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Akademisk avhandling som för avläggande av filosofie doktorsexamen vid
Stockholms Universitet offentligen försvaras i Magnélisalen, KÖL, Frescati,
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Abstract

This thesis presents and uses the techniques of computational chemistry to ex-
plore two different processes induced in human skin by ultraviolet light. The
first is the transformation of urocanic acid into a immunosuppressing agent,
and the other is the enzymatic action of the 8-oxoguanine glycosylase enzyme.

The photochemistry of urocanic acid has been investigated by time-depen-
dent density functional theory. Vertical absorption spectra of the molecule in
different forms and environments has been assigned and candidate states for
the photochemistry at different wavelengths are identified.

Molecular dynamics simulation of urocanic acid in gas phase and aque-
ous solution revealed considerable flexibility under experimental conditions,
particularly for the cis isomer where competition between intra- and inter-
molecular interactions increased flexibility.

A model to explain the observed gas phase photochemistry of urocanic
acid is developed and it is shown that a reinterpretation in terms of a mixture
between isomers significantly enhances the agreement between theory and
experiment, and resolves several peculiarities in the spectrum.

A model for the photochemistry in the aqueous phase of urocanic acid is
then developed, in which two excited states governs the efficiency of photoi-
somerization. The point of entrance into a conical intersection seam is shown
to explain the wavelength dependence of photoisomerization quantum yield.

Finally some mechanistic aspects of the DNA repair enzyme 8-oxoguanine
glycosylase is investigated with density functional theory. It is found that the
critical amino acid of the active site can provide catalytic power in several dif-
ferent manners, and that a recent proposal involving a SN1 type of mechanism
seems the most efficient one.
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1 Introduction

In the history of life on earth the most important part has probably been
played by our nearest star, the sun. The constant influx of energy provided by
our cosmic neighbor is the major factor contributing to the success of photo-
synthetic bacteria, algae and plants, thus indirectly also to that of all surface-
living life forms on earth. To at all be able to use this energy source, living
organisms must contain molecules that interact strongly with electromagnetic
radiation (light) and convert it into the chemical energy that is the fuel of the
cellular processes that keeps the organism alive. Such molecules are known
as chromophores, and includes the chlorophyll molecule involved in photosyn-
thesis and retinal which is the molecule that register light inside the eye. But
just because some molecule absorbs light does not necessarily mean that this
energy is beneficial to the organism. If the added quantum of energy is not
properly controlled and directed, it is more likely to produce damage then
to be useful. One well known example of such damage is induced by ab-
sorption in the UV range by DNA (deoxyribonucleic acid), which can lead to
chemical alternation (mutation) of this molecule. Since this molecule contain
all the information necessary to build the cellular machinery, this can have
catastrophic consequences, both for the individual cell and - in the case the
mutation induces uncontrolled cell growth and subsequent tumor formation
- for the entire organism. Thus it has been crucial for all organisms to develop
mechanisms to repair the different kinds of damage that appears in the DNA.

The molecule that the main part of this thesis focuses on, urocanic acid
has been of great interest for a wide range of scientific fields, from environ-
mental science to dermatology to immunology to photochemistry. It interacts
strongly with photons in the UV range, and some of the following reactions
have implication on cellular and even organismic level. Originally detected
in the urine of a dog (canine) in 1874 it was later found to be a quite major
constituent of the skin (1940s) and to be naturally produced there. But it was
only the discovery in 1983 that a second form (isomer) of the molecule that is
formed by a chemical reaction (isomerization) induced by UV light inhibits the
immune system of the skin that sparked a large interest in this molecule. Since
then progress has been made on many fronts, in understanding which parts of
the response is inhibited, in understanding the pathway this signal originat-
ing from a very small molecule (in biological perspective) takes to interrupt
multicellular response functions, in identifying the receptor that receives this
signal and in understanding the chemical reactions themselves that initiates
the process after absorbing a photon. There are many questions left unan-
swered in all these topics, but in this thesis the efforts will be restricted to the
last problem, since this is the area where the methods of physical chemistry in
general and computational chemistry in particular are most suited.
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The second topic of this thesis is connected to the repair of damaged DNA,
that has been attacked by specially aggressive and reactive species, called Re-
active Oxygen Species, that can be formed in several ways, through radiation of
different kinds, through UV light or the normal cell respiration. This kind of
damage only differs from normal DNA by two atoms (the human DNA con-
sists of about 100 billion atoms), which makes it a difficult task to recognize
and repair, a task that is nevertheless managed with high efficiency by the or-
ganism. In this thesis it is attempted to understand one of the steps in this
process in molecular detail.

The study of the biological consequences of the interaction between light
and living matter is usually referred to as photobiology, and is a very active
and wide field of research. It ranges from studies of the influence of light on
entire ecosystems to the study of single molecules under strictly controlled
conditions. In the latter limit, it overlaps the subject of photochemistry, which
could be defined by the study of molecules in the excited state, that is molecules
that have absorbed a photon (a quanta of light) and thereby changed their
electronic state. In many cases such an event opens up completely new chem-
ical reaction channels for the chromophore and can drastically change many
of its physico-chemical properties, and thereby also its biological properties.
It should be noted that the subject of photochemistry is not restricted to the
study of compounds found in biological contexts but is also important in e.g
inorganic chemistry, photo-catalysis, and has numerous commercial applica-
tions in e.g photography, paint and solar cells for electricity production.

It is not only to probe the behavior of a molecule in the excited state that
a physical chemist will let photons interact with her/his system of choice. In
fact this is one of the most common way of investigating a chemical system,
and the method is known under the name of spectroscopy. The reason that this
method of probing can give so much information is that molecular systems
can be described with the laws of quantum mechanics. These state that only
photons carrying certain energies can interact with the molecule. Then the
physical chemist is left to figure out the relation between these certain energies
and the physico-chemical properties that are of interest (structure, reactivity,
thermodynamical properties, electron distribution etc.). In order to establish
such a connection a model is needed.

The development and use of mathematical models to explain and predict
chemical properties is today a research field in itself, often referred to as com-
putational or theoretical chemistry. It’s importance has grown with the avail-
ability of ever more powerful computers which allows the theoretical chemist
to model on one hand ever larger systems, and on the other hand with ever
more sophisticated models. The role of computational chemistry can be seen
as twofold, first it provides means to explain experimental results in terms of
fundamental concepts and processes, secondly it can sometimes have enough
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predictive power to point out where new experiments might be needed to
validate or falsify a hypothesis or would simply be interesting.

Photochemistry and in particular photobiology poses a great challenge to
computational chemistry. The nature of excited states makes it necessary to ac-
count properly for the electronic structure, which is possible only by invoking
the laws of quantum mechanics, and the prediction of absorption spectra is
one of the success stories of quantum chemistry. But since photobiological and
many photochemical processes take place in the condensed phase, it is like-
wise crucial to properly account for environmental effects, as demonstrated
in this thesis. Such effects usually involves a huge number of degrees of free-
dom and is most properly handled using statistical thermodynamics, the theory
that connects microscopic with bulk properties. All this being said, it is far
from straightforward to combine these requirements in practical calculations.
Compromises will be necessary, and again it is only a comparison with exper-
imental data that can put our calculations on (relatively) firm ground.

Nevertheless, it is also true that there are few areas where computations are
more called for than photochemistry. Not only can the nature of the excited
states and photochemistry be strongly counterintuitive and therefore hard to
interpret but for many cases the processes are simply too fast and hard to re-
solve for experiments to provide conclusive answers, even though enormous
progress has been made in the possible time and energy resolution of exper-
iments. For theoretical studies, fast processes are often an advantage and the
resolution is in practice just limited by numerical precision. On the other side,
accuracy is much poorer, making it a complement rather than a substitute to
experimental approaches.

Somewhat surprisingly it has until recently been relatively few theoretical
studies of urocanic acid. Those that have appeared have been quantum chem-
ical studies, usually without taking into account any environmental effects.
Some attempts have been made to mimic the environment but then only to
study ground state properties. Although these studies were well motivated
and gave important insight into the properties of this molecule, there was a
need to investigate the influence of environment of the photochemistry, and
also to give attention to the dynamics of this molecule under the experimen-
tal conditions. This has motivated the investigations presented in this thesis.
During the course of the investigation, new experimental data about the gas
phase photochemistry of urocanic acid was presented, partly in conflict with
the theoretical predictions. This motivated a careful investigation of the gas
phase photochemistry by theoretical means leading to a new interpretation
that unifies experimental and theoretical data, and this is also included in this
thesis.

Another area where it is simultaneously challenging and potentially very
fruitful to apply computational chemistry is the study of enzymes, the biomolec-
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ular catalysts that does almost all chemistry within the cells. Such molecules
are not only extremely specific (able to act exclusively on the intended target),
but also highly efficient and able to speed up chemical reactions with a factor
of a billion and more. The experiments in biochemistry give static informa-
tion about structure and overall effects of replacing certain chemical fragments
within the enzyme. Such information is frequently hard to interpret and can
support contradicting hypotheses. Theory can provide the details necessary to
understand the action of these remarkable catalysts all the way to the electron
level. However, given the complexity of such systems it is very difficult to find
a level of theory to both faithfully reproducing the physics and chemistry of
the reaction and also handle a sufficient large part of the system. In addition
there might be important dynamics that should be included to obtain a proper
statistical average which could be compared to experiments in a meaningful
way. In this thesis, the focus has been to obtain a reliable representation of the
chemistry taking place. The true environmental effects and influence of the
dynamics of the system will be the focus of the continuation of this project,
which will take place after the publication of this thesis.

The remainder of the thesis is outlined as follows. First the methods are de-
scribed and motivated from their underlying physical theories. This will lead
into the territories of statistical thermodynamics in combination with mod-
ern simulation protocols. Then some quantum mechanics and the basics of
density functional theory (DFT) of electronic structure is described, together
with some techniques of extracting properties and modeling environments.
It is this particular approach to quantum chemistry (DFT) that have been
used to model the properties of the excited states. After this review of the-
oretical methods a chapter on some concepts from photochemistry, central to
the research in this thesis is presented. Then the background of the systems
themselves, urocanic acid and hOGG1, is described and the current view of
the photochemistry and photobiology is reviewed. Finally the result of the
current investigations is presented and the consequences for the understand-
ing of these two UV-induced processes is outlined together with some future
prospects.
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2 Theoretical methods

All observation is observation in the light of theories
Karl Popper

2.1 Statistical thermodynamics and Molecular Dynamics

Consider now a system consisting of N classical particles1. If the temperature
T 6= 0 the system will be in constant motion and therefore its properties will
be determined by an average over all the conformations and velocities. To
account for this the ensemble concept is introduced. Let us assume that our
system besides N and T has a constant volume V . Given these three parame-
ters there is still a huge number of ways to realize the system. Now consider
a very large number of such systems, each with a different sets of coordinates
and momenta (so called microstates). This collection is referred to as an ensem-
ble. More specifically, with N,V, T fixed, it is called a canonical ensemble. For
this system we also define the Hamilton function H(¯̄r, ¯̄p) as the function con-
necting the total coordinates ¯̄r = (r1, . . . , rN ) and momenta ¯̄p = (p1, . . . ,pN )
with the total energy. Usually H(¯̄r, ¯̄p) can be split up into two parts, potential
V and kinetic T energy:

H(¯̄r, ¯̄p) = T (¯̄p) + V (¯̄r) (1)

The kinetic energy is given by T (¯̄p) =
∑N
i=1

p2
i

2mi
.

To properly calculate the average of a physical quantity A which is re-
lated to the coordinates through A(¯̄r, ¯̄p) the distribution of the state vector
(¯̄r, ¯̄p), p(¯̄r, ¯̄p) is required. In the canonical ensemble, this is provided by the
famous Boltzmann distribution:

p(¯̄r, ¯̄p) =
e−H(¯̄r,¯̄p)/kBT

∫ ∫
e−H(¯̄r,¯̄p)/kBT d¯̄rd¯̄p

(2)

where kB is Boltzmanns’ constant. Note that the probability is only dependent
on the energy, making all degenerate state vectors (those with the same value
of H(¯̄r, ¯̄p)) equally probable. This is known as the postulate of a priori equal
probabilities and is a fundamental postulate in statistical mechanics.

The denominator, which is apparently just a normalization constant, is ac-
tually an extremely important quantity in itself, and if we can calculate it, we
are able to predict all other quantities of the system. This is due to the fact
that it is directly proportional to the partition function Q. For a system of N

1For a much more complete discussion of Statistical mechanics, the book by McQuarrie[1] is
recommended.
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identical particles2 it is written:

Q =
1

h3NN !

∫ ∫
e−H(¯̄r,¯̄p)/kBT d¯̄rd¯̄p (3)

The factor N ! is to account for the fact that the particles are indistinguishable
and sinceQ is a measure of the volume in phase space available to the system,
we should not count indistinguishable configurations more than once. h is
Planck’s constant3. For a separable hamiltonian as we assumed above Q can
be factorized into the momentum partition function Λ and the configuration
partition function Z:

Q =
1

h3NN !

∫ ∫
e−H(¯̄r,¯̄p)/kBT d¯̄rd¯̄p =

1

h3NN !

∫ ∫
e−[T (¯̄p)/kBT+V (¯̄r)/kBT ]d¯̄rd¯̄p

=
1

h3NN !

∫ ∫
e−T (¯̄p)/kBT e−V (¯̄r)/kBT d¯̄rd¯̄p

=
1

h3NN !

∫
e−T (¯̄p)/kBT d¯̄p

∫
e−V (¯̄r)/kBT d¯̄r = ΛZ (4)

Λ can be calculated analytically and therefore it poses no real difficulty. This
is because the kinetic energy is a simple sum of independent terms, each cor-
responding to a degree of freedom. Therefore the 3N -dimensional integral
factorizes to a product of integrals. If all particles involved have the same
mass m, Λ becomes the product of 3N identical integrals, each corresponding
to a degree of freedom:

Λ =
1

h3NN !

∫
e
− 1
kBT

∑3N

i=1
p2
i/2md¯̄p =

1

N !

(
1

h

∫
e
− p

2/2m
kBT dp

)3N

=
1

N !

(√
2πmkBT

h

)3N

(5)

Matters are entirely different with Z, since the potential energy is generally a
highly nonlinear function of the particle coordinates. Note that this partition
gives that the momentum and configuration distributions are independent
and can be written p(¯̄r, ¯̄p) = pc(¯̄r)pm(¯̄p). Occasionally, pc(¯̄r) will be referred
to simply as p(¯̄r). In any case, if Λ and Z can be calculated, the probability
distribution gives the ensemble average of the property via the relation:

〈A〉 =

∫ ∫
A(¯̄r, ¯̄p)p(¯̄r, ¯̄p)d¯̄rd¯̄p (6)

2The restriction to identical particles is not necessary, but simplifies the expressions.
3That the Planck constant, intimately associated with quantum mechanics appears in the for-

mulation of classical statistical thermodynamics might be unexpected but is quite natural. It is
there to ensure that the classical partition function coincides with the quantum one in the classi-
cal limit when h→ 0.
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It should be noted here that this it is a truly formidable task to perform this
kind of integration numerically due to the exponential increase in computa-
tional cost with the dimension of the integral. Twelve dimensions corresponds
to four particles which can hardly be considered a bulk system, which usually
is what we would like to mimic in our computer experiments. But fortunately
there is no need to perform this integration using the brute force approach.
The reason is that the Boltzmann factor, that is the exponential factor in p(¯̄r, ¯̄p)
is very very small in almost all of phase space, and if we have identical par-
ticles, we can reduce the phase space with a factor of N !. So it suffices to
cover the region where p(¯̄r, ¯̄p) is large, that is where the energy is low. So the
problem is then transformed into one of finding the configurations with low
energy, and then performing the average over this region of phase space.

One of the most relevant quantities to calculate in bulk systems is the free
energy, which in the canonical ensemble would correspond to Helmholtz’ free
energy, A, since this is the quantity that determines in which directions all
spontaneous processes proceed and is also governing the kinetics of any dy-
namic process within the system in equilibrium. For a canonical ensemble, A
is given by:

A = − 1

kBT
lnQ = − 1

kBT
(ln Λ + lnZ) = Am +Ac (7)

As before, the first part is available analytically and therefore poses no prob-
lem, but the second is just as difficult as before to calculate. It would be con-
venient to reformulate this property in the form of an ensemble average, in
order to use the strategy hinted at above and elaborated upon below. This is
possible, at least up to an additive constant by noticing that

1

Z
= − 1∫

e−V (¯̄r)/kBT d ¯̄r′
=

∫
1d¯̄r

V N
1∫

e−V (¯̄r)/kBT d¯̄r
=

=

∫
e−V ( ¯̄r′)/kBT e+V ( ¯̄r′)/kBT d ¯̄r′

V N
1∫

e−V (¯̄r)/kBT

=
1

V N

∫
e+V ( ¯̄r′)/kBT e−V ( ¯̄r′)/kBT

∫
e−V (¯̄r)/kBT d¯̄rd ¯̄r′

=

∫
e+V ( ¯̄r′)/kBT p(d¯̄r)d¯̄r =

1

V N
〈e+V ( ¯̄r′)/kBT 〉c (8)

Here the c denotes a configurational ensemble average. We can now write the
free energy as:

A = − 1

kBT
(ln Λ− lnZ−1) = − 1

kBT
(ln Λ +N lnV − ln〈e+V ( ¯̄r′)/kBT 〉c)

= Aideal gas +
1

kBT
ln〈e+V ( ¯̄r′)/kBT 〉c (9)
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Unfortunately this average is very difficult to calculate, since it is big exactly
where the Boltzmann factor is small, making the approach to ignore the parts
of phase space where the Boltzmann factor is small unjustified. Therefore it is
almost impossible to calculate absolute free energies.

Fortunately, it is only rarely that absolute free energies are of interest. In-
stead it is more common that relative free energies will suffice. There are a
multitude of methods available to calculate these. In one type of situations
the free energy difference ∆A between two systems characterized by different
Hamilton functionsH1 andH2 should be calculated. If the difference between
the two corresponding distributions is not too large, this can be calculated
directly by the relation[2]:

∆A = − 1

kBT
lnQ1 +

1

kBT
lnQ2 =

1

kBT
ln
Q2

Q1
=

1

kBT
ln
Q2

Q1
=

1

kBT
ln
Z2

Z1

=
1

kBT
ln

∫
e−V2(¯̄r)/kBT d¯̄r∫
e−V1( ¯̄r′)/kBT d ¯̄r′

=
1

kBT
ln

∫
e−(V2(¯̄r)−V1(¯̄r))/kBT e−V1(¯̄r)/kBT d¯̄r∫

e−V1( ¯̄r′)/kBT d ¯̄r′

= − 1

kBT
〈e−(V2(¯̄r)−V1(¯̄r))/kBT 〉c,1 (10)

which uses the fact that Λ1 = Λ2 as long as no masses changes. If the dis-
tributions are very different, the philosophy of sampling where p1 is large
is again unjustified and then it is customary to divide the transformation in
smaller steps by creating the intermediate Hamilton functions Hλ = λH1 +
(1−λ)H2, λ ∈ [0, 1] and then calculate successively the free energy differences
that will sum up to the desired result.

