utvecklas i regel på 
basis av en för frågeställningen lämplig underliggande fysikalisk teori, och 
utmynnar till syvende och sist i ett antal mer eller mindre komplicerade 
ekvationer, som oftast löses med hjälp av datorer. En stor del av den 
framgång som teoretisk kemi skördat kan direkt tillskrivas de senaste 
årtiondenas explosionartade utveckling inom datorteknologin. Även om 
nuförtiden tillgängliga datorresurser i många avseenden erbjuder en 
möjlighet till beräkningar fältets utövare tidigare ens knappast vågat drömma 
om att utföra, är det i regel ej möjligt att direkt tillämpa den underliggande 
teorin utan att först introducera en rad approximationer.   

I denna avhandling har beräkningsmetoder som utgår från 
kvantmekaniken  den teori som beskriver hur materiens innersta 
beståndsdelar uppför sig och växelverkar med varandra  använts för att ge 
en ökad förståelse för olika kemiska reaktioner av biologiskt intresse. Dessa 
s.k. kvantkemiska metoder inkluderar en explicit beskrivning av elektroner, 
vilket t.ex. möjliggör studier av bildandet av en kemisk bindning mellan två 
molekyler eller studier av vad som händer med en molekyl när den utsätts 
för UV-strålning. Priset man måste betala för de möjligheter som 
kvantkemin erbjuder utgörs av den insats i form av datorkraft som näranog 
alltid erfordras. De kvantkemiska studier som häri rapporteras berör a) 
kromoforer bundna till proteiner; b) strålningsinducerade skador på DNA; 
samt c) bildandet av lignin, och kan sammanfattas som följer.  
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a) Proteiner spelar en avgörande roll i alla de biologiska processer som utgör 
grunden för det vi kallar liv. För att kunna fungera kräver många proteiner 
att en slags hjälpmolekyl finns bunden till de aminosyror som utgör själva 
proteinet. Om denna hjälpmolekyl absorberar ljus kallas den för en 
kromofor. Krustacyaniner, som bl.a. återfinns i hummrars skal, är 
proteinkomplex som binder en astaxanthin (AXT) kromofor. Dessa 
proteinkomplex fungerar som pigment, d.v.s. de ger färg åt de vävnader vari 
de förekommer. Hummrars karakteristiska blåa färg är helt och hållet en 
konsekvens av att AXT bunden till proteinet absorberar ljus av en viss 
våglängd. En förbryllande omständighet som sysselsatt forskare under en 
lång tid är att AXT i allehanda kemiska lösningsmedel emellertid ger upphov 
till en rödfärgad lösning, d.v.s. kromoforen absorberar ljus av en helt annan 
våglängd när den ej är bunden till proteinet. På basis av en nyligen 
publicerad experimentell studie presenteras i denna avhandling en förklaring 
till detta fenomen.

Fytokromer är ett annat exempel på proteiner vars funktion är 
direkt avhängig förekomsten av en bunden kromofor  i detta fall 
fytokromobilin (P B). Fytokromer utgör en klass av fotoreceptorer i växter, 
och har till uppgift att ’känna av’ rådande ljusförhållanden och anpassa ett 
för växten därefter lämpligt morfologiskt gensvar. Det första steget i serien 
av processer som leder till detta gensvar är att P B absorberar ljus och 
genomgår en s.k. isomeriseringsreaktion. Den exakta mekanismen för denna 
reaktion har ej kunnat fastställas med experimentella studier. Häri lämnas 
dock ett förslag därtill. 

b) UV-strålning har en skadlig inverkan på DNA, och förorsakar mutationer, 
celldöd, och annat elände. Den genetiska informationen i DNA finns 
inkodad i dess sekvens av kvävebaser, och de två vanligaste DNA-skadorna 
direkt förorsakade av UV-strålning  s.k. cyklobutanpyrimidindimerer 
(CPD) och 6 4 fotoprodukter  härrör från UV-inducerade 
additionsreaktioner mellan två angränsande kvävebaser av en specifik typ 
(pyrimidiner). För att förhindra ackumulerandet av dessa skador har 
organismer utvecklat en rad olika enzymatiska reparationssystem. Det som 
med hävd kan anses vara det mest snillrika initieras, intressant nog, av UV-
strålning, och ombesörjs av DNA fotolyaser. Mekanismen varmed dessa 
enzym återbildar de ursprungliga kvävebaserna har varit föremål för en lång 
rad experimentella och teoretiska studier. Relativt tidigt stod det klart att 
nyckelprocessen utgörs av en överföring av en elektron mellan enzymet och 
själva DNA-skadan, varpå bindningarna mellan de adderade kvävebaserna 
bryts. Hurvida elektronöverföringen sker från enzymet till DNA-skadan eller 
tvärtom är dock en frågeställning som gäckat mången god forskare. I denna 
avhandling visas att CPD med största sannolikhet repareras genom en 
överföring av en elektron från enzymet till DNA-skadan, samt presenteras en 
studie som undersöker själva fragmenteringen av 6 4 fotoprodukter efter 
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såväl tillförsel som borttagande av en elektron. Vidare undersöks varför en 
viss typ av CPD bildas i större utsträckning än andra i UV-bestrålat DNA. 

c) Lignin återfinns i vaskulära växters (de flesta växter utom mossor är 
vaskulära) cellväggar, och är näst cellulosa den vanligast förekommande 
biopolymeren på Moder jord. Lignin har en rad egenskaper av avgörande 
betydelse för växters fortlevnad, varav den viktigaste är dess 
styvhetsgivande effekt. Utan lignin skulle växter ej kunna motså vind och 
gravitation och växtligheten på land aldrig kunnat uppstå för en sisådär 425 
miljoner år sedan. Även om kunskaperna om lignins roll i ett 
växtfysiologiskt hänseende kan anses vara goda, är 
polymeriseringsmekanismen för dess bildande i mångt och mycket 
fortfarande en öppen fråga. Av speciellt intresse har varit att försöka förstå 
de bakomliggande orsakerna till att de i polymeren ingående enheterna utan 
entydigt påvisbar yttre kontroll kopplas samman enligt ett visst mönster. I 
denna avhandling utvärderas två tidigare uppställda hypoteser om möjliga 
bakomliggande orsaker. Dessutom studeras två olika mekanismer för det 
initiala polymeriseringssteget.    
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