Sometimes, such as in this thesis, it is relevant to divide phase space into
well characterized regions and then calculate the free energy for these regions
and compare4. This procedure provides information about the relative pop-
ulations in these regions, and is useful if for example one is interested in the
preferred conformation of a molecule. This kind of relative free energy is then
the determining quantity. For example, if we are interested in a certain coor-
dinate r1 and are interested in the most probable value of this coordinate, we
should study the local free energy or potential of mean force W (r1) with respect
to this coordinate. If there are multiple minima in the W (r1) the kinetics of
the interconversion of the two stable values are determined by the height of
the local maximum in between according to the Arrhenius equation5. If we
choose for example a dihedral angle or an atom-atom distance as our general

4With the given definition of free energies it doesn’t make sense to talk of differences in free
energy unless the Hamilton function or any of the (N,V, T ) variables change. Nevertheless it is
not unusual to talk about free energy surfaces when these kind of comparisons are made.

5This states that if the relative free energy of a system in the transition state relative to the
reactants is ∆A‡ the forward reaction rate will be proportional to e−∆A‡/kBT . With the help of
the potential of mean force, we can generalize this to any transition between minima of W (r1).
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coordinate r1, it is in this way possible to study the relative stability of dif-
ferent conformations. This is in general different than simply studying the
minimum potential energy as a function of r1, since the bulk system can have
a large indirect effect on the free energy. To calculate W (r1) we need the pop-
ulation distribution along this coordinate, which we get by integrating out all
other degrees of freedom from the Boltzmann distribution:

p(r1) =

∫
p(¯̄r)dr2dr3 · · · dr3N =

∫
e−V (¯̄r)/kBT dr2dr3 · · · dr3N

Z
(11)

The nominator in this equation can be seen as a ’partition function density’
Z(r1) along the coordinate. We now define the potential of mean force so that
p(r1) gets a Boltzmann distribution with respect to this effective potential.

p(r1) = e−W (r1)/kBT ⇒W (r1) = − 1

kBT
ln p(r1) (12)

This means that the potential of mean force can be calculated just by sam-
pling the value of the coordinate of interest and creating a histogram. Also
note that we do not need to know Z to calculate W (r1) since it is usually only
the relative value which is important. The name potential of mean force be-
comes more clear if we calculate the gradient of W (r1):

∇1W (r1) = −∇1
1

kBT
ln

∫
e−V (¯̄r)/kBT dr2dr3 · · · dr3N

Z

= − 1

kBT

∫
−∇1V (¯̄r)e−V (¯̄r)/kBT dr2dr3 · · · dr3N∫

e−V (¯̄r)/kBT dr2dr3 · · · dr3N

= 〈−∇1V (¯̄r)〉r1 = 〈F1〉r1 (13)

Here 〈·〉r1 means an ensemble average with the coordinate r1 set to a cer-
tain value, and F1 denotes the force acting along r1. So W (r1) is the potential
that has a corresponding force which is equal to the ensemble averaged force.

The p(r1) is a special case of distribution functions. A very interesting class
of distribution functions are the l-particle distribution functions nl(r1 · · · rl)
defined as:

nl(r1 · · · rl) =
N !

(N − l)!

∫
p(¯̄r)drl+1 · · · drN (14)

It is specially interesting to study the 2-particle distribution function n(2)(r1, r2).
This can be interpreted as the density of particles in r1 and r2 evaluated at the
same time. By using Bayes law from statistics6 it can also be expressed as the

6This is written mathematically as p(a, b) = p(a|b)p(b), where the | sign means condition, that
is p(a|b) means the probability of a given b.
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density of particles in r1 given the existence of one in r2, multiplied with the
density in r2. Since the second part is constant and equal to the bulk density
for an isotropic liquid, the interesting information is in the first, conditional,
part. In a liquid it is clear that if r1 and r2 are sufficiently separated the den-
sity in r1 should be independent of that in r2, and equal to the bulk density. If
this is divided by the bulk density we the pair distribution function g(r1, r2) is
obtained, which is a descriptor of the local structure in a liquid. It is related to
n(2)(r1, r2) through:

n(2)(r1, r2) = n2g(r1, r2) (15)

Since all points in space are equivalent in the liquid, g will only depend on the
relative position of r1 and r2, so it is possible to write: g(r1, r2) = g(0, r2 −
r1) = g(r). Furthermore, it is very common to perform the spherical average
and thereby calculate the radial distribution function[3] (RDF):

g(r) =
1

4π

∫ ∫
g(r)dθdφ (16)

If the three-dimensional information in g(r) is kept, it is usually referred to
as a spatial distribution function (SDF). For a system with only spherically sym-
metric potentials between the atoms, the RDF and SDF contain the same in-
formation7, but if there are anisotropic interactions, such as in water, only the
SDF will give a complete picture of the immediate surroundings of an atomic
site[4]. The reason that the RDF is still considered relevant for such systems
is that (unlike the SDF) it is experimentally detectable by for example neutron
or x-ray scattering experiments[5].

In case of molecules, it is often of interest to calculate the SDF of some
atomic species relative to the entire molecule, and for this purpose a reference
coordinate system is usually defined by three atoms in the molecule. But it is
important to be careful, since it is only the SDF for this reference that is calcu-
lated, and could give a misleading picture if the molecule is large and flexible.
Nevertheless, it is a very useful instrument to study the three-dimensional
solvation of molecules.

So now it should be clear that if p(¯̄r) could be estimated at least in the
areas of coordinate space where the Boltzmann factor is not too low, a large
number of interesting quantities that can be observed macroscopically could
be calculated by considering the microscopic constitutes and their mutual in-
teractions8. But so far nothing have been mentioned about how we should

7In this case, when the potential energy is a sum of spherically symmetric pair potentials, it
can actually be shown that the RDF contains the same properties as the total distribution p(¯̄r).

8This approach to science, where complex phenomena are studied by breaking it apart into
smaller, more easily understood parts, is called reductionalist and is currently under more and
more criticism, which often emphasizes a more holistic approach, in which a system is considered
to be more than simply the sum of its parts. In this work a more reductionist view is taken, solely
on the grounds that it has turned out useful.
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proceed to make such an estimate and find those areas where this condition is
met. A very helpful relation that connects a single system with an ensemble
is provided by the ergodic hypothesis that states that the ensemble average of a
physical propertyA is equal to the time average of the same property taken in
a single system when time grows towards infinity. Mathematically:

〈A〉 =

∫ ∫
A(¯̄r, ¯̄p) p(¯̄r, ¯̄p) d¯̄r d¯̄p = lim

T→∞
1

T

∫ T

0

A(¯̄r(t), ¯̄p(t)) dt (17)

This equation implies that if a system in the right macroscopic state (with
proper N,V and T for the canonical ensemble) can be simulated, that is the
time evolution of this system could be calculated, then the phase space vari-
ables will distribute themselves according to the desired distribution. Another
way of formulating it is to say that no parts of phase space are inaccessible to
the system no matter what the initial conditions. Although it is quite simple
to construct models where this hypothesis are not fulfilled it is very often a
reasonable assumption given that the time truly can grow without limit.

The technique of simulating molecular systems with the aim of calculat-
ing ensemble averages and distributions is known as Molecular dynamics, and
was pioneered in the 50’s by Alder and coworkers[6]. Since then it has grown
into a very powerful research tool for physics and chemistry. Not only does
it provide a tractable way of calculating ensemble averages, but it also gives
access to information about the dynamic behavior of the system, making pos-
sible the study of transport properties such as diffusion and viscosity, as well
as kinetics.

In order to perform the simulation the equations governing how the par-
ticles move, the equations of motion should be set up. It is usual to make the
assumption that the particles under study can be approximated by classical
particles, ruled by the laws of classical mechanics, and thus obeying Newtons
equations of motion:

ai =
Fi
mi

i = 1 . . .N (18)

Fi = −∇iV (¯̄r) (19)

Here ai is the acceleration of particle i and Fi is the force acting on the same
particle. So if the positions and velocities are initiated, that will suffice for the
trajectories, that is the ¯̄r(t), ¯̄p(t) to be calculated. To initiate the momenta does
not present a problem since we know exactly the distribution from which it
should be drawn, and this distribution only depends on the temperature and
is independent for each particle. For the positions it is not as simple since
the distribution it should be drawn from depends on all coordinates and it is
usually far from trivial to find a representative initial configuration. Therefore
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a simulation is usually started from an unnatural initial condition, and then
the system is allowed to evolve under a period (often referred to as the equi-
libration period) in order to find by itself a more natural configuration. When
the system has reached this we say that the system is well equilibrated which
means that it has ’forgotten’ it’s initial condition9. The exact time necessary to
reach such a state is very dependent on the complexity of the system under
study and often a question of debate.

One property of the Newtonian equations of motion (Eq. 18) is that they
preserve the total energy of the system, which would correspond to a micro-
canonical ensemble with constantN ,V andEtot. But we are usually interested
in a situation where the temperature T and/or the pressure P are external
variables that are held constant. We can define an instantaneous microscopic
temperature by using the relation between temperature and kinetic energy10:

T =
2Ekin
3kBT

=
2

3kBT

N∑

i

p2
i

2mi
(20)

By introducing fictitious degrees of freedom that forces the temperature to
fluctuate around a desired temperature by intervening with the equations of
motions a simulation of constant temperature can be performed. These extra
degrees of freedom can even be designed in such a way that the proper distri-
bution (eq.2) is sampled. In an equivalent way, an instantaneous microscopic
pressure can be calculated is the forces are available through the relation11:

P =
1

V

(
N∑

i=1

p2
i

mi
+

N∑

i=1

riFi

)
(21)

When both pressure and temperature is controlled, the simulation takes place
in the isothermal-isobaric or (N,P, T ) ensemble. If we denote the canonical
partition function Q(N,V, T ),(eq. 3) the distribution corresponding to the
(N,P, T ) ensemble can written:

∆(N,P, T ) =
1

V0

∫ ∞

0

Q(N,V, T )e
−PV
kBT dV (22)

This ensemble is the one usually most closely related to experimental con-
ditions, since experiments is typically done in open containers in well ther-

9One way to measure this process of forgetting is to study correlation functions, the correlation
function of a propertyA(t) is defined as CA(t) = 〈A(0)A(t)〉 . When it has converged to zero at
t = T0 this property contains no information about the system further back in time than T0 time
units.

10This is known as the equipartition principle.
11This relation comes directly from the thermodynamical definition of pressure as P =

−
(
∂A
∂V

)
N,T

.
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mostated conditions. From this partition function, a corresponding free en-
ergy (called the Gibbs’ free energy) can be calculated in analogy to eq.7. It
should be noted that for liquids, the difference between the (N,V, T ) and the
(N,P, T ) ensemble is not very large since the distribution in V is quite narrow,
but nevertheless it is more satisfactory to eliminate a potential source of error
than not.

One of the more common ways to control pressure and temperature is
through the Nose’-Hoover scheme[7, 8]. This is also the scheme used in the
simulations presented in this thesis. There is no room here for a proof that
these equations of motions do generate the correct distribution so the reader
is directed to the original publications. The resulting equations of motion of
the system are (here ṙ and r̈ is velocity and acceleration, respectively):

ṙi =
pi
mi

+ ε̇ri

ṗi = Fi − piη̇ − ε̇pi

η̈ =
1

mη

(
N∑

i=1

p2
i

2mi
−NkbTref

)

ε̈ =
1

mε

(P − Pref )

NkBT

V̇ = ε̇V (23)

where P is calculated as in eq. 21. Here ε and η are the thermo- and barostat-
ting variables and mη and mε are fictious masses that determine the response
times of the thermo- and barostat. With these equations of motions, the true
dynamics of the system is no longer followed, but this is the price that has to
be paid for being able to simulate the (N,P, T ) ensemble.

So far the discussion has been very general and very little has been said of
the system itself, in this thesis a molecule solvated in water. All this specific
information is contained in the masses and the potential energy function V (¯̄r).
This function is also known as the potential energy surface (PES) and contains
all information about the interactions in the model. The choice of PES is a crit-
ical one, and also a very difficult one. While it would in principle be desirable
to calculate all interactions within the frame of quantum mechanics, this will
lead to such computationally expensive calculations that only very small sys-
tems simulated under very short timespans would be tractable12. So to treat
larger systems for longer time-periods further approximations are necessary.

12Not that this rules out these kinds of simulations as uninteresting. On the contrary, such sim-
ulations can be of great use when studying for example molecules in gas phase, which involves
ultrafast processes between small molecules. Recently, also larger systems are becoming tractable
thanks to the so-called Car-Parrinello molecular dynamics method[9].
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For molecular dynamics it is common to use a highly simplified functional
form of the PES that takes advantage of internal coordinates, that is atom-atom
distances (rij), angles (θijk) and dihedral angles (φijkl) and improper angles
(ϕijkl). Here i, j, k and l are atom indices. All these geometrical parameters
are illustrated in figure 1, except the improper dihedrals that are simply the
deviation from planarity for the central atom bonded to three other atoms in a
plane. The interactions can be separated into through-bond interactions, with
the corresponding contribution to the PES Vbound, and through-space interac-
tions that give a contribution Vnon−bound.

Figure 1: Illustration of force field parameters, the bond length r, the bond
angle θ and the dihedral angle φ.

For the Vbound contribution, it is usual to divide the interactions into bond
stretches, angle bending, dihedral twisting and improper dihedral out-of-plane
bending terms. Only the dihedral twist angle is expected to be able to deviate
significantly from its equilibrium value. Therefore only this term makes a se-
rious attempt to describe the entire range of possible values with the proper
periodic fourier expansion, while the other three terms are expressed as a sec-
ond order approximation around the minimum, i.e as harmonic oscillators.

Here the set of all covalently bonded pair of atoms is denoted X, and from
it the sets X2 (X3) is created as the triples (quadruples) of indices {i, j, k}
({i, j, k, l}) where {i, j}, {j, k} ∈ X ({i, j}, {j, k} and {k, l} ∈ X). The set of
quadruples where {i, j}, {i, k} and {i, l} ∈ X is also needed and here denoted
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X4. The most common functional form of Vbond is then:

Vbound =
∑

{i,j}∈X

kij
2

(rij − r0
ij)

2 +
∑

{i,j,k}∈X2

kijk
2

(θijk − θ0
ijk)2

+
∑

{i,j,k,l}∈X3

mmax∑

m=1

kmijkl cos(mφijkl − γ)

+
∑

{i,j,k,l}∈X4

kijkl
2

(ϕijkl − ϕ0
ijkl)

2 (24)

Here mmax is the number of terms in the cosine expansion of the dihedral
energy, and is usually set to 3. The superscript 0 indicates an equilibrium value
and the different k∗ indicates the force constants that determine the strength
of the interactions. γ is an offset of the dihedral.

The most common deviation from this scheme is in the first term, describ-
ing bond stretches, where anharmonicities is sometimes included by using a
Morse potential with the functional form:

VMorse(r) = D0(1− e−a(r−r0)2

)2 (25)

For example, in the model of water used in this thesis[10], the Morse potential
is used to describe the oxygen-hydrogen bond. Another attempt of improving
the functional form of the PES is to introduce coupling terms between all the
terms (bond-bond,bond-angle etc) to reflect that these are not independent
parameters. This approach was not used in this thesis.

For the non-bonded interactions three effects are usually taken into ac-
count. Beginning with the electrostatic interactions, these are taken into ac-
count by assigning each atom a partial charge qi, which is an effective charge
that mimics the polarized distribution of the electronic cloud over the molecule.
Often the partial charges of a molecule is set so that the electrostatic potential
calculated from a realistic electron distribution is reproduced as well as possi-
ble. Of course the partial charges of the atoms in a molecule must sum up to
the actual charge of the molecule. The charges then interact by Coulomb inter-
actions. The two remaining interactions, dispersion (induced-dipole induced-
dipole interactions) and short range repulsion (due to overlapping electron
clouds) are modeled through the Lennard-Jones potential. This potential con-
tains two free parameters per atom (σi, εi)13, where σi is a measure of the size
of the atom and εi a measure of the strength of the dispersive interaction. The

13To transform these atomic parameters (σi, εi) into pairwise parameters (σij , εij ), it is neces-
sary to specify mixing rules. Several possibilities exist, but the most widespread and the one used
here is the Lorenz-Berthelot rule: σij = 1

2
(σi + σj), εij =

√
εiεj .
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final form of Vnonbond is then:

Vnonbond =
∑

i<j

qiqj
4πε0rij

+ 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

(26)

Note that ε0 is not related to the Lennard-Jones potential but is the vacuum
permittivity (a physical constant). The double sum should furthermore not
include pair of atoms in X, and for those separated by two or three covalent
bond only a fraction between zero and one is included since these interactions
are partially accounted for by Vbond.

There are also attempts to improve Vnonbond, mainly by attempts to de-
scribe polarization explicitly[11], either by allowing the partial charges to fluc-
tuate or by assigning fluctuating dipoles to different groups of atoms. How-
ever the polarization will usually lead to an iterative problem, making the
computational cost a severe problem. It should also be noted that polarization
is in an average way already included in the static parameters, which means
that the entire set of parameters should be reset.

By now it should be clear that for any reasonably sized molecule there are
a huge number of constants and coefficients that should be set to create the
potential energy surface. Unfortunately, they can not be regarded as inde-
pendent, and should therefore be set in a concerted effort. This parameteri-
zation can be done in many different ways, and the final result is everything
but unique. A critical choice is what reference data the model should repro-
duce. Here there are more or less two schools. One that tries to reproduce the
more elaborate and (hopefully) accurate calculations of quantum chemistry
(see next section) and one that wishes to reproduce experimentally known
global quantities such as diffusion constants, density at standard conditions
and free energy of solvation. Both methods have pros and cons and it should
simply be stated here that insofar it has been necessary to find new parameters
the first approach was used for the simulations presented in this thesis. The
complete set of parameters used in the calculations is known as the force field,
and a multitude of such forcefield exists, some of the more commonly used
are known under acronyms such as AMBER[12], OPLS[13], GROMOS[14] and
CHARMM[15].

It should be noted that the non-bonded interactions will by far be the most
expensive since (26) involves a double sum over (almost) all atom pairs, and
thus scale as the square of the number of particles, while each atom will be
involved in only a few bonded terms each, and therefore the number of terms
in (24) will only be linear in the number of atoms.

This problem is even more serious since it is very common to invoke peri-
odic boundary conditions for the system. This means that the simulated system
is surrounded by periodic copies of itself in an infinite lattice, which mimics
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a bulk situation for a liquid14. In principle each atom now interacts with an
infinite number of copies of the system.

For the Lennard-Jones potential this is not an acute problem since it goes
to zero so quickly that a simple cutoff beyond which the interaction is set to
zero is usually an acceptable alternative if not chosen too small. But for the
Coulomb interaction this is not an acceptable procedure since it is very long-
ranged in nature. To see this, note that the number of interactions at a given
distance R grows as the surface of a sphere (i.e R2) while the strength of each
interaction only decreases as R−1. So only cancellation saves the energy from
becoming infinite. Therefore, special care must be taken when dealing with
these interactions.

One way is to give up the idea of periodic boundary conditions and only
simulate a sphere of molecules surrounded by a continuum which mimics the
electrostatic response of bulk water, a so called self consistent reaction field[16].
This is suitable when the simulation concerns a limited part of a very big sys-
tem, such as an active site of a protein. If it is desirable to maintain the periodic
boundary conditions, such as in this thesis, there is an alternative referred to
as the Ewald method[17]. This method uses the periodical boundary conditions
to its advantage, and offers an exact solution to the problem of long-range
electrostatic interactions in a perfect crystal.

In this case, a fourier transform of the charge distribution will give the de-
sired interactions. However, it unfortunately turns out that the fourier trans-
form of a point charge distribution is ill-behaved with non-convergent behav-
ior. However, if the charge distribution is rewritten by adding and subtract-
ing a gaussian charge distribution centered at each atom that integrates to the
same charge, that is we write:

ρ(r) =
∑

i

qiδ(r− ri) =
∑

i

[qiδ(r− ri) +
qi√
aπ
e−a|r−ri|2 − qi√

aπ
e−a|r−ri|2 ] (27)

Now consider the point charge and negative gaussian together. If observed
from sufficient distance (ultimately determined by a), these will together form
a charge-neutral particle, and can therefore be neglected as far as long-range
electrostatics is concerned. For these purposes, it is therefore sufficient to
consider the middle term. The big advantage is that this has a smooth and
well behaved fourier transform which can be utilized in the calculation. The
smoothness is determined by a, a smaller value of this parameter makes the
gaussian smooth and fewer plane waves in the fourier expansion is needed.
On the other hand, a too small value makes the approximation of the first and
last term as a neutral particle valid at only very large distances.

14It is also likely that this produces artifacts in the simulation, but the nature of these artifacts
are not very well known, and must be considered an important topic for further studies.
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This concludes the description of the theory underlying the use of molec-
ular dynamics. Much more could be said, especially about the more technical
parts, concerning mainly the choices of parameters, the numerical procedures
used to integrate (23), the details of how to sample the RDF and SDF, but these
should be clear from the papers, and will not be further commented here.
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2.2 Quantum mechanics and density functional theory

For describing the global properties of liquids and calculating thermodynamic
properties, the classical mechanics with the simplified functional forms de-
scribed above is usually a very good approximation that allows for many in-
teresting studies. However, it is hardly satisfying if a description of molecules
far from equilibrium (such as during chemical reactions) or in an excited state
is desired. Also, for comparison with detailed experimental data from e.g
spectroscopy, the accuracy of such approaches is not sufficient. The only way
to achieve a both general and accurate method to study molecules is to start
from the fundamental physics of its constituents, which is the nuclei and the
electrons. The appropriate theory is then that of quantum mechanics15.

The most correct and simple way to introduce quantum mechanics is to
present the four postulates on which it is founded. They are as follows for a
system with N particles:

1. The state of the system is completely determined by a vector in a Hilbert
space, that we denote |ψ >. |ψ > contains all information about the
system.

2. All observables are represented by Hermitian operators acting on the
Hilbert space. In particular, the operators of position and momentum
are hermitian operators, and operators corresponding to observables de-
pending on these can be built from these two operators.

3. A measurement of the observable with corresponding operator Ω̂ will
always result in one of the eigenvalues of Ω̂, ω. If the system prior to
the measurement was in state |ψ>, the probability of measuring ω is ∝
|<ω|ψ> |2. If ω was the result, the state of the system immediately after
the measurement is |ω>, the eigenvector of Ω with eigenvalue ω.

4. The state |ψ > of the system evolves according to the time-dependent
Schrödinger equation:

ih̄
d

dt
|ψ(t)>= Ĥ|ψ(t)> (28)

where Ĥ is the Hamilton operator, which we can get directly from the
Hamilton function (1) by inserting the proper operators for position and
momentum.

15There are many many books written on this subject but the one of Shankar[18] have been
particularly useful for the author.
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Some short comments are perhaps appropriate. First: a Hilbert space is
just a vector space with an inner product16,17[19]. Here the notation of Dirac
for vectors as kets are used. So |ψ > is just a vector, without reference to any
specific basis. The corresponding bra <ψ| is a vector in the dual space, which
is formally a space of functionals18, but has exactly the same structure as the
Hilbert space in which |ψ > resides. The inner product of this Hilbert space
between |ψ > and |ψ′ > is then < ψ|ψ′ >. A hermitian operator is an opera-
tor which transform the bra in the same way as it transform the ket, that is
if Ω̂|ψ >= |Ω̂ψ >, then < Ω̂ψ| =<ψ|Ω̂. Such operators have particularly nice
properties, such as real eigenvalues, and the existence of a complete orthog-
onal set of eigenvectors which means that each operator defines a base in the
Hilbert space19. The probability of a certain eigenvalue being measured is for
a normalized state (i.e with < ψ|ψ >= 1): P (ω) = | < ω|ψ > |2. It is then
straightforward to calculate the expectation value of the observable given a
certain state |ψ> of the system:

ω̄ =
∑

ω

P (ω)ω =
∑

ω

|<ω|ψ> |2ω =
∑

ω

<ψ|ω><ω|ψ> ω

=
∑

ω

<ψ|ω|ω><ω|ψ>=
∑

ω

<ψ|Ω̂|ω><ω|ψ>=<ψ|Ω̂
∑

ω

|ω><ω|ψ>

= <ψ|Ω̂|ψ> (29)

Here the eigenequation (see footnote) and the completeness relation
∑
ω |ω><

ω| = 1̂ was used. From this it is clear that it is not necessary to solve the eigen-
problem to calculate the average outcome of a measurement, which usually
is the only experimental information available, given that the state |ψ > is
known. By comparing the last and fifth expression we also get the Dirac rep-
resentation of an hermitian operator: Ω̂ =

∑
ω ω|ω><ω|.

A mathematically familiar form of representing the vector |ψ > is in the
basis of the position operator X̂ which is the 3N -dimensional position vectors
¯̄r. The vector can then be written as a function of these, and the result is
< x|ψ>= ψ(¯̄r), usually called the wave function20. Although this is frequently
a convenient representation of the state vector for doing computations it is
only one of infinitely many representation and not always the most convenient
one.

16Mathematically it should also fulfill a condition called completeness, but this is of little im-
portance for our purposes.

17A good example of an inner product is the ordinary dot product in the space of three-
dimensional vectors.

18A functional is a mapping that takes a vector and maps it onto a number.
19The eigenvalues ω and eigenvectors |ω> are defined by the relation Ω̂|ω>= ω|ω>.
20For real particles there is also necessary to specify a spin variable, but in this thesis spin will

not play a major role and so it is often simply omitted.
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But the real question is now how to obtain the state vector |ψ > for the
system. To get an idea it is suitable to study the time-dependent Schrödinger
equation in an isolated system. In such a system the Hamilton operator Ĥ is
determined by the internal variables of the system and thereby time indepen-
dent. Make the ansatz that the time dependence of the wave function can be
factorized out, so that ψ(¯̄r, t) = φ(¯̄r)τ(t). By the familiar method of separation
of variables[20], we obtain:

ih̄
d

dt
φ(¯̄r)τ(t) = Ĥφ(¯̄r)τ(t)⇒ ih̄φ(¯̄r)

d

dt
τ(t) = τ(t)Ĥφ(¯̄r)⇒

ih̄

τ(t)

d

dt
τ(t) =

Ĥφ(¯̄r)

φ(¯̄r)
(30)

Both sides of this last equation must be constant, let this constant be called E,
then we get two equations:

Ĥφ(¯̄r) = Eφ(¯̄r) (31)

ih̄
d

dt
τ(t) = Eτ(t)⇒ τ(t) = e−iEt/h̄ (32)

Equation 31 is known as the time independent Schrödinger equation, and is for
this thesis one of the central equations. It is the eigenequation of Ĥ , which
is the operator corresponding to total energy. The corresponding eigenvalues
En are the possible energies of the system. Note that the eigenstates |En >
are only evolved by the time dependent phase factor of eq. 32 that will not
effect any property calculated by eq. 29, and is therefore known as stationary
states. Just as classical systems, a quantum system that can exchange energy
with the environment will by very low temperatures tend to populate the state
with lowest energy, |E0>, especially if the thermal energy is low compared to
E1−E0. Therefore the calculations of |En> is extremely important, hence the
focus on eq. 31.

Another very useful entity for describing the system that can also be gen-
eralized to describe an ensemble of quantum systems21 is the density operator
γ̂ which given a state |ψ> can be written:

γ̂ = |ψ><ψ| (33)

or in the coordinate representation (then it is also known as the density matrix
):

<x|γ̂|x′>= γ(¯̄r, ¯̄r′) = ψ(¯̄r)ψ∗( ¯̄r′) (34)
21The treatment of quantum ensembles are important when the thermal energy > E1 − E0

which is not unusual if the quantum nature of the nuclei should be taken into account, but in
this chapter we will only deal with the electronic problem, where E1 −E0 is with few exceptions
considerably larger than the thermal energy.
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The diagonal part of this matrix γ(¯̄r, ¯̄r) has a straightforward physical inter-
pretation as the probability density of the particle positions ¯̄r, and could be
compared with p(¯̄r) of the previous section. If we introduce the trace of an
operator as Tr(Ω̂) =

∑
i < i|Ω̂|i > for any complete basis |i >, we now find

that expectation values of operators can be calculated from γ̂ as

ω̄ = <ψ|Ω̂|ψ>=
∑

ω

<ψ|ω|ω><ω|ψ>=
∑

ω

ω <ψ|ω><ω|ψ>

=
∑

ω

ω <ω|ψ><ψ|ω>=
∑

ω

ω <ω|γ̂|ω>=
∑

ω

<ω|γ̂ω|ω>

=
∑

ω

<ω|γ̂Ω̂|ω>= Tr(γ̂Ω̂) (35)

It should be clear that γ̂ carries the same information as |ψ > and therefore
represents an equally good starting point for quantum mechanics. Also the
Schrödinger equation can be rewritten in terms of γ̂ by inserting eq. 28 in the
time derivative of the density operator 22

˙̂γ = |ψ̇><ψ|+ |ψ><ψ̇| = Ĥ

ih̄
|ψ><ψ| − |ψ><ψ| Ĥ

ih̄
=

1

ih̄
[Ĥ, γ̂] (36)

This is also known as the von Neumann equation[21].
It might seem that not much is gained by considering the density matrix

instead of the wave function, since it is a function of 6N variables instead of
the 3N of the wavefunction. The advantage appears when, in analogy with
the l-particle distributions derived from the classical Boltzmann distribution
the reduced density matrices of order l γl(r1, · · · , rl; r′1, · · · , r′l) for systems of in-
distinguishable particles can be defined as:

γl(r1...rl; r
′
1...r

′
l) = (37)

N !
p!(N−p)!

∫
γ(r1...rl, rl+1...rN ; r′1...r′l, rl+1...rN )drl+1...drN

Just as for the classical counterparts, it is γ2 and γ1 that will be of largest in-
terest. The reason why these two are interesting are that it can be showed that
to calculate expectation values for operators depending on one respectively
two particle coordinates, as is indeed the case for the Hamilton operators con-
sidered in this thesis, it suffices to have access to γ1 and γ2 respectively. In
many cases, when the operators are local23 it is even sufficient to consider the
diagonal part. Thus the problem of studying the 3N dimensional |ψ> can in
principle be replaced by the study of the maximally 12-dimensional 24 γ2. In

22Here the definition of a commutator between two operators is used: [Ω̂, Λ̂] = Ω̂Λ̂− Λ̂Ω̂.
23A local operator has only the diagonal part nonzero, so that it can be written in the coordinate

representation: Ω(¯̄r, ¯̄r′) = Ω(¯̄r)δ(¯̄r− ¯̄r′).
2416 dimensional if spin is included, but we assume we don’t have to care about spin for now.
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reality, it is unfortunately hard to build a computational scheme on γ2 since it
is not known what conditions γ2 has to fulfill to be a physical reduced density
matrix, i.e to be related to some |ψ> through equations 34 and 37. Neverthe-
less it is encouraging that such reduction in complexity can be achieved. Soon
it will be clear that for electronic systems, it is possible to go to even simpler
entities.

Above it was mentioned that the state of interest is frequently the ground
state, since this will be the most populated in any real system. If such a state
should be calculated it would be very helpful to have a function to optimize.
Such a function is provided if the reasoning in eq. 29 is reversed for the special
case of Ĥ and then the lower limit of the eigenvalues is inserted, to obtain the
variational principle:

<ψ|Ĥ|ψ>=
∞∑

n=0

EnP (En) ≥
∞∑

n=0

E0P (En) = E0

∞∑

n=0

P (En) = E0 (38)

This means that the global minimization of the expectation value of Ĥ with
respect to |ψ>will, if successful, give the ground state. Still it is the question of
minimization in an infinite-dimensional Hilbert space, a far from trivial task,
but nevertheless it is the equation that gives a starting point for developing
methods for finding the ground state.

Now consider the more specific problem of finding the electronic structure
in a molecule with Nnuc nuclei (each with charge ZI and mass MI ) and Nel
electrons. For such a system the Hamilton operator is usually written25:

Ĥ =

Nnuc∑

I=1

(− 1

2MI
∇2
I) +

Nel∑

i=1

(−1

2
∇2
i ) +

Nnuc∑

I<J

ZIZJ
rIJ

+

Nnuc,Nel∑

I,i

ZI
rIi

+

Nel∑

i<j

1

rij
(39)

Capital indices I,J refer to nuclei, while small indices i,j refer to electrons.
Since the nuclei are several orders of magnitude heavier than the electrons,
one usually assumes that the movement of nuclei are so slow compared to
that of the electrons that the electronic part of the wave function instanta-
neously adapts to any change in nuclear configuration. Also it is assumed
that the nuclei then appear as simple point charges creating an external poten-
tial in which the electrons move. This approximation is known as the Born-
Oppenheimer approximation[22]. Then we can factorize out the electronic
part of the Schrödinger equation to get: Ĥel|Ψ>= Eel|Ψ> with Ĥel:

Ĥel =

Nel∑

i=1

(−1

2
∇2
i ) +

Nel∑

i=1

vext(ri) +

Nel∑

i<j

1

rij
(40)

25Here atomic units, are used, in which the bohr radius is the length unit, the electron charge
the charge unit, and the electron mass the mass unit.
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where vext contains the nuclear-electron attraction. It is this operator that
is inserted into eq.38 to test a wavefunction. However, the wavefunction of
electrons also must be antisymmetric, that is, if P̂ij is the permutation operator
of two electron coordinates Ψ(¯̄r) must fulfill:

P̂ijΨ(r1...ri...rj ...rN ) = Ψ(r1...rj ...ri...rN ) = −Ψ(r1...ri...rj ...rN ) (41)

A simplistic functional form of the wavefunction would be to write it as a
product of one-electron functions (so called orbitals), each with a certain value
of the spin variable which can take two values, usually referred to as α and
β. However, a simple product would not fulfill the antisymmetry so instead a
determinant of spin-orbitals is used. If there is an even number of electrons,
it is usual to assume perfect spin pairing in the ground state26, so that in each
spatial orbital there can be one electron with α- and one with β-spin, giving
Nel/2 spatial orbitals φi in the trial wavefunction, which takes the form of a
Slater determinant[23]:

Ψ(¯̄r) =
1√
Nel!

det[φα1 (r1)φβ1 (r2)...φβNel/2(rNel)] (42)

This ansatz for the wavefunction can be evaluated by calculating the ex-
pectation value of Hel according to equation 38. The resulting expression for
the energy is:

E = −
∑

i

∫
φ∗i∇2φidr +

∑

i

2

∫
vext(r)|φi(r)|2dr +

1

2

∑

i,j

(2

∫ ∫
φ∗i (r)φi(r)φj(r

′)φ∗j (r
′)

|r − r′| drdr′ −

∫ ∫
φ∗i (r)φj(r)φi(r

′)φ∗j (r
′)

|r − r′| drdr′) (43)

The different terms are in order of appearance kinetic energy, electron-
nuclear attraction, Coulomb energy and exchange energy, respectively. Mini-
mizing this expression with respect to the orbitals under the constraints that
the orbitals are orthonormal gives rise to the Hartree-Fock equations[24, 25]:

(−1

2
∇2 + vext(r) + 2

∫ ∑

i

φ∗i (r
′)φi(r′)
|r − r′| dr′−

26Some caution should be used though, since there are molecules with high-spin ground states
and even number of electrons, such as oxygen.
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−
∫ ∑

i

φ∗i (r
′)P̂rr′φi(r′)
|r − r′| dr′)φj(r) = εijφj(r) (44)

Here the εij are the Lagrange multipliers associated with the orthogonal-
ity constraints. Through an unitary transformation of the orbitals (which do
not effect the energy or the total wavefunction) this equation can be turned
into canonical form, where the multiplier matrix becomes diagonal, and an
ordinary eigenvalue problem is recovered, for which efficient numerical algo-
rithms exists.

However, even though this problem is of a familiar kind it can only be
solved by such algorithms in a finite-dimensional space where the problem
can be formulated as a linear algebra problem. To do this the orbitals are
expanded in a finite basis set of functions {χµ}Nb1 as:

φi(r) =
∑

µ

ciµχµ (45)

A larger basis set spans a larger subspace of the full Hilbert space and will
therefore give a more flexible wavefunction and a lower energy according to
the variational principle.

From the coefficients the representation of the one-particle density matrix
in the chosen basis can be calculated as:

Pµν = 2
∑

i

c∗iµciν (46)

This quantity is involved in the calculation of the energy, which can be
conveniently written as:

EHF =
1

2

∑

µν

Pµν(Hµν + Fµν) = Tr [P(H + F)] (47)

Where the one-electron matrix H and Fock matrix F have the elements:

Hµν =

∫
χ∗µ(r)

[
−1

2
∇2

r −
NI∑

I=1

ZI
|RI − r|

]
χν(r)dr (48)

and

Fµν = Hµν +
∑

λ,σ∈B

[(µν|λσ)− 1

2
(µσ|λν)]Pλσ (49)

(µν|λσ) =

∫ ∫
χ∗µ(r1)χν(r1)

1

|r1 − r2|
χ∗λ(r2)χσ(r2) dr1 dr2 (50)
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Once the basis set is chosen, the energy is minimized27 with respect to the
expansion coefficients ciµ under the same constraints as above. In general, the
basis set is not orthonormal, so that it is necessary to calculate the overlap in-
tegrals Sµν =

∫
χ∗µχνdr. When F, H and S has been calculated, the coefficient

matrix and orbital energies εi are calculated by the generalized eigenequation
that follows from the constrained minimization of (47):

FC = SCε (51)

This equations are known as the Roothan-Hall equations[26, 27]. Since F
depends on the coefficients non-linearly through the density matrix, the equa-
tion has to be iterated until the new density is the same as was used to build
F. This iterative procedure is known as a SCF (Self Consistent Field)28. Note
that if the number of basis functions is NB it is in principle necessary to cal-
culate on the order of N4

B integrals, which will put a limit to the number of
basis functions it is feasible to use in a calculation. Furthermore, and in prac-
tice more seriously, solving equation 51 involves the full diagonalization of a
matrix with dimension NB which scales as N3

B .
Since the number of basis functions are usually much larger than the num-

ber of spatial orbitals to be calculated, the Roothan-Hall equations actually
provides much more orbitals than we need to construct the wave function for
the ground state. These extra orbitals, named virtual orbitals can be used in
different schemes to improve upon the solution to the electronic Schrödinger
equation.

That such improvements are needed can be understood by trying to in-
terpret the Hartree-Fock approximation physically. Assuming that the wave-
function is just a determinant is equivalent to the assumptions that the elec-
trons move independently from each other, and that they only interact with
the effective, averaged potential arising from the other electrons. This means
that the probability of finding an electron in a certain position is independent
of the position of the rest of the electrons. It seems there is a lack of correla-
tion between the electrons. Therefore, the inherent error in the Hartree-Fock
method, that would remain even if the basis set used would be complete, is
referred to as the correlation energy.

One quite natural way of improving the wavefunction is to use the vir-
tual orbitals to build more determinants, and then use a linear combination of
those as an ansatz for the wavefunction. This approach is called CI (Configu-
ration Interaction)[28]. Let φa, φb... represent occupied orbitals in the Hartree-

27Note that when the word minimized was used above it was a minimization with respect to
functions, while the introduction of a basis set transforms the problem to that of numbers, for
which a huge number of techniques are available.

28When it converges, which is not to be taken for granted, even if modern software packages
provides several tricks to make them so. The best way to avoid divergence is to have a good guess
for P from the start.
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Fock wavefunction while φi, φj ... represents the virtual orbitals. Now a sub-
script a together with a superscript i means that the occupied orbital φa has
been replaced by the virtual orbital i in the Slater determinant. The CI wave-
function then takes the form:

ΨCI = ΨHF +
∑

i,a

CiaΨi
a +

∑

i,j

∑

a,b

CijabΨ
ij
ab · · · (52)

Since all the orbitals used to build the different determinants are orthog-
onal to each other, the determinants will also be orthogonal. To find the CI
coefficients (Cia, C

ij
ab, . . .), the eigenvectors and eigenvalues of Ĥel is calculated

in the basis of the determinants. First the matrix elements of Ĥel has to be cal-
culated, that is all the integrals of the type < Ψ|Ĥel|Ψ′ > where Ψ and Ψ′ are
two arbitrary determinants in the expansion 52. However, since the Ĥel do not
contain any operators involving more than two electrons, all matrix elements
where Ψ and Ψ′ differ with more than two orbitals will vanish. This will make
the resulting matrix very sparse. Furthermore, it is a well known theorem of
Brillouin[29] that all matrix elements between the ΨHF and Ψi

a vanishes29.
If the expansion above contains all possible determinants that can be formed

by the set of occupied and virtual orbitals, it will represent the best possible
solution of the time-independent Schrödinger equations given a basis set[30],
and the calculation is then called a Full CI (FCI). However, since the number
of possible determinants (configurations) rises exponentially with the num-
ber of orbitals, such calculations are not feasible for anything but the smallest
systems (1-4 atoms).

One big advantage of CI methods is that they can not only give the ground
state energy, but also the excited states, which comes out as eigenvectors with
eigenvalues of higher energy than the lowest. This motivates to use the method
even if the CI expansion has to be brutally truncated. In this thesis, calcula-
tions have been made with only singly substituted determinants, the so called
CI Singles (CIS) method. When this approximation is made, the ground state
energy will be the same as for Hartree-Fock, due to Brillouins theorem, but
a first approximation for describing the excited states is available. Also the
resulting wavefunction is quite transparent for interpretation in terms of elec-
trons being promoted from certain occupied orbitals to certain virtual ones.

The excitation energies (energy differences between ground and excited
states) obtained by the CIS method are usually not very accurate, since all the
orbitals are optimized to describe the ground state and therefore introduces a
bias towards this state, but the relative energies of different geometries within
a certain state is of higher quality. This makes CIS a suitable method for ex-

29It can even be shown that the requirement that they do so together with the orthogonality
constraint is equivalent with the Hartree-Fock equations.
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ploring the potential energy surface of excited states, but not for comparing
with experimental excitation energies.

It is most satisfying that it is possible to start from a simple approximation
such as the Hartree-Fock and then build successively better approximations
for example by including more and more terms in the CI expansion until we
reach the ultimate accuracy by doing a FCI calculation30. However, the in-
crease in computational cost rises very fast for a system of reasonable size,
and the accuracy gained is usually not motivated by this cost. Therefore, a
fundamentally different approach would be welcome. Such an approach does
indeed exist, and it is based on the Density Functional Theory (DFT)[31].

Earlier in the text it was said that it is not necessary to consider the wave-
function itself in order to describe the system, for example to calculate the
energy of a wavefunction it is enough to know the second-order reduced den-
sity matrix. But it is actually enough to consider the electron density ρ, defined
as the diagonal of the first order density matrix normalized to the number of
electrons:

ρ(r1) = N

∫
|Ψ(r1, r2, · · · , rN )|2dr2 · · · drN (53)

In the context of solid state physics, the physicists Thomas[32] and Fermi[33]
in the 1920s tried to develop a theory in which the energy of a system could
be calculated as a functional of the electron density, thus initiating what today
is known as DFT. By analyzing the properties of a homogeneous electron gas
and the scaling properties of different operators, they were able to construct
an approximate expression for the kinetic energy T only as a functional of the
density:

TTF [ρ(r)] =
3

10
(3π2)3/2

∫
ρ(r)5/3dr = CF

∫
ρ(r)5/3dr (54)

A few years later Dirac[34] used similar arguments to create a functional
for the exchange energy K and landed at the expression:

KD[ρ(r)] =
3

4

(
3

π

)1/3 ∫
ρ(r)4/3dr = Cx

∫
ρ(r)4/3dr (55)

When these two expression are combined with the well known expres-
sions for the Coulombic repulsion and interaction with the external field a

30There are more than one approach how to build these approximations, a few worth men-
tioning are the Multi-Configurational SCF, where the orbital and CI coefficients are determined
simultaneously, the coupled cluster theory, in which an exponential ansatz of the wavefunction is
made and the perturbation theories, which use for example the difference between the real hamil-
tonian and the one-electron operators of Hartree-Fock as a perturbation to obtain correction terms
of different orders.
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functional for the total energy with the electronic density as the variable is
obtained. This is the Thomas-Fermi-Dirac density functional:

ETFD[ρ(r)] = CF

∫
ρ(r)5/3dr +

∫
ρ(r)vext(r)dr +

∫ ∫
ρ(r)ρ(r′)
|r− r′| drdr

′ +

Cx

∫
ρ(r)4/3dr (56)

Although this expression gave a way to calculate for example atomic en-
ergies, the accuracy was far from that of Hartree-Fock calculations, and it is
only a reasonable approximation for almost homogeneous electron densities.
Since molecular and atomic densities are anything but homogeneous, quan-
tum chemists long looked upon this approach with some suspicion with re-
gard to its practical applicability. Within this approach no chemical bonding
appears and the shell structure of atoms is not present.

The situation was somewhat improved by an important contribution by
von Weizsacker[35] in 1935. He derived a correction to the Thomas-Fermi
kinetic energy by expanding the kinetic energy in terms of the gradient of the
density. The resulting correction was:

TW [ρ(r)] =
1

8

h̄2

m

∫ |∇ρ(r)|2
ρ(r)

dr (57)

Combining this with the energy functional above gives a quite reasonable
approximation for atomic energies31, but still no shell structure, which renders
the method almost useless in molecular quantum chemistry. Still it was an im-
portant step since it pointed out a direction for developing energy functionals
in terms of the density.

The search for such energy functional got a rigorous foundation in 1964,
when Hohenberg and Kohn proved two remarkable theorems[36]. The first
one states that:

The electron density ρ determines Ψ and thereby all electronic properties of the
system

To see this, note that the electronic Hamilton operator is completely de-
termined by the number of electrons N and the external potential vext(r) and
thereby it follows that Ψ is also determined by these two. Since N is simply
the integral of the density, it only remained to show that the external potential
is uniquely determined by the density, which Hohenberg and Kohn did by
assuming the contrary and deriving a contradiction.

31There are differing opinions in the literature as to how large fraction of TW to add, they are
collectively known as TFD-λW approximations, where λ is the coefficient before TW .
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One of the consequences of this theorem is that the ground state energy is
uniquely determined by the density, that is there exists a universal functional
FHK [ρ(r)] that only depends on the density such that the ground state energy
is given by:

Ev[ρ(r)] =

∫
vext(r)ρ(r)dr + FHK [ρ(r)] (58)

If the kinetic and Coulombic parts of the functional is separated from the
remaining, non-classical part, a more transparent expression results:

FHK [ρ(r)] = T [ρ(r)] +

∫ ∫
ρ(r)ρ(r′)
|r− r′| drdr

′ + Vnc[ρ(r)] (59)

Here both T [ρ(r)] and Vnc[ρ(r)] (the non-classical energy from exchange
and correlation effects) are unknown functionals.

The second theorem provided a variational principle for the energy func-
tional:

Let ρ0 be the exact ground state density and Ev as in equation 58. Then for any
trial density ρ which fulfills

∫
ρ(r)dr = N and ρ(r) ≥ 0, the relation Ev[ρ(r)] ≥

Ev[ρ0(r)] holds true

This means that if the functionals T [ρ] and Vnc[ρ] were known obtaining
the ground state properties would just be a question of minimizing Ev[ρ],
which of course seems like a much more tractable problem than that given
by the variational principle of the wavefunction, which in general has a very
large number of degrees of freedoms for a molecular system. Unfortunately,
they are not known, and as the experiences of Thomas, Fermi, Dirac and von
Weizsacker had shown, they are very hard to approximate.

The year after, 1965, Kohn and Sham suggested a methodology which
made it possible to get an excellent approximation for the kinetic energy, leav-
ing only the non-classical electron-electron effects to approximate[37]. Their
idea was to introduce a corresponding system of non-interacting electrons. If
such a system still provides the correct ground state density it will give the
same energy if inserted into the energy functional Ev[ρ]. Furthermore, the
wave function of such a system can be written exactly, it is simply a Slater de-
terminant (eq. 42) of orthonormal orbitals φi(r). The density is then straight-
forwardly constructed as ρ(r) =

∑N
i |φi(r)|2. For such systems, the kinetic

energy is also known exactly32:

32The subscript s is usually used to denote the quantities and operators of the non-interacting
system.
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Ts[ρ({φi}Ni=1)] = −1

2

N∑

i=1

∫
φ∗i (r)∇2φi(r)dr (60)

The next step is to rewrite the energy functional (58) by joining the differ-
ence in kinetic energy between the non-interacting and real system and the
non-classical part of the electron-electron interactions into a new functional,
somewhat misleadingly referred to as the exchange-correlation functional (Exc[ρ]).
The new expressions become

Ev[ρ(r)] = Ts[ρ({φi}Ni=1)] +

∫
ρ(r)vext(r)dr +

∫ ∫
ρ(r)ρ(r′)
|r− r′| drdr

′ +

+Exc[ρ(r)] (61)
Exc[ρ(r)] = T [ρ(r)]− Ts[ρ({φi}Ni=1)] + Vnc[ρ(r)] (62)

This new Ev should now be minimized under the condition that the density
normalizes to N . This leads to the Euler-Lagrange equation33:

µ =
δEv[ρ]

δρ(r)
=
δTs[ρ(r)]

δρ(r)
+ vext(r) +

δ

δρ(r)

∫ ∫
ρ(r)ρ(r′)
|r− r′| drdr

′ +
δExc
δρ(r)

(63)

Since this should represent the Euler-Lagrange equation for a noninteract-
ing system, in which only the kinetic energy and an external potential exists,
we must identify everything in equation 63 except the part from Ts with an
effective external potential veff . If we denote the functional derivative of Exc as
the exchange-correlation potential vxc, the expression for veff becomes:

veff (r) = vext(r) +

∫
ρ(r′)
|r− r′|dr

′ + vxc(r) (64)

This is the effective potential that will force the noninteracting reference
system to have the correct density. Finally, the orbitals are found by solving
the N one-electron ’Schrödinger’ equations:

[−1

2
∇2

r + veff (r)]φi = εiφi (65)

under the restriction of orthonormal orbitals. Just as in the Hartree-Fock
theory the procedure must be iterated since veff depends on the density, and
just as in the Hartree-Fock theory, the resulting equation can be formulated in
terms of a finite basis set, which leads to equations directly analogous to the

33The symbol δEv [ρ]
δρ(r)

denotes the functional derivative of Ev with respect to ρ and is defined
as the part of Ev [ρ + δρ] − Ev[ρ] that depends on δρ linearly. See a textbook in Calculus of
variations[20] for further details.
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ones in the Hartree-Fock method. In fact the procedure is confusingly sim-
ilar to the Hartree-Fock one, but it should be noted that no approximations
has been made (such as assuming that the wavefunction of the real system
can be written as a Slater determinant) and so the resulting energies and den-
sity in principle includes all correlation effects. In this way, the problem of
finding a kinetic energy functional is avoided, but it is done by including the
difficult part of it (the one not described by non-interacting electrons) into
the exchange-correlation functional which in this way becomes a theoretical
garbage can for problems which is found difficult. Undoubtedly, the success
of this strategy can ultimately only depend on the success of approximating
this difficult part.

The great potential of the Kohn-Sham approach has motivated numerous
attempts of finding good approximations for the exchange-correlation func-
tional, as well as many careful studies of the physical nature of correlation and
exchange. Early attempts tried to find such functionals using only the density
itself as a variable, much in the spirit of Dirac’s exchange formula (55 above.
Using this and neglecting correlation gives an approximation called the Local
Density Approximation[38] (LDA) which is only slightly worse than Hartree-
Fock, a big improvement against the Thomas-Fermi based models. A further
improvement was to let the functional depend on the spin of the electrons
involved, giving rise to the Local Spin Density Approximation[39] (LSDA)
Just as for the Thomas-Fermi-Dirac-Weizsacker model, even higher accuracy
could be reached when the functional is allowed to depend on the gradient of
the density, so called gradient corrected functionals. Such functionals now ex-
ceeds Hartree-Fock by far in accuracy. Still, even though the functional form
often can be motivated by physical arguments they frequently contain param-
eters that can not be set easily from physical reasoning. Usually very accurate
calculations on a homogeneous electron gas[40]34 has been used to calibrate
the functionals.

A good help in the quest for a good functional has been the concept of
the exchange-correlation hole, which provides a physical picture for interpreting
and evaluating different approximations of Exc. The idea is to introduce a
functional Fλ, depending on a parameter λ, such that the electron-electron
interaction is switched on as λ goes from 0 to 1, and which provide the sum
of kinetic and electron-electron potential energies for the particular value of
lambda[41]. Taking the cases λ = 0 and λ = 1 then corresponds to the non-
interacting and interacting systems and should there have the forms (writing
J [ρ] for the Coulomb energy) F0[ρ] = Ts[ρ] and F1[ρ] = T [ρ] + J [ρ] + Vnc[ρ],
respectively. From the definition of Exc it follows that:

34In this procedure it has especially been a calculation using a method called Quantum Monte
Carlo that has been used as reference.
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Exc[ρ] = F1[ρ]− F0[ρ]− J [ρ] =

∫ 1

0

∂Fλ[ρ]

∂λ
dλ− J [ρ] (66)

Further analysis shows that the integrand is actually the electron-electron
potential energy which in terms of the diagonal part of the second order re-
duced density matrix ρ(r1, r2) = γ(r1, r2; r1, r2) can be written:

1

2

∫ ∫
ρ(r1, r2)

|r1 − r2|
dr1dr2 =

1

2

∫ ∫
ρ(r1)ρ(r2)

|r1 − r2|
dr1dr2+

1

2

∫ ∫
ρ(r1)ρxc(r1, r2)

|r1 − r2|
dr1dr2

(67)
The exchange-correlation hole ρxc(r1, r2) is defined by this partitioning of
ρ(r1, r2). If ρxc is integrated over one of its variables, the result is always -
1, irrespective of the value of the other position, hence it is called a hole. It
describes the depletion of electron density around an electron. Combining
equations 66 with 67 gives the resulting expression for Exc:

Exc[ρ] =
1

2

∫ ∫
1

|r1 − r2|
ρ(r1)

∫ 1

0

ρλxc(r1, r2)dλdr1dr2 (68)

The analysis of this property has been a great help in the construction of
new density functionals. It led Axel Becke to the conclusion that the inclusion
of some Hartree-Fock exchange35[42], which is the exact exchange for the non-
interacting system, was a reasonable approach. After some experimenting he
suggested the mixture[43]:

Exc[ρ] = ELSDAxc [ρ] + a0(EHFx [ρ]−ELSDAx [ρ]) + a1∆EB88
x [ρ] + a2∆Ec[ρ] (69)

Here ∆EB88
x [ρ] is a gradient correction to the exchange energy developed

by Becke in 1988[44] and ∆Ec[ρ] is a correction to the correlation energy. a0,1,2

are parameters that was fitted to reproduce a dataset of experimental values36.
Functionals building on this approach is often referred to as hybrid functionals.

In this thesis, this approach called the Becke 3-parameter functional for ex-
change have been extensively used in connection with an approximation of
the correlation functional due to Lee, Yang and Parr[45]. Their approximation
is in turn a reformulation of an expression involving the second-order den-
sity matrix as calculated from Hartree-Fock, that was developed by Colle and
Solvetti[46], into an expression only involving the density and its gradients.
The resulting correlation functional is known under the acronym of LYP. The

35This will strictly speaking not be the same as the Hartree-Fock exchange EHFx , since the
orbitals are not the ones solving the Hartree-Fock equations, but the procedure for calculating
them from the Kohn-Sham orbitals is the same.

36This fitting renders the method semi-empirical in the purists eye.
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combination of these approximations is abbreviated B3LYP and is possibly the
most widely used density functional for chemical problems, owing much of
it’s popularity to an accuracy that goes well beyond that of many more expen-
sive wavefunction-based correlation treatments for a wide class of problems.
Still, the search for new and improved functionals has not ceased, even though
it has proved difficult to reach significant improvement other than for specific
problems.

Density functional theory as presented above is a ground state theory and
it is very far from trivial to foresee how it could be turned into a theory for
excited states. However, if it is spectroscopic quantities such as excitation
energies and oscillator strengths that are of interest, there is a way around
this problem. Such properties can be calculated from the response of the sys-
tem upon a small time-dependent perturbation, through the theory of linear
response. On the other hand, this switches the problem of finding a density
functional theory for excited states to the problem of finding one for time-
dependent external potentials. However, this turns out to be a tractable prob-
lem and Runge and Gross proved the equivalent of the Hohenberg-Kohn the-
orems for time-dependent systems in 1984[47], opening the door for this ap-
proach. This approach led to a time-dependent version of the Kohn-Sham
equations:
[
−1

2
∇2 + vext(r, t) +

∫
ρ(r′, t)
|r− r′|dr

′ +
δAxc[ρ]

δρ(r, t)

]
φi(r, t) = i

∂

∂t
φi(r, t) (70)

In the general case, Axc[ρ] is a functional that will depend on the entire time-
function of ρ(r, t), in a way reminiscent of an action integral. But it is usual
to assume that the density response is instantaneous and therefore does not
depend on the history of ρ. Under this adiabatic approximation Axc can be
replaced by the usual Exc from time-independent Kohn-Sham theory. The ex-
ternal potential can now be written as a sum of the usual, time-independent
one familiar to the reader and a time-dependent one. Then consider a oscillat-
ing perturbation w(t) with frequency ω37. It seems reasonable to assume that
the response in density also oscillates with this frequency, so that the term lin-
ear in the perturbation can be written in terms of the Kohn-Sham orbitals of
the corresponding time-independent problem φi(r):

ρ(r, t) = ρ0(r) + δρ(r, t) =
∑

i

ni|φi(r)|2 +
∑

i,j

φi(r)δPij(ω)φ∗j (r) (71)

Here, the indices i, j run over all orbitals (occupied and virtual), and ni are
the occupation numbers. δPij(ω) and is the frequency dependent response

37This is not as specialized as it might seem, since any perturbation can be represented by it’s
Fourier transform and the superposition principle tells us that the response will be the superpo-
sition of responses to individual frequencies.
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in the density matrix expressed in the φi(r) basis. This part can in turn be
expressed as:

δPij(ω) =
ni − nj

ω − (εi − εj)


wij +

∑

k,l

Kij,klδPkl(ω)


 (72)

where εi is the Kohn-Sham orbital eigenvalue, wij is the matrix elements of
the perturbation and the coupling matrix K describes the response of veff −
vext, that is the partial derivative of the coulomb and exchange-correlation
part with respect to the density matrix elements:

Kij,kl =
∂(veff − vext)ij

∂Pkl
=

∫ ∫
φ∗i (r)φj(r)φ∗k(r′)φl(r′)

|r− r′| drdr′ +

∫ ∫
φ∗i (r)φj(r)

δExc[ρ]

δρ(r)δρ(r′)
φ∗k(r′)φl(r

′)drdr′ (73)

Since eq. 72 is a solvable linear equation system for the δPij , the frequency-
dependent linear response can now be calculated. This enables the calculation
of the frequency-dependent polarizability α(ω) which is the response to an
oscillating electric field divided by the strength of that field. It can be shown
that ᾱ(ω) (averaged over all directions) can also be written with a so called
sum-over-states formula:

ᾱ(ω) =
∑

i

fi
ω2
i − ω2

(74)

Here ωi is the frequency that corresponds to the energy difference between
the ground and excited state, while fi is the oscillator strength for that transi-
tion, which is directly proportional to the absorption intensity for that transi-
tion. Clearly, the excitation energies can be found by calculating the poles in
the polarizability as a function of frequency[48], and the oscillator strengths
by calculating the residuals of that pole. In practice, it is formulated as an
eigenvalue problem. Hence, we do not need to go beyond the ground state to
calculate these properties.

Note that the procedure outlined above could just as well be used in con-
nection with Hartree-Fock orbitals.

Another very important application of quantum chemistry is the possibil-
ity of doing geometry optimization. Remember that until now the nuclear co-
ordinates have only been considered parameters through the external poten-
tial. But to find the most favorable configuration of the nuclei, the electronic
energy should be minimized also with respect to these parameters. For such
a situation it is usual to invoke the Hellman-Feynmann theorem[49], that states
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that if the Hamilton operator depends parametrically on λ, then the energy
derivative of the energy is simply given by:

dE

dλ
=<Ψ|∂Ĥ

∂λ
|Ψ> (75)

For the nuclear coordinates, that only enters through the vext, this becomes
a very simple expression that can be evaluated with ease both in Hartree-
Fock based and density-functional theory. If we add the classic part coming
from nuclear-nuclear repulsion we get the total derivative of the energy with
respect to the nuclear coordinate RIα (α ∈ x, y, z):

dEtot
dRIα

= −
∑

J 6=I

ZIZJ
|RI −RJ |

(RIα −RJα)− ZI
∫
ρ(r)(RIα − rα)

|RI − r| dr (76)

The availability of nuclear gradients makes it possible to search for the sta-
tionary points of the potential energy surface, which is a prerequisite for most
applications when experimental geometries are not known. Also when experi-
mental data is known it is a very convenient way to benchmark computational
methods by comparing calculated and experimental equilibrium geometries.
Besides from calculating the minima of the potential energy surface, it is also
interesting to find so called saddle points, since those can correspond to tran-
sition states, whose nature and relative energy to the two minima connected
by this saddle point determines the kinetics of transforming the system from
one minima to the next. A saddle point has all first derivatives of the energy
dEtot
dRIα

= 0, just like a minima, but differs in the eigenvalues of the Hessian H
defined as:

HIα,Jβ =
∂2Etot

∂RIα∂RJβ
(77)

Whereas a minimum only has positive eigenvalues of this matrix, a (first
order) saddle point has one negative eigenvalue, which means that specialized
optimization algorithms has to be used to find these critical points.

To fully make use of all the sophisticated methods for solving the electronic
Schrödinger equation for the electrons in the context of chemistry, it would
be desirable to take the step from isolated molecule to a molecule interacting
in a realistic way with the environment. In this thesis, it has been crucial to
give at least a crude account for the environment, since the environment is
in the experimental work to which our computations are compared usually
an aqueous solution, which can have huge effects on different properties of a
polar solute.

The most rigorous and conceptually simple way to represent the solvent
would be to simply include the solvent molecules in the quantum chemistry
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calculation, a so called supermolecular approach. However, given the scaling
of the computational burden of quantum chemistry calculations with respect
to the number of electrons treated, huge practical problems occur even if a
quite limited number of solvent molecules are treated. In addition, a liquid
can not be realistically described by a single conformation, but a statistical
averaging in the same spirit as described in the previous chapter should be
performed, which again increases the cost dramatically. Such calculations are
now becoming possible[50], but questions of convergence and accuracy are
still open.

Another approach that can lighten the computational burden is to use dif-
ferent levels of theory for the molecule of interest and the solvent molecules.
It is common to use a force field model for the solvent while keeping the quan-
tum chemistry approach for the solute, an approach usually referred to as a
QM/MM (Quantum Mechanical/Molecular Mechanical) method[51]. Even
though this allows for statistical averaging, it is far from straightforward to
couple the heavily parametrized and effective potential of the force field and
the quantum chemistry method.

The third common method abandons the molecular view of the solvent
and tries to replace it with an effective interaction potential, meant to mimic
the average distribution of solvent molecules[52, 53]. One such method called
the Polarizable continuum method[54] (PCM) has been used in this thesis. In this
method, the average polarization of the solute and solvent is calculated. The
strategy is to define a molecular cavity containing the solute by considering
the union of a number of spheres centered on the nuclei of the molecule. On
the surface of this cavity a large number of partial charges, each assigned to a
small piece of the surface, is defined. It is then assumed that inside the cavity,
the dielectric constant is one, while outside of the cavity it is set to that of the
solvent (ε). The partial charges can then be calculated by two requirements
from classical electrostatics:

Φout = Φin

ε
∂Φout
∂n

=
∂Φin
∂n

(78)

Where Φ is the total electrostatic potential, the labels in and out refers to
the limits as the surface is approached from the inside and outside of the cav-
ity, respectively. The vector n is normal to the cavity surface and pointed
outwards from the cavity. The result is a set of coupled equations for the par-
tial charges that can be solved iteratively or by matrix inversion techniques.
These charges are then included as an external field in the quantum chemistry
calculation. Since the resulting electron density will create a new Φ the pro-
cedure has to be iterated until the surface charges and solute electron density
are consistent.
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This concludes the description of the methods used to calculate the elec-
tron structure and some excited state properties of molecules. As was the case
for the classical section of the theory part, a lot of details have been omit-
ted, such as the choice of basis sets in which orbitals are expanded, numer-
ical methods for solving eigenequation and evaluating integrals, strategies
for finding stationary points on the potential energy surface and so forth, but
again these have been deemed as technicalities, albeit very important for the
accuracy of the calculation, a discussion of them would not significantly in-
crease the understanding of the procedure. So, now it has become time to
consider the application of these methods to real systems.
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3 Photochemistry and photobiology of UV radia-
tion

The sun burns through
To the planet’s core
And it isn’t enough
They want more

Morrissey, ’The lazy sunbathers’

3.1 Photochemistry - a theoreticians perspective

Photochemistry can be defined as the study of chemical substances upon inter-
acting with a photon. Generally this process means that energy is exchanged,
something that can lead to both increase and decrease of energy in the chem-
ical system. The effect is determined by the size of the energy quanta ex-
changed, and can range from a change in angular momentum for the overall
rotation of the molecule to a complete disruption of all chemical bonds. In
this thesis the main interest is in the effects after interacting with photons that
carries sufficient energy to match the gap between the ground state and the
lowest electronically excited states. Lets start by a few words on the nuclear
part of the Schrödinger equation.

Under the Born-Oppenheimer assumption[22] the electronic structure is
described by the eigenvectors corresponding to the roots of the equation:

Ĥel|Ψn>= E
(n)
el |Ψn>

where Ĥel is defined as in eq. (40). Remembering that the electronic struc-
ture is solved in the field created by the nuclei fixed at a certain geometry
RI , I = 1, Nnuc it follows that each of the roots of the electronic Shrödinger
equations above is parametrically dependent on the position of the nuclei and
thereby the electronic energies depends on the nuclear coordinates: E(n)

el =

E
(n)
el (R1, . . . ,RNnuc). This function will be unique for each n, (i.e for each

electronic state). When the electronic part has been integrated out the
E

(n)
el (R1, . . . ,RNnuc) will appear as a potential energy term in the remaining,

nuclear part of the Hamilton operator. The potential energy surface for a cer-
tain electronic state n is then:

Vnuc(R1, . . . ,RNnuc) = E
(n)
el (R1, . . . ,RNnuc) +

Nnuc∑

I<J

ZIZJ
|RI −RJ |

(79)
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Solving the Schrödinger equation for the nuclei using this potential energy
function then gives the nuclear energy levels usually associated with vibra-
tions and rotations of the molecule, so called rovibrational states. It is usual to
project out the six degrees of freedom corresponding to center of mass trans-
lation and rotation and focus only on the vibrational part of the wavefunction.
Such states are much closer to each other in energy than the electronic states
and therefore several such states could be populated at room temperature,
and the wavefunction of the sample is then not necessarily an eigenfunction
of the nuclear Hamilton operator but should be described by an ensemble
of states, which can be mathematically described by a density matrix (see eq
34), that will not be stationary but evolve and change with time according
to eq. 36, creating the dynamics of the system. This outlines the most rig-
orous approach to molecular dynamics simulations. Unfortunately, as could
be understood from the previous section it is quite difficult to calculate Eel
even for one set of nuclear coordinates, and to solve the nuclear Schrödinger
equation we need Eel for all possible nuclear configurations, making this ap-
proach extremely tedious for any system with more than 4 atoms, and even
then one usually creates the potential energy function by interpolation from
selected nuclear configurations. Many times one therefore resorts to consid-
ering the nuclei as a set of classical particles moving on the potential energy
surface, or equivalently, as a point on a 3Nnuc − 6 dimensional hypersurface.
The big advantage is then that the Eel only has to be calculated for the cur-
rent nuclear positions, so that the calculations can be done on the fly. How-
ever, this is a quite drastic approximation that has to be used with care, which
is why most theoretical photochemistry papers report qualitative rather than
quantitative results. Also, many important and interesting phenomena that is
measurable with experiment is only possible to understand when taking into
account the quantum mechanic nature of the system. One special case when
the approximation can be quite successful is when the nuclear wavefunction
is well localized, because then the ’point particle’ representation can be seen
as a acceptable replacement of the true wavefunction.

A very important principle when interpreting photochemistry is the Franck-
Condon principle. In the quantum mechanical language, it can be formulated
as: The probability of a transition between a vibrational state in the ground
state and one in the excited state will be proportional to the overlap between
their wavefunctions. In the classic picture, it is usually interpreted as that the
excitation process and electronic rearrangement is very fast, compared to the
response of the nuclei, so that the nuclei has the same coordinates immedi-
ately after excitation as before. Since all the E(n)

el are different they also have
different equilibrium geometry {R0

i , i = 1, . . . , N}, i.e geometries where E(n)
el

assumes a local minima. This means that even if the system is excited while
resting in the ground state minima, it will be out of equilibrium when excited



Photochemistry - a theoreticians perspective 47

to a higher level, and thus some dynamics may be initiated.
In figure 2 this principle is illustrated for a system along one arbitrary

degree of freedom (such as bond distance in a diatomic molecule) with the
vertical arrow (A) originating from the bottom of the ground state potential
energy well. If the classical viewpoint is assumed, this means that the system
will start moving on the excited state potential energy surface since the force
is non-zero. The quantum interpretation will be that the nuclei are transferred
into a vibrationally excited (or hot) state for the excited state. The energy
needed to transfer the system vertically in this way is referred to as the ver-
tical excitation energy. Once such a state is formed, a number of processes
can take place. In the simplest case, the system can exchange some energy
with it’s surroundings, and if it’s vibrationally hot this means it has a large
probability of giving vibrational energy to the environment, thereby relaxing
towards the vibrational ground state of the electronically excited state. In a
large molecule, there are many degrees of freedom, of which only a few will
have their equilibrium value significantly different in the excited state, and
thereby be vibrationally hot. However, the different vibrations are coupled,
and thereby will the energy tend to spread evenly among all vibrations, so
called intra-molecular vibrational-energy redistribution (IVR)[55], which in
the modes initially hot will also manifest itself as a relaxation towards the
ground vibrational level.

Excited states usually have limited lifetime, so that it may spontaneously
return to the ground state (arrow B), while emitting a photon containing the
energy difference. Again, if this emission occurs from the vibrationally cold
excited state, a vibrationally hot ground state will result. If this process (exci-
tation-relaxation-emission) all takes place without any electrons changing its
spin (which usually means that all involved electronic states are singlets), the
spontaneous emission is called fluorescence, and it is usually a process on the
nanosecond timescale. Note that the photons emitted will correspond to a
smaller energy difference than the ones absorbed, and therefore have longer
wavelength. The energy emitted as a photon when the transition back to the
ground state is made will correspond to the wavelength appearing as the flu-
orescence maximum. Another important spectroscopic quantity is the energetic
difference taken between the excited and ground state, each at their equilib-
rium geometry. This is called the 0-0 energy or band origin and is the lowest
possible excitation energy if the system is excited from the vibrational ground
state.

If the excitation takes place into a higher singlet state, here denoted Sn
where n ≥ 2 (S0 and S1 is the ground and first excited singlet state, respec-
tively) it is quite likely that these will at some point come close to one of the
lower lying states, since they usually are quite close-lying energetically (much
closer than S0 and S1 usually are), which means that the molecule can easily
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Figure 2: Different photochemical processes illustrated on different potential
energy curves along the arbitrary degree of freedom X. See the text for the con-
nection between specific processes and the arrows and crossing points marked
in the figure.

undergo transitions to the lower states, so called internal conversion. An em-
pirical finding called Kashas’ rule states that fluorescence is in practice only
competitive from the S1 state, since the timescale of internal conversion from
Sn to S1 is so much faster, while the internal conversion from S1 to S0 is slow
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due to the normally large energy gap between those states.. A process involv-
ing excitation (arrow C) to Sn, internal conversion to S1 (point D), and finally
fluorescence from S1 can also be traced in figure 2.

In addition to the singlet states there is also the triplet states, where one
of the paired spins have flipped to create a nonzero total spin. Such states
are not directly accessible from the ground state38 since the transition of a
singlet into a triplet is forbidden by quantum mechanics unless some strong
magnetic interaction is present (such as a heavy nucleus with nonzero nuclear
spin might induce through so called spin-orbit coupling). However, if a triplet
state crosses with the singlet (such as in point E in figure 2) there is always a
certain probability for the wavefunction to transfer into the triplet state, and
thereafter to relax towards the vibrational ground state of this state. Once it
has become vibrationally cold it can remain there for a long time, since the
probability of making the ’forbidden’ transition to the singlet ground state is
vanishingly small. When it finally does (arrow F), it gives rise to phosphores-
cence39.

For a diatomic molecule there is also the possibility that the excited state
potential energy surface is purely repulsive, so that the two atoms separate
indefinitely (or at least for the lifetime of the excited state), thus giving rise
to photodissociation (arrow G) and finally if sufficient energy is provided an
electron might be able to escape from the molecule, and a photoionization has
taken place leaving a cationic molecule (arrow H).

Of course, for larger molecules, containing many degrees of freedom, the
situation will be even more complex, and the number of possible outcomes
drastically larger. For example, it is possible that the potential energy surface
has several minima along a certain degree of freedom, representing differ-
ent isomers of the molecule40, and that in the ground state these isomers are
separated by a large energetic barrier, such that no transition between these
isomers are possible by simple thermal movement at room temperature. Then
there might exist some excited state with a potential energy surface where
this barrier is much lower, or alternatively the vertical excitation might give so
much added vibrational energy in the excited state that the barrier can be over-
come and a photoisomerization take place. The twisting around the dihedral of
a chemical bond with double bond character[56] is a classical example of a
photoisomerization and indeed a substantial part of the research presented in
this thesis concerns a reaction of this type.

One of the facts that makes life complicated for the photochemist is the
fact that the different potential energy surfaces are not well separated, thus

38Unless the ground state itself is a triplet state, a very rare features in molecules. The oxygen
molecule is a notable exception though.

39The long lifetime of the triplet state is what gives rise to what we in common language would
call phosphorescence- the ability to glow in the dark.

40Isomers are molecules with the same number of atoms and electrons, but different structures.
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making crossings between them such as at point D and E common, and also
very important for the result of the photochemical reaction, as should be clear
from the discussion above. So it is not enough to investigate and analyze the
behavior of one potential energy surface, one has to take into consideration
the entire manifold of them. The importance of crossings was initially not
fully recognized, much due to a theorem which applies to diatomic molecules,
the so called no-crossing rule[57], that two states that had the same symmetry
could never cross.

To see why this is the case, consider a system with two electronic states
|Ψ1> and |Ψ2>, that is interacting through a Hamiltonian H . The eigenstates
are then found by solving the secular equation:

∣∣∣∣
H11 − E H12

H21 H22 − E

∣∣∣∣ = 0 (80)

where the matrix elements are defined as usual: Hij =<Ψi|H|Ψj >. Note
that H12 = H∗21 since H is Hermitian. This equation can be easily solved to
obtain:

E1,2 =
H11 +H22

2
±
√

(H11 −H22)2

4
+ |H12|2 (81)

If we are to have a crossingE1 = E2 and so the expression under the square
root should be zero. Being a sum of two squares, it can only become zero if
both of the squares are zero, that is both H11 = H22 and H12 = 0 at the same
time. However, since there is only one free parameter in the potential energy
surface, the bond distance, we cannot in expect both of these conditions to be
fulfilled, and thus these states will not cross, but instead form an avoided cross-
ing. An exception is if we know from the symmetry of the two states |Ψ1> and
|Ψ2> that they do not interact, that is H12 = 0. However, for larger molecules,
we have more degrees of freedom to adapt, which means that crossings are
possible also between states of the same symmetry. In fact, if we have a N -
atomic (non-linear) molecule, we will have 3N − 6 degrees of freedom, and
since we only have two conditions to fulfill it will leave 3N − 8 degrees of
freedom that will preserve the degeneracy of the energies, thus forming a sub-
space41 in the configuration space. Such a degenerate subspace is referred to
as a conical intersection[58], and it has become more and more obvious during
the last years that conical intersections are very important in photochemistry,
since they represent a very efficient way to transfer the system from one state
to the next without absorption or emission of photons, so called radiationless
transitions. It is also a much more efficient funnel than intersystem crossings,
since these states couple much stronger than triplets with singlets who has to

41Or to be more exact, a hyperline
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rely of the normally quite weak spin-orbit coupling. Frequently they involve a
crossing between the ground state and the first excited singlet state, in which
case the molecule will return to the ground state without emitting a photon,
thus making it elusive for spectroscopy since such techniques are built on the
detection of photons42. To computationally investigate conical intersections it
is helpful to have two independent vectors that will span the degrees of free-
dom that will bring the system out of the conical intersection. Two such vec-
tors are given by the gradient difference g = ∇I(E1 − E2) and the non-adiabatic
coupling vector h =< Ψ1|∇IĤe|Ψ2 >, both of which can be calculated with
modern electronic structure software if analytic gradients are available. By
investigating the lower of the two crossing potential energy surfaces in this
space, one can deduce the possible pathways that the photochemical reaction
can go, which is usually in several directions since the slope could be negative
in several (and possibly all) directions spanned by g and h. But the analy-
sis is again complicated by the fact that the conical intersection is not a point
(like for example a transition state) but a subspace, into which the system may
enter in principle anywhere[59], and each of the points in the subspace have
their own g,h pair. Thus the only way around seems to be to study the dy-
namics, a problem which is very far from trivial, as was hinted above. In this
thesis a less ambitious path has been followed and only the qualitative nature
of different potential energy surfaces have been investigated. Nevertheless, it
turns out that a lot of information can be extracted this way, especially if good
experimental data is available for comparison and testing of the conclusions.

There are a very large number of experimental techniques (see e.g. [60])
that can give information about the photochemistry of a molecule, here they
will be divided into two general groups, static and time-resolved, and only
mention but a few example of each kind that has been used in studies of uro-
canic acid.

Possibly the simplest static experiment one can do is an absorption spec-
trum, where a monochromatic (only containing one wavelength) light beam of
controlled intensity passes through the sample, and the intensity is compared
with the intensity after it has passed through a sample where the chromophore
is absent. This gives information about the energies needed for vertical exci-
tations, which is also the most straightforward to calculate theoretically since
it only requires the ground state geometry. However, the information from an
absorption spectrum is quite limited, especially when dealing with solvated
chromophores at room temperature, where the broadening of each absorption
band is huge, sometimes exceeding the energetic gap between the excitations
to different states, thus resulting in one large band. Also, it is not unusual
that there are excited states that are very unlikely to be reached by direct ab-

42However, if sufficient time-resolution is available, some fluorescence or transient absorption
can always be detected, even for very short-lived species.



52 PHOTOCHEMISTRY & PHOTOBIOLOGY OF UV RADIATION

sorption of a photon. The probability of reaching a certain excited state |Ψn>
is proportional to the oscillator strength f0i which is obtained from the matrix
elements of the electric dipole operator through the relation:

f0i =
2me∆E0i

3e2h̄2 | <Ψ0|µel|Ψi> |2 (82)

Since there is no reason to believe that the states with large oscillator streng-
th contribute more to the photochemistry than those with small, information
will certainly be lost, and computational work usually exposes additional
states not visible in the spectrum. If it is the gas phase photochemistry that
is of interest, more sophisticated methods can be used to increase the resolu-
tion. One method is to create a vapor of the molecular species under investi-
gation, and then let it expand through a small hole, a nozzle, that will create
a molecular beam where almost all kinetic energy is put into translation, leav-
ing internal energy very low, and therefore creating a vibrationally very cold
molecule, which will result in that all excitations originate from the vibrational
ground state and therefore very well resolved spectra. The drawback is that
also a molecular beam is still a gas, with very low density and therefore few
molecules will absorb the light, making it difficult to obtain a reliable signal.

Another possible technique is to do fluorescence spectroscopy, in which
one measures the photons that are emitted by the sample after excitation at
a certain wavelength. In principle one gets a unique fluorescence spectra for
each excitation wavelength, but due to Kashas’ rule, it is probable that most
fluorescence originates from the S1 state and therefore looks quite similar over
a large interval of excitation wavelengths. One way of measuring is to study
the total fluorescence (integrated over all emission wavelengths) as a function
of excitation wavelength, giving a so called fluorescence excitation spectrum.
In this spectrum, commonly used for gas phase experiments since measuring
emitted photons non-discriminatory can be done even if only a few photons
are emitted, the band origin should appear as the lowest excitation energy
for which you get any fluorescence. Again, however, it is difficult to catch
states with low f0i or efficient radiationless transitions to the ground state. In
principle, if all fluorescence originate from the same minima, the excitation
spectrum and absorption spectrum should be the same. However, an impor-
tant exception is when some kind of photochemistry takes place exclusively in
the state reached by the excitation, since then a different minima on the S1 sur-
face is probably reached and therefore the emission will be different. On the
other hand, it is also possible that the photoreaction occurs through a S1/S0

conical intersection in which case there will be no emission and the fluores-
cence spectrum is ’silent’. In this way the study of the fluorescence can help
to give hints to when several close-lying excitations are hidden under a single
absorption band, although it should be noted that sometimes the occurrence
of photoreactions is dependent on how much additional energy (compared to
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the excited state minimum) you put into the molecule, so that the fluorescence
can change even if there is only one absorbing state.

A special spectral signature that appears in conjunction with gas phase
emission is dual emission. Normally, the emissions come from the vibrational
ground state of the excited state and thus the highest energy corresponds to
the band origin, but sometimes emission at even higher energies can occur,
if the molecule is excited with some additional energy compared to the band
origin. This is usually interpreted as that the emission occurs from another
minima on the excited state potential energy surface, one that is only accessi-
ble when excess energy is available for the molecule. The excess energy nec-
essary for this to occur is then interpreted as the energetical barrier separating
the two minima.

To have more direct access to the dynamical information of the photochem-
ical processes, it is desirable to do time-resolved spectroscopy, and since pho-
tochemical reaction are frequently completed within picoseconds, there are
very strict demands on the time resolution of such experiments, with a fem-
tosecond sampling being a suitable level[61]. Such level of sophistication is
indeed not only possible but even an established tool of chemistry, as signi-
fied by the 1998 Nobel Prize in chemistry awarded to Ahmed Zewail for his
pioneering work[62] in the field.

The archetypical ultrafast spectroscopy experiment is the pump-probe ex-
periment, which is illustrated in figure 4. This requires two ultrashort laser
pulses separated with typically tens of femtoseconds up to a hundred picosec-
onds. The difference between the exciting light used in time-resolved exper-
iments and the non-time-resolved (usually called continuous wave or CW)
experiments is illustrated in figure 3. While the CW experiment is done with
a continuous wave such as in figure 3b. the time-resolved experiment modu-
lates this by an envelope, for example a gaussian function, as shown in figure
3a. The consequence of this is that while in the CW experiment we have a
well-defined energy, this is no longer the case for our laser pulse, in spite of
it having a well-defined wavelength. Instead it will have a spectrum of en-
ergies, in general this spectrum will be broader if the pulse is shorter, due to
the time-energy uncertainty relation. This means that the transition does not
necessarily occur into a certain vibrational energy level, as in the static exper-
iment. Instead a superposition of vibrational states, i.e a wavepacket can be
created, and according to the Franck-Condon principle, this wavepacket will
closely resemble the ground state nuclear wavefunction if the exciting pulse
is fast enough. Since the ground state vibrational wavefunction is just a gaus-
sian function in the harmonic approximation the excited state dynamics will
be initiated by a localized wavepacket out of equilibrium. Initially the mo-
tion of such a wavepacket is reasonably approximated by classical mechanics,
which in turn makes the analysis in terms of calculated potential energy sur-
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Figure 3: The time-evolution of e.g the electric field in a.) a pulsed exciting
light signal and b.) a continuous wave.

faces simpler. However, as time goes by the wave packet will spread and
thereby open the venue for non-classical effects, such as splitting of the wave
packet and interference effects (for an example see [63]).

To return to the pump-probe experiments, two lasers with different wave-
lengths are used, the first matching the vertical excitation to the state which
we would like to investigate. The second laser has an energy that matches the
energy difference between the excited state, and a second, higher-lying excited
state, but at a different geometry. The second excited state is usually chosen
so that it is simple to detect unambiguously when it is populated, it could be a
state leading to a characteristic fluorescence or photoionization, or the absorp-
tion in the excited state is measured directly. The second laser pulse reaches
the sample with a time delay, achieved by letting that pulse travel a slightly
longer path before reaching the sample. By measuring how much of the sec-
ond state has been populated at different time delays between the two light
pulses, it is actually the amount of the wavepacket that has reached the point
B in figure 4 that is measured, and in this way the dynamics is monitored.

It can also be interesting to measure the energy release of non-radiative
processes, and in solution phase experiments this can actually be done in a
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Figure 4: A pump-probe experiment where the first (pump) pulse transfers
the molecule to the excited state at point A. After a time-delay the wave-
packet has evolved and is localized at point B, where it can be measured by
the second (probe) pulse that takes it into the higher, photodissociating state.
The yield of photodissociated products is then a measure of the population at
point B.
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timeresolved fashion by the so called photoacoustic calorimetry[64] method. If
a molecule gives back all or some of the energy absorbed in the form of a
photon very quickly, the surrounding solvent shell will be heated up, and
a local expansion will take place. This expansion will travel like a pressure
wave through the sample, and can be detected mechanically. The amount
of energy released as well as the dynamics of heat release can be measured
with this technique by comparing with well studied standards. This method
can unfortunately not be brought into the femtosecond regime, for processes
occurring faster than a nanosecond, only non-dynamic information such as
total energy released can be obtained, since the detection systems used can
not resolve these timescales.

Usually such attempts to capture the dynamic processes after excitation is
combined with an investigation of the final products after all photochemistry
has taken place. Since there is then no longer any demands on time-resolution,
the whole armory provided by modern chemistry can be utilized, such as high
performance chromatography, nuclear magnetic resonance or mass spectro-
scopy to only mention a few. When such an analysis is done, usually one finds
several different fates for the excited species, each represented with a certain
fraction. By comparing with the number of photons that was absorbed, the
probability for the molecule to undergo certain photoreactions can be calcu-
lated. Such a probability is called the quantum yield (Φ) for that reaction (it can
also be the quantum yield of fluorescence or phosphorescence). If one sim-
ply measures how much of a reaction that occurs and plots this against the
wavelength of the photon used to excite the molecule, this is referred to as an
action spectrum, and each point corresponds to the quantum yield multiplied
with the absorbance, both evaluated at that wavelength. This gives a picture
of what happens when a photon hits the sample, while Φ gives a picture what
happens once the molecule is excited.

This concludes this brief introduction into photochemistry, that aimed to
demonstrate the close connection of theoretical results (potential energy sur-
faces, oscillator strengths) and experimental studies necessary to gain insight
in these very fast and sometimes counterintuitive processes. Next the biolog-
ical scene will be set which draw attention to these systems.
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3.2 The role of UV and urocanic acid in the human skin
3.2.1 The immune system

The skin is the largest organ of the human body, and one of the most impor-
tant, since it represents the major part of the interface between the human
and the environment. It has many functions, but the perhaps primary one is
that of protection against foreign agents entering the body. At the first glance,
it would seem that this is accomplished by the skin acting as a passive bar-
rier, but there are several ways in which the skin is actively defending the in-
tegrity of the interior of the body. One of these ways is through the actions of
a specialized immune system response, the function of which will be briefly
described below. First, however, a few words of the general function of the
immune system.43.

The adaptive part of the immune response (which will be the subject here)
is mediated by specialized cells known as lymphocytes. These can be classified
into two major groups, T-cells and B-cells44. B and T cells differ in which kind
of defense mechanism they trigger when they are activated by foreign sub-
stances (so called antigens), but the main principle by which they can give an
effective immune response is the same, namely by clonal selection. A necessary
condition for this system is that lymphocytes have the ability to synthesize an
enormous variety of proteins that can recognize as large repertoire of antigens
as possible. In fact, each B-cell or T-cell has a unique such protein receptor
of antigen and as such recognizes only a specific set of molecules. At birth,
the lymphocyte enters an inactive phase, and resides in some lymphoid tissue
or in the blood. However, should some antigen attach to its receptor, the cell
enters a very active stage and starts to divide. Some of the new formed cells
are so called activated cells and mediate the defense mechanisms of different
kinds aimed at eliminating the foreign elements. Other lymphocytes become
so called memory cells, that will be ready for the next time the same antigen
appears and then give a much faster and stronger response than the one after
the first appearance of the antigen.

The protein receptor of B cells are called antibodies and exists in two forms,
one attached to the cell surface in the inactive cell, but upon activation, the
second, soluble, form is created and released by the B cell, making it possi-
ble to act far away from the parent cell. The corresponding protein on T cells
are called T cell receptors, and do not exist in soluble form, making T cell re-
sponse local, and usually mediated by cells, while antibodies can act in several

43Even if the description is meant to be kept on a low level, some knowledge about basic notions
such as cells, protein, DNA, peptides and genes will be assumed. If the reader is not familiar with
such notion, he/she is referred to a basic textbook in biology[65], to be properly introduced to
this fascinating subject.

44The T and B comes from their origin in the body, B cells are produced in the bone marrow,
and T cells in the thymus.
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different ways.

While the antibodies of B cells act independently and bind antigens wher-
ever they are found T-cells only react on antigens that are presented on the
surface of other cells. This makes them dependent on protein of those cells
that can present antigens. The major protein accomplishing this is the Major
Histocompatibility Complex that can bind a very large array of small peptides,
a few (8-10) amino acids long. If those originates from a foreign source , they
will be recognized by some T-cell. The T-cells can be further divided into
two types, cytotoxic and helper T cells. While the former can bind to any cell
presenting antigen and single-handedly kill it, the helper T-cells only bind
to certain antigen presenting cells (APC) and then in turn activates other cells,
such as B cells, cytotoxic T cells or neutrophiles, which are cells capable of de-
stroying other cells by internalizing and decomposing them. The activation
is often dependent on several soluble signalling molecules, so called cytokines,
that is secreted by T cells, APC and also other cells. The particular mix of such
factors has a strong influence on the nature of the induced immune response.
Many different cytokines have been identified and they induce a wide range
of effects, both stimulatory and inhibitory. Actually, the helper T cells can be
even further divided into Th1 and Th2 cells, dependent on the specific set of
cytokines they produce. The cytokines of Th1 cells helps to activate cytotoxic
T cells and macrophages, while those of Th2 cells helps B cells. Not only do
they target different cells, the cytokine interferon-γ secreted by Th1 actually
inhibits Th2 proliferation and conversely the cytokine Interleukin 10 (IL-10)
produced by Th2 cells stops Th1 cytokine production. There is therefore a
delicate balance between these two types of T helper cells.

Human skin contains a specialized repertoire of cells involved in the im-
mune response[66]. In the epidermis, the protecting outermost layer of the
skin, the most abundant cells are the keratinocytes. These are involved in
the immune response both as antigen presenters to cytotoxic T-cells and as
secreters of different cytokines. A more specialized kind of cell is the Langer-
hans cell, an antigen presenting cell in the epidermis, with a central role in
the human skin immune response. When antigen is presented to this kind of
cell, it reacts both by maturing into a potent stimulator of T-cells and simul-
taneously migrating into a lymph draining node, where the concentration of
lymphocytes is very high. There it activates some matching T-cell which can
get back to the origin of the antigen (thanks to an intricate system of molecular
signals) where afterwards memory T-cells will be ready upon a repeated stim-
ulation by the same antigen. However, also several other cell kinds contribute
to the efficiency of the skins defense systems. Mast cells is a kind of cells that
contain lots of secretory vesicles primarily filled with histamine, which medi-
ates inflammatory reactions in the skin, but also a number of other cytokines,
such as Tumor necrosis factor α. Deeper in the skin, in the dermis, other kind
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Figure 5: A crude overview of the UV-induced processes in skin leading to
immunosuppression and cancer.

of antigen presenting cells, the so called dermal dendritic cells can be found.
Also, in the case of antigen challenge and/or inflammation, macrophages are
recruited into the skin to gain additional strength to the response.

3.2.2 Consequences of UV exposure

That solar light have biological consequences has of course always been known
to humans, but the specific effect of UV light was first postulated in 1899[67].
A normal sunburn, with reddening and sensitizing of the skin has probably
been experienced by most people, and is caused by the increased permeability
of blood vessels in the skin and increased skin temperature. Also, the fact that
excessive exposure to UV can have more far-reaching consequences by initi-
ating tumor formation in the skin is more and more well-known, especially
in the light of the increasing exposure that the modern western lifestyle and
beauty ideals lead to in form of increased tanning, both solar and through ar-
tificial UV sources. In addition, the possible increase in solar UV irradiation
through the depletion of the so called ozone layer in the stratosphere[68] has
increased focus on these effects.
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A very crude picture of some processes in the skin upon UV irradiation
is given in figure 5. In the human skin, there are several chromophores (light-
absorbing molecules) that can absorb UV light, most notably DNA and trans-
urocanic acid. The development of a tumor is usually thought of as starting
with the uncontrolled proliferation of a cell. Since the means with which the
cell normally controls it’s own division is a tightly regulated network of pro-
teins controlled at the genetic level, it seems natural to assume that damage of
the DNA, which carries the genetic information, is the cause of the necessary
failure of these regulatory systems. Indeed, the absorption of UV does lead
to chemical alterations of the DNA[69], which if they are not detected by the
cell, can lead to permanent mutations and thereby a change in the regulatory
elements. The most common damage is the cyclobutane pyrimidine dimer
(CPD,see figure 6), which links two adjacent pyrimidine-containing base pairs
covalently, by formation of a cyclobutane ring. Another similar covalent mod-
ification is the so called 6-4 lesions, most common between thymine and cy-
tosine. Other kind of damage can be induced by reactive oxygen species[70],
which has been shown to occur after UV irradiation, and includes DNA strand
breaks and formation of oxidized bases, such as 8-oxoguanine. All these dif-
ferent kinds of damage are potentially mutagenic, but fortunately the cell has
an extensive defensive system to repair damaged DNA[71]. Over 50 enzymes
are involved in this system which stresses the evolutionary importance of this
functionality. Most common is ’excision repair’ where an enzyme cuts out the
damaged base pairs from the DNA and replaces it with undamaged DNA.
Some genes are well known for their role in different cancers, such as for ex-
ample p53, whose corresponding protein is responsible for halting the cell cy-
cle so that repair of damaged DNA can take place before the cell divides, and
also for sending the cell into programmed cell death (apoptosis) if the injuries
to the DNA are too extensive. In one of the common human skin cancer types,
squamous cell carcinoma (SCC), 58 % of the cells had mutations in the p53
gene[72], demonstrating the importance of this particular gene.

Perhaps less well known is the influence of UV light on the immune sys-
tem. This effect was discovered in the sixties when it was found that UV ex-
posure before application of the antigen reduced the following immune re-
sponse substantially[73]. The clinical consequences were hinted at in 1974 by
Kripke[74] who demonstrated that tumors appearing in mouse skin after ir-
radiation could not be transplanted to non-irradiated mice. Instead they con-
tinued to grow without rejection on those (otherwise healthy) mice who had
been treated with UV. It was also shown that the effect could be transferred
in a certain population of lymphocytes. Later studies have partially revealed
a very complicated process, as is common in biological systems. One of the
effects is a dramatic decrease of Langerhans cells in the epidermis[75], both as
an effect of emigration to the lymph nodes and that they get stuck in the skin
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Figure 6: Thymine dimer, a typical cyclobutane pyrimidine dimer and one of
the most common forms of DNA damage upon UV radiation.

and possibly also undergo apoptosis. Those that remain undergo morpho-
logical and functional changes, impairing their ability to work as an antigen
presenting cell. It seems that in particular the ability of these cells to activate
T helper cells of type 1 is abrogated, leading to an imbalance in the Th1/Th2
population[76], pushing the immune response in the Th2 direction, with less
cell-mediated response and more global (allergy-like) response.

When it comes to the molecular targets mediating this response there are at
least two pathways. The first starts with the absorption of light by DNA, and
the formation of DNA damage, primarily of CPD nature. That this is linked
also to the immunosuppression was demonstrated by delivering a CPD re-
pairing enzyme to the cells[77]45, and showing that this restored specific kinds
of immune response. Also it has been noted that the action spectrum46 of CPD
formation is very similar to that of the antigen presenting suppression[78].

3.2.3 Enzymatic repair of DNA Damage

As noted above, it is of crucial importance that any damage to the genetic ma-
terial is efficiently repaired by the cell before unwanted mutations can create
havoc within the cell, and therefore the evolution have favored the develop-
ment of a large number of such enzymes[69, 71]. One can divide these en-

45The enzyme was photolyase, an enzyme which is itself activated by UV-light, and thus only
when it is needed the most.

46That is, the efficiency of the biological response as a function of wavelength.
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zymes into different classes according to their function. The chemically most
simple ones just reverse the chemical process that created the damage. Among
these can be counted the O6-alkylguanine transferase that removes an alkyl
group from the O6 position of the guanine base. At the next level of sophistica-
tion is the so called base excision repair (BER) system, and it is the mechanism of
an enzyme in this class, human 8-oxoguanine glycosylase (hOGG1), that has
been a concern of the investigations in this thesis. These enzymes recognize
and cut out individual nucleotides. The excision of bases is usually carried
out in a two-step fashion, by first dissociating the altered base from the sugar
ring leaving a so called abasic site (or AP site) and then removing the sugar
ring itself, leaving room for a new nucleotide to be inserted. Enzymes that can
only perform the first chemical step are usually called monofunctional DNA
glycosylases while enzymes that catalyses both steps are referred to as bifunc-
tional DNA glycosylases/lyases. hOGG1 is an enzyme of the latter class. In
both cases, an undamaged nucleotide is inserted by the enzyme polymerase
β, and the DNA backbone is joined together by the DNA ligase enzyme.

For more bulky adducts and chemical modifications, it is not sufficient
just to cut out one nucleotide, but a whole stretch of DNA has to be excised.
That is accomplished by the nucleotide excision repair (NER) system, a more
complex but less specialized pathway which requires around 30 different pro-
teins. Those have tasks such as recognizing the damaged area, unwinding the
DNA, cutting out a stretch of about 25 nucleotides on the damaged strand,
and directing the cells replication machinery that will fill in the gap in the se-
quence. One can note that these kind of damage which includes cyclobutane
pyramidine dimers is frequently occurring upon UV irradiation, which makes
this part of the DNA repair machinery particularly important for the protec-
tion against UV-induced lesions47. The NER is of two different types, one
for all DNA, including “junk” (untranscribed) DNA that is called global ge-
nomic repair, and one more efficient, reserved for the parts that is transcribed
and translated into proteins, so called transcription coupled repair. The latter
is probably initiated when the RNA polymerase, which transcribes DNA into
messenger RNA is stalled upon reaching a large lesion.

A slightly different case is when the DNA is not actually damaged but a
mistake has been done at the replication of the DNA, so that the new base
does not form a proper Watson-Crick pair with its parent48, and a mismatch is
created. Then the mismatch repair system goes into effects. It is faced with
a quite delicate assignment, to cut out the right one of the two mismatched
bases, each one chemically unaltered. Still it is not clear how the eucaryote cell

47This is also manifested in the fact that three genetical diseases caused by mutations in genes
coding for NER proteins, xeroderma pigmentosum, Cockeyne syndrome and trichothiodystro-
phy, all have as a common symptom an extreme sensitivity for sunlight.

48Fortunately, this is a quite rare event, only once in 1010 attempts is a mismatch created.



The role of UV and urocanic acid in the human skin 63

Figure 7: Homologous recombination. a) a DNA with a double strand break
together with the homologous sister chromosome b) The broken strand is pro-
cessed to create so called ’sticky ends’ c) Strand invasion from the homologous
DNA on the sister chromosome occurs d) There is now templates to fill in all
missing gaps e) The crossings are resolved.

manages this49, but it seems to be tightly connected to the replication system
itself. In any case, the procedure is in principle similar to NER, in that a part of
the strand containing the unwanted nucleotide is removed and subsequently
replaced by the replication system.

A more dramatic damage to the DNA is when there is a double strand
break, that is the DNA molecule is simply broken apart, something that can
have disastrous consequences for the cell. Therefore, it is not surprising that
the cell contains quite sophisticated pathways to repair such misfortunes. In
organisms that contain duplicate copies of each chromosome, the identical (or
almost identical) information on the sister chromosome can be used as a tem-
plate for the repair process known as homologous recombination. The process
is sketched in a very simplified manner in figure 7. In this process, a part of

49In the bacterial cell, the parent strand is methylated when transcribed, making it clear for the
mismatch repair system which is the original and which is the (erroneous) copy.
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one of the strands of the damaged ends is removed so that a piece of single-
stranded DNA is sticking out. This “sticky end” can be used to find the homol-
ogous region in the sister chromosome. Once such a region is found, the two
strands of the intact copy are separated so that each of them can function as a
template for the two sticky ends. Then the missing stretch of DNA opposite
to each of the template strands is filled in, creating a crossed structure where
strands are branching between the two DNA duplexes50. The branching point
can even slide away from the original sticky ends. Eventually the branch-
ing points are cut and relegated in a non-crossing manner, so that a piece of
one strand from the sister chromosome is permanently transferred to the re-
paired chromosome. As might be suspected, this process is very complex and
involves dozens of proteins in various roles, but a more detailed description
is beyond the scope of this thesis. A second, more coarse way of repairing
double strand breaks is through so called non-homologous end-joining, which
simply acts through a protein complex that grabs the two free ends, processes
them and ligates them. Although much simpler, this is a much more error-
prone process frequently leading to loss of nucleotides (and thereby poten-
tially destroying the genetic information).

3.2.4 Urocanic acid after UV exposure

The second pathway of immunosuppression is related to the major part of the
research presented in this thesis, since it concerns urocanic acid (UCA). First
some background on this intriguing molecule will be presented. It was first
discovered by Jaffe[79] in 1874 as a constituent of dog urine, that gave the
inspiration for the name. However, this presence was probably due to a mal-
function of the dog liver, since UCA is normally catabolized in the liver rather
than excreted in the urine. The next major discovery was the detection of
UCA in quite significant amounts in animal skin and sweat in the 1940’s[80].
As it turned out that the UV absorption spectrum of UCA has a major over-
lap with that of DNA and is mostly found in the most superficial part of
the skin, it seemed natural to propose that UCA would function as a natu-
ral sunscreen[81], protecting DNA from incoming UV irradiation, and UCA
was included in some sunscreening formulas. Also during the 1940’s it was
found out that UCA existed in two different forms in the skin, trans- and cis-
UCA (see figure 8)[82] and that the transition between the two was induced
by light, i.e it was a so called photoisomerization.

During the 1950’s, the biological pathway where UCA appeared was eluci-
dated[83] as indicated in figure 9. UCA appears from the action of the enzyme
histidine ammonia lyase (or histidase), that catalyses the deamination of the
amino acid histidine. Normally, histidine is converted to histamine, which

50Such structures are known as Holliday junctions.
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Figure 8: Structure of (anionic) a) trans and b) cis urocanic acid.

incidentally is also a key player in the immune system. Histidase appears only
in two kind of tissues in the human body, the skin and the liver. In the liver,
another enzyme, urocanase, catabolizes UCA to imidizolonepropionic acid.
That enzyme is however absent in the skin, so that trans-UCA is allowed to
accumulate and eventually constitute 0.7 % of the dry weight of the outermost
layer of the epidermis, stratum corneum[84].

Much later, in 1996, it was shown that the sunscreening effect of UCA in
natural concentrations does not have any clinical relevance[85]. So what is
the reason for accumulating this chromophore in the outer part of our skin?
Only recently a report was published that might point to a solution to this
mystery. One of the physico-chemical defense strategies of the skin is to be
acid51. However, since living human tissue can only stay living in a pH close
to neutral (pH 7), there exists a pH gradient across the stratum corneum be-
tween pH≈4 to pH 7 (the surface pH varies from individual to individual).
To uphold this gradient, protons must be transported outwards the skin sur-
face. It turns out that not only can UCA absorb UV light, it is also an excellent
carrier of protons, with a pKa in a very convenient range (6.1), to provide the
protons in this process. It was shown that the presence of urocanic acid was in
itself enough to explain the major part of the pH gradient[86], and it seemed
to exist a self-regulating enzymatic process with histidase that turns on UCA
production when pH becomes too high. Some doubt of this theory was how-
ever very recently created when it was shown that mice in which the gene for
histidase was inactivated still could uphold this gradient[87].

51This aspect of the skin has been dubbed ’the acid mantle’. Not only does it make the skin a
harsh environment, it also activates certain proteins that can break down other proteins, so called
proteases.
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Figure 9: The metabolic pathway of urocanic acid. Note that there is no natural
pathway for the metabolism of cis urocanic acid in humans, even though some
bacteria can convert cis to trans urocanic acid in the dark.
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However, it is the connection to immunosuppression that has drawn the
most interest to UCA. Defabo and Noonan had noticed that the action spec-
trum of immunosuppression and the absorption spectrum of urocanic acid
had a remarkable resemblance. This motivated an investigation of the im-
munosuppressive properties of UCA[88]. An especially instructive study in-
cluded four groups of mice. In the first group the normal immune response
was induced by infection with Herpes Simplex Virus. The response was mea-
sured by the swelling of the ears. In the second group, the mice were first
treated with UV, which caused a 54-94% reduction of the swelling. For the
third group, the UV treatment was replaced with application of cis-UCA in
different doses, and it was found that the response was suppressed in a dose-
dependent manner. The fourth group, finally, received first a cis-UCA specific
antibody and then UV treatment. For this group, only a very slight suppres-
sion could be detected. All this points towards that the photoisomerization of
trans-UCA is an important initial step in immunosuppression.

Ever since this finding, an intense research activity has been going on to
find out what the mechanisms for UCA-induced immunosuppression are.
Still today no conclusive answer has been given, even if many cytokines have
been connected to the effect (such as TNF-α[89], IL-10[90], PGE2[91]), the
chain of events seems quite complex and involves several cascade-like chains
of reactions. At the moment, there are two main theories concerning how
this process is initiated by cis-UCA. The first is connected to the other main
metabolite of histidine, histamine, which has been shown to be involved in
immunosuppression. This molecule is stored in special storage cells called
mast cells which can release it after stimulation. It has been shown that mast
cell depleted skin can not mediate the immunosuppressive effect of UCA, and
that cis-UCA can cause the release of chemicals from these cells, while trans-
UCA lacks this ability. Among the chemicals released by mast cells is also
TNF-α, which together with histamine is thought to induce prostaglandin52

production, which in turn enhances the activity of Th2 cytokines and sup-
presses the Th1 response.

Also, it is found that the antigen presenting capabilities of Langerhans
cells are diminished if the skin is treated with cis-UCA, and that structural
damage becomes visible within these cells[92]. This could be related to the
second major clue of what initiates the action of cis-UCA. In the search for a
receptor for cis-UCA it was found that it could bind in a stereospecific way
to γ-aminobutyric acid (GABA) receptors[93, 94], a kind of receptors usually
involved in the nervous system. Just by visual inspection, it can be seen that
these two molecules (GABA and cis-UCA) share some basic features, espe-

52Prostaglandines are signalling molecules involved in pain and inflammation. Many com-
monly used painkillers such as those based on acetyl salicylic acid, interferes with the action of
these molecules.
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Figure 10: A comparison of the structures of γ-butyric acid (left) and cis uro-
canic acid (right) as calculated with Hartree-Fock at the 6-31G* level.

cially if they form an intra-molecular hydrogen bond (see figure 10). Even
if these receptors are usually connected with the nervous rather than the im-
mune system, they are present on the surface of lymphocytes, and can have
immune effects. For example, GABA has been connected to the release of
the calcitonin gene-related peptide (CGRP). CGRP has in turn been shown to
alter antigen presentation in Langerhans cells and also effect the expression
of adhesion molecules that is needed for migration of Langerhans cells and
Lymphocytes[95]. All this is still quite circumstantial evidence, and a decisive
experiment (to the extent that such is possible in biology) still awaits us in the
future.

3.3 Experimental and theoretical investigations of the photo-
chemistry of urocanic acid

The photochemistry of urocanic acid has been of concern ever since it was
discovered in the 1950’s that it existed in high amounts in the skin. Also the
fact that it transforms from trans to cis form upon UV irradiation, a fact that
was found already in the 1940’s caught the interest of many photochemists,
but it was not until the photoisomerization was linked to immunosuppression
that a large increase in the interest of this molecule could be seen, and since
then numerous attempts to elucidate the photochemistry of this chromophore
by means of experimental and theoretical methods has been published. Here
only the most relevant findings for the research of this thesis is reviewed in a
(reasonably) chronological manner.

There are a few complicating facts to keep in mind when studying uro-
canic acid, both for experimentalists and computationalists. The first is the
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fact that the molecule is light sensitive which makes it more difficult to be
certain to know if the results represents measurements on one isomer or a
mixture. Second, there are many possible variants of this molecule other than
the cis/trans isomerism. There are three possible protonation sites, each with
different pKa[96], one carboxylic acid group, and one imidazolic group which
carries two nitrogens which can be protonated. When pH is over 13, none
of the three is protonated and the molecule is dianionic, thus carrying a total
charge of -2. Under pH 13, one of the nitrogens (preferably the tertiary) be-
comes protonated, and the molecule has anionic charge. This is also the charge
state it keeps in neutral pH (7) and in the pH of the living cell. If pH goes be-
low 5.8, also the second imidazolic nitrogen is protonated and the molecule
adapts a charge-neutral, but zwitterionic form, carrying a positive charge on
the imidazolic moiety and a negative charge on the carboxylic group. Finally
if the pH goes below 3.5, also the carboxylic group becomes protonated, yield-
ing a cationic form. All the above applies to the molecule solvated in water.
In the gas phase, the most likely form is again charge-neutral, but this time
with a protonated carboxylic group and singly protonated imidazole ring,
thus avoiding the charge-separation of a zwitterion, which is energetically
unfavorable in the absence of a strong dielectric medium like water. In ad-
dition, there is tautomerism between the two nitrogens of the imidazole ring,
leading to two different forms both in the gas phase and for the anionic form.
Finally there are also some in principle rotatable bonds, the one between C3

and C4 could for all forms give two different rotamers, and if the carboxylic
group is protonated, the C4-C5-C6-O and C5-C6-O1-H dihedrals can also give
rise to rotamers. Taking into account all isomers, protomeric states, tautomers
and rotamers there are 64 different forms of urocanic acid, each possibly with
different properties.

Experimentally, the easiest way to modulate the form is by controlling the
pH. Indeed it turns out that e.g the absorption spectrum is dependent on pH.
The general appearance of the absorption spectrum is approximately the same
regardless of pH and consists of a single broad peak between 250 and 350 nm
wavelength. But the shape and peak position (λmax)is shifted with pH[83].
The trend is increasing λmax with increasing pH, with the cationic and zwit-
terionic forms having a λmax around 270 nm, the anionic around 280 nm, and
the dianionic having a λmax about 295 nm. One can notice that both the ion-
ization state of the carboxylic group and the imidazolic ring influences λmax,
implying that the excitation giving rise to this absorption peak is delocalized
over the entire chromophore. Such delocalized, strong transition is usually of
so called π → π∗ type53, which means that it can be described (approximately)

53The classification of orbitals can very briefly be summarized as follows: If the orbital is form-
ing a bond between atoms, it is denoted a σ orbital when there is no nodal plane, that is a plane
where the orbital takes the value zero, in the bond, and a π orbital if it has one nodal plane. If the
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as the promotion of an electron from a bonding π orbital to an antibonding
one. Later theoretical studies confirmed this assignment[98].

Since the two isomers can be separated by chromatography it is also possi-
ble to investigate their respective absorption spectra. This, however, does not
yield very much additional information, since they are almost identical, with
the exception of the cis isomer having a lower absorption coefficient[99].

Even though the pure absorption spectrum does not seem to imply a very
complex photochemistry of this molecule early studies of the photoisomeriza-
tion reaction using light sources with different wavelengths gave a hint that
something more than a single transition was hiding under the broad absorp-
tion peak. In fact it turned out that the quantum yield for isomerization Φiso

depended strongly on the excitation wavelength[100]. Perhaps even more sur-
prising was the fact that it did not peak at the same wavelength as the absorp-
tion, in fact Φiso at λmax is only 0.05. Instead it peaks in the red edge of the
absorption band, at λ = 310nm, Φiso = 0.49. Note that this corresponds to
lower energies than the absorption maximum, so that the wavelength depen-
dence can not be explained by a barrier in the excited state. Based on earlier
experience with other chromophores two different explanations of this kind
of wavelength dependent photochemistry was suggested. One was based on
the existence of several transitions under the broad absorption peak, and the
other pointed out the possibility of having different rotamers present in dif-
ferent populations that each had differing Φiso.

Since it is very difficult experimentally to differentiate between rotamers,
that may interchange rapidly in experimental conditions, it seemed to be the
right moment for theoretical studies. One study also appeared that addressed
this issue using semiempirical quantum chemistry[101]54 with the modified
neglect of differential overlap (MNDO)[102] method and a CIS treatment for
vertical excitations. They found that the two tautomers (figure 11 a and b)
had their strongest transition at 263 nm and 300 nm respectively and that the
energetic difference between them was sufficiently small to make it likely that
both could be present under ambient conditions. The difference in calculated
spectra between rotamers was much smaller. This would implicate that the
wavelength dependence could be due to the different photoreactivity of these
tautomers. However, these results could not be considered definitive for a
number of reasons. First of all the accuracy of semiempirical results is usually

orbital describes an orbital with electrons not participating in any bond, a so called lone pair, it is
called an n orbital. Among the virtual orbitals, they usually have a nodal plane perpendicular to
the chemical bond, which renders them antibonding. This is usually marked with a star σ∗, π∗,
etc. Furthermore, there are Rydberg orbitals which are built of atomic orbitals of higher quantum
numbers and therefore much more diffuse than the antibonding orbitals[97].

54Semiempirical quantum chemistry is an attempt to approximate the Hartree-Fock treatment
of electronic structure, by systematically setting certain integrals to zero and calculating the rest
with analytical expressions containing parameters that are set to reproduce empirical data, such
as heat of formation, geometries, dipole moments etc.
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Figure 11: The two tautomers of neutral trans urocanic acid. a) is more stable
than b).

not enough to allow quantitative conclusions to be drawn and sometimes even
qualitative conclusions are wrong. Secondly, and perhaps more seriously, all
conclusions were drawn from calculations on the neutral form which is prob-
ably not present under physiological conditions.

These uncertainties motivated further quantum mechanical studies in a
series of papers by Lahti et al. In the first paper[103], they validated some
different semiempirical methods with respect to their ability to reproduce
Hartree-Fock relative energetics, and found MNDO to be the worst choice
in this respect, giving non-planar structures where Hartree-Fock gave planar,
and reversing the stability of several rotamers. Instead they found the Austin
Model 1 (AM1)[104] to be the most accurate semiempirical method in terms of
energetics. Still all semiempirical methods severely underestimated the bar-
rier of rotation around the single bonds, due to an inappropriate treatment of
the delocalized electrons in the π-orbitals. Later, a more comprehensive con-
formational search was performed[105] using Hartree-Fock, and for selected
structures also Møller-Plesset perturbative calculations to the second order
(MP2), which captures some electron correlation. The result were again that
the energetic difference between the rotamers were larger (8 kJ·mol−1) than
between the tautomers (4 kJ·mol−1) for the neutral molecule, while for the
more relevant anionic molecule both the difference between tautomers and
rotamers was quite large. Most of these conclusions are based on HF calcula-
tions since the criterion for moving on to MP2 calculation was based on the
absolute gas phase energetics, which for example lead to that it was only the
structure with protonated carboxylic group and doubly deprotonated imida-
zole ring that was considered for the higher level of calculations among the an-
ionic structures, a structure that is not likely to be present in aqueous solution.
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The strong electrostatic interactions in the gas phase for the ionic structures is
in general likely to distort the results to an extent that makes it hard to draw
quantitative conclusions about the relative stability of the species in aqueous
solution. For example, the zwitterionic form is considerably less stable (>200
kJ·mol−1) than the neutral form, while it is known from e.g NMR studies[96]
that the zwitterionic form is more stable in solution. For the cis isomer, the
zwitterionic form can even transfer a proton from the imidazole ring to the car-
boxylic group without any energetic barrier. In two further papers[106, 107],
attempts were made to model the intra-molecular hydrogen bond of cis uro-
canic acid in aqueous solution using different implicit solvation models or a
few surrounding water molecules. None of the attempts could reproduce the
preference for the zwitterionic form even if this form at least formed a local
minima on the potential energy surface.

A few words are perhaps appropriate about the intra-molecular hydrogen
bond of cis urocanic acid. Besides the intrinsic interest of the chemical phe-
nomenon in itself, the strong interest in the particular species in this molecule
is motivated by the analogy to an histidine amino acid interacting with the car-
boxylic group of an aspartate or glutamate, an interaction commonly found in
a certain class of enzymes called proteases (see figure 12)[108]. The question is
if this interaction is strong enough so that the distinction between hydrogen
bond donor (the molecule to which the hydrogen is attached) and hydrogen
bond acceptor (the molecule which interacts with the hydrogen) vanishes and
the hydrogen can be said to be shared. In such cases, the hydrogen bond
is referred to as a low-barrier hydrogen bond. A NMR study of the hydrogen
bond[109] indicated that both cis urocanic acid and proteases contains such a
bond. However, the relevance or even existence of such interactions in both
urocanic acid and in conjunction with enzyme catalysis have been seriously
questioned on theoretical as well as experimental grounds[110]. It was even
suggested that the intra-molecular hydrogen bond does not even exist and
that the other tautomer should be more stable in aqueous solution[111].

Returning to the wavelength dependence of the photochemistry, this could
be detected spectroscopically measuring fluorescence[99]. Although early mea-
surements did not see a large difference in the emission when the sample was
excited at 264 or 300 nm, it was later seen that if a 310 nm excitation wave-
length was used, the emission maximum was indeed red shifted. Further-
more, the red shift was pH dependent, since the emission maximum upon
excitation at 266 nm did not change when going from zwitterionic to anionic
form, while the emission from excitation at 310 nm did. This does however
in itself not give any clue to which of the two above mentioned hypotheses is
more likely to be correct. That the emission spectrum at the lower excitation
wavelength is identical for both anionic and zwitterionic form suggests that
the emission occurs from the same structure. A clue to which structure that
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Figure 12: The catalytic triad of chymotrypsin consisting of Ser 195, His 57
and Asp 102.

would be is provided by comparing the excitation spectra with the absorption
spectra of the two protomers[112]. Such a comparison lead to the conclusion
that it was the anionic form that was the emitting one. This means that zwit-
terionic urocanic acid would undergo excited state deprotonation from the
imidazole ring to become anionic upon excitation at 266 nm while excitation
at 310 nm leads to another fate.

It had earlier been shown that photoisomerization could be induced by so
called triplet energy transfer in which a moleculeA3 excited to a triplet state that
encounters another molecule B1 in the singlet ground state that has a triplet
state at a closely matching energy difference,E(A3)−E(A1) ≈ E(B3)−E(B1),
they might switch spin state so that B3 and A1 results. If a photoreaction then
can occur, it is said to be an triplet sensitized reaction. For urocanic acid, it was
found that if a sensitizing molecule with a triplet energy above 55 kcal·mol−1

was used, photoisomerization could be induced, which indicated that uro-
canic acid had a triplet state at this energy[113].

Further hints of the excited state dynamics at different wavelengths came
from photoacoustic calorimetry[99]. This technique revealed that in the case
of excitation at 310 nm practically all the energy provided by the photon was
given back in a non-radiative way to the solvent, while in the case of a 266
nm excitation only half of the energy was released. In addition, when oxygen,
which has a triplet ground state and therefore is a good receptor for triplet en-
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Figure 13: Hanson and Simons experiment. If the situation is like a) with two
different minima, the signal will be the same if the pulses are applied with a
long or short time delay. In situation b) (multiple states) the signal after the
pulses have been applied with short time delay will be similar as if only pulse
1 was applied.

ergy was added to the sample, more of the energy was released. Furthermore,
when the retained energy was calculated it fitted well with the 55 kcal·mol−1

obtained in the triplet sensitizing experiments. This indicated that it was a
long-lived triplet state that was populated through an intersystem crossing
after excitation at 266 nm, while excitation at 310 nm leads to a fast isomeriza-
tion.

Finally the rotamer versus multiple states issue was also addressed using
time-resolved photoacoustic calorimetry[114]. The idea was to compare the
outcome of two experiments (see figure 13). In the first experiment, the signals
after excitation at 266 nm and 310 nm are recorded separately and added to-
gether. In the second experiment, the 310 nm pulse arrives just a few nanosec-
onds after the 266 nm pulse has excited the sample. In the case that different
rotamers are behind the differing photochemistry the molecules absorbing at
310 nm should not absorb at 266 nm and so the signal should not depend on
the delay between the two signals. If however, there are two different states
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within each molecule the ones that was already excited by 266 nm probably
does not absorb the second photon at 310 nm, leading to a lower signal in the
second experiment (since the 266 nm leads to a triplet state with much longer
lifetime than the separation between the pulses). Indeed it was found that
the amplitude was lower in the second experiment and it was thereby proved
that there existed several electronic states under the absorption peak. Still it
does not exclude the existence of several rotamers and that they could have
an influence on the photochemistry, see paper 1 and 2 and chapter 4.

The fact that the relevant photochemistry did mainly take place at a wave-
length shifted substantially from the absorption maximum has also motivated
scientists to investigate the photochemistry also at wavelengths even further
red shifted from the λmax. It had been shown that the photoisomerization
could occur in the region between 340 and 370 nm by broadband light be-
tween these wavelengths[115]. However, it was also found that other reac-
tion channels was competing with photoisomerization. Triplet formation was
found to increase as wavelength increased, and the action spectrum peaked at
around 340 nm. Incidentally, this coincides with the peak of the wavelength
dependent skin aging of mice, a process in which triplet sensitized formation
of singlet oxygen has been implicated[116].

On the theoretical side, the first attempts to describe the photochemistry
using more accurate ab initio methods were published. Lahti et al reported
calculations using the Complete Active Space SCF method[117], which is a
particular variant of the multiconfigurational SCF method. In this method,
one has to choose the orbitals that will be used to describe the states of in-
terest, and in this case only orbitals of π symmetry was chosen, so that only
π → π∗ transitions could be described. Furthermore, it is known that this
method overestimates excitation energies similarly as CIS. Therefore it was no
surprise that the excitation energy for the lowest allowed transition found was
much higher than the experimental absorption maximum (6.0 eV compared to
4.7 eV for the anionic form). However the lowest lying triplet was optimized
and found to have an energy of 250 kJ·mol−1 in reasonable agreement with the
experimental estimate of 230 kJ·mol−1 . Also the geometrical changes after ex-
citation was calculated for the neutral form, and it was found that for example
the double bond around which the cis/trans isomerization takes place was sig-
nificantly longer in the excited state than in the ground state, something that
could imply that the isomerization would be facilitated in this state. An esti-
mate of the torsional barrier in the ground state and the lowest excited triplet
and singlet states (of ππ∗ type) of both neutral and anionic urocanic acid was
also given. It was found that the barrier was considerably lower for the excited
states (≈ 25 kJ·mol−1) than for the ground state (137 kJ·mol−1) in the case of
the neutral form while in the anionic form the lowering in the singlet state
was much smaller, and the remaining barrier was as high as 96 kJ·mol−1. Still
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the choice of active orbitals was restrictive and since experimentalists on the
basis of the low absorption of the photoisomerizing state had assigned this to
a n→ π∗ transition there were many questions that remained to be answered.
Also concerning the anion the solvation effects were neglected, which could
also be a source of concern.

In the same year, 1999, a more detailed study also based on the CASSCF
method was published[118] on the neutral form of both cis and trans urocanic
acid in vacuo. A much larger set of orbitals were included in the calculations
and several states of different symmetry was calculated, giving a more com-
plete picture of the vertical excitations in this molecule. Also much more ac-
curate excitation energies could be calculated since a perturbational approach
(CASPT2) was used to capture some of the correlation effects missing in the
usual CASSCF treatment. Geometry optimizations to calculate the fluores-
cence maxima and band origins of some selected excited states were also per-
formed with the CASSCF method and the energetics evaluated by CASPT2.
As had been suspected from the experimental studies several low-lying states
were found in the interesting energy range. Starting with the trans structure,
two almost degenerate states were found at about 5.0 eV (250 nm), one of ππ∗
type with a sizeable oscillator strength and one of nπ∗ character, coming from
the carboxylic oxygen. The most strongly absorbing transition, the π → π∗

involving the delocalized bonding and antibonding π orbitals were found at
5.40 eV (230 nm) and another at 6.00 eV, and these two together with the lowest
lying one were candidates for the observed broad absorption peak. For the cis
form, the tautomer that allowed for the intra-molecular hydrogen bond was
chosen. The lowest ππ∗ state, which was the delocalized one, was now cal-
culated at 4.16 eV (298 nm), while the other states experienced much smaller
shifts. Also the lowest lying triplets of each isomer was calculated. The ge-
ometry optimizations of the lowest lying ππ∗ and nπ∗ states showed that the
isomerizing double bond was lengthened in all cases, but for the ππ∗ state
the double bond character was transferred to the single bond connected to the
imidazole ring while in the nπ∗ state it was transferred to the single bond con-
nected to the carboxylic moiety. Interestingly, for the trans form it was found
that the minimum of the nπ∗ potential energy surface was deeper than the
ππ∗ state, indicating that these two crossed close to the Franck-Condon re-
gion. For the calculated fluorescence maxima no match with the experimental
values in aqueous solution was obtained, but given that the calculations only
considered the neutral form in vacuum conditions this was not too surprising.

An attempt to more closely reproduce experimental data was made by ap-
plying the same methodology to anionic and zwitterionic forms of urocanic
acid[111]. For the anionic trans form the resulting vertical spectra gave a nice
interpretation of the observed spectrum. Again the lowest lying ππ∗ and nπ∗
states were almost degenerate, but red-shifted to 4.1 eV, close to the isomer-
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izing maximum for this form. The strongest transition was put at 4.6 eV, and
a third π → π∗ transition of somewhat lower oscillator strength was found at
5.0 eV. In the case of the cis isomer, a quite similar set of vertical excitations
was found (only the two lowest was shifted 0.3 eV to the red). However, one
should notice that the calculations on the cis form was not performed on the
lowest energy tautomer, but on the one that does not allow the intra-molecular
hydrogen bond. This was motivated with that this intra-molecular hydrogen
bond would be destabilized and replaced with solvent hydrogen bonds in
aqueous solution. However, there are NMR evidence that this hydrogen bond
does persist in water[96]. For the reason stated above, that the zwitterionic cis
isomer is not stable in gas phase, only the trans isomer was considered for the
zwitterionic form. The result was a number of very low lying transitions (<
3.5 eV) of charge transfer character, not surprising given the energetical cost of
charge separation in gas phase. However, in a strong dielectric medium such
as water, this cost is much reduced, if not vanishing. Nevertheless, the shift in
the strongest absorbing ππ∗ state to the red was observed, and so the pH de-
pendence of the absorption spectrum could be said to be partly captured. For
the excited state geometries, it was noticeable that the lowest nπ∗ states gave
a larger lengthening of the isomerizing bond than the strongest absorbing ππ∗
states that instead had the largest geometry differences in the imidazole ring.
While the fluorescence maximum calculated for the strongest absorbing ππ∗
states matched the experimental one quite well, the one calculated from the
nπ∗ surface was much too low. The lowest triplet band origins showed an ac-
ceptable agreement with the experimental value. Although this study gave a
lot of insight into the absorption and possibly even emission spectrum of the
physiological forms of urocanic acid, the lack of solvent treatment was still a
cause of worry since these are expected to be large, particularly for the zwit-
terionic form. Another point was that all geometries were constrained to be
planar, thus not necessarily even representing a local minima.

The next major experimental study was carried out in the gas phase[119],
thus filling a major gap between theoretical and experimental studies. The
study considered a supersonic jet expansion55 of vaporized trans urocanic acid
probed by fluorescence excitation spectroscopy. In the analysis of the result-
ing spectra, the authors divided it into three regions. The first region was
characterized by very well-resolved peaks, with the sharpest at 307 nm, that
was assigned as the band origin of the first singlet excited state. Since it ab-
sorbed quite well it was interpreted as a ππ∗ state, and that the geometry of the
excited state was similar to that of the ground state. As the excitation energy
increased over 1500 wavenumbers above the origin, the second region was en-

55A supersonic jet expansion occurs when a hot gas in a container is allowed to expand through
a small hole (a nozzle) into a vacuum. In this case almost all kinetic energy is transformed into
translational energy, leaving the molecule very ’cold’ with regard to internal degrees of freedom,
thus enabling a superb resolution.
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tered. In this region, the peaks are much less well resolved, and the molecule
exhibits dual emission. This was interpreted as that photoisomerization took
place in this region, and the excess energy needed to reach this region was
interpreted as the barrier to isomerization on the excited state surface. Finally
at even higher excitation energies (the third region) a broad spectral feature
was observed with a peak absorption at 273 nm. This was assigned to a differ-
ent ππ∗ transition, with an excited state geometry far from the ground state.
Surprisingly, there were no signs of isomerization upon excitation into this re-
gion, which was unexpected since normally internal conversion is very fast
compared to emission, and since the molecules supposedly would enter the
lower ππ∗ state with considerable internal energy, it could be expected that
this would suffice for them to cross the isomerization barrier. Moreover, in
this assignment it seemed that the calculations performed by CASPT2 was al-
most useless, since the errors for the two first ππ∗ transition were in the order
of 0.5-1.0 eV, and in this case the error could not be traced to lacking envi-
ronmental effects or wrong protomeric forms. This was surprising since the
agreement of this method with experiment usually is around 0.1 eV, and also
since the agreement with the peak position for the anionic form was so well
reproduced even without environmental effects with the same methodology.

At this point, paper 1 of this thesis came out[98], a paper using a differ-
ent high-end quantum chemistry method, time-dependent density functional
theory (TD-DFT). A longer summary of the paper can be found in section 4.1,
but the major points were that environmental effects were taken into account
for ions, which gave good agreement for all the forms investigated, which in-
cluded several rotamers, tautomers and protomers. Also the zwitterion was
treated, and it was found that it preferred a non-planar conformation in both
gas phase and aqueous solution. Unlike the CASPT2 study, deeper lying nπ∗
states with very low oscillator strength was found that could influence the
photochemistry at higher wavelengths. It should be noted though, that for
the gas phase neutral species, the results were in accordance with the CASPT2
results and therefore did not immediately solve the assignment problem of the
supersonic jet spectra.

Another paper from the group of Simon[120] tried to further investigate
the photochemistry of urocanic acid in the low-absorbing spectral area with
wavelength > 310 nm. Specifically they were interested in the ability of uro-
canic acid to produce and quench singlet oxygen, and also to produce reactive
oxygen species. Photoacoustic data showed that as the excitation wavelength
increases, the efficiency for triplet formation rises again, and reaches Φtriplet =
0.75-0.8 above 330 nm, and it was demonstrated that trans urocanic acid can
both generate and quench the formation of radicals and singlet oxygen upon
irradiation in this wavelength range. In addition, time-resolved transient ab-
sorption spectroscopy gave a new upper limit to the life-time of the photoi-
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somerizing state of 1 ps. They furthermore suggested that the isomerization
proceeded through a twisted structure where it could funnel into the ground
state on top of the ground state barrier with approximately 0.5 probability to
reach the trans or cis structure.

The issue of another photochemical channel, photoionization, was inves-
tigated in a paper using nanosecond time resolved spectroscopy[121]. It was
found that at 266 nm, the quantum efficiency Φionization was comparable to
Φisomerization, 0.02 versus 0.05. The authors also did not agree with the view
that fluorescence is completely pH-independent after excitation at this wave-
length.

The second paper of this thesis[122], also described in more detail in sec-
tion 4.2, did not directly concern the photochemistry, but rather the behavior
of the two electroneutral forms in their preferred environment, gas phase and
aqueous solution for the neutral and zwitterionic molecules, respectively. The
flexibility of the different rotameric bonds were investigated and in gas phase
it was found that under the circumstances of the vapor used in the experi-
mental gas phase study, there is considerable flexibility between the rotamers
for the trans, while the cis form stayed locked in the hydrogen-bonded con-
formation. In contrast, it was found that in aqueous solution, the cis isomer
was much more dynamic than the trans that did not change rotamer regardless
from which it was initiated, giving an indirect support for the existence of both
rotamers under experimental conditions. Regarding the carboxylic group, it
was found that it rotates almost freely in the zwitterionic form, due to that the
conjugation pattern is broken. Also the solvation of different rotamers and
tautomers were compared.

The formation of singlet oxygen by urocanic acid upon irradiation with
light with >330 nm was once again confirmed and shown to have possible
biological consequences in a study where the nicking of DNA was measured
after treating it with irradiated urocanic acid[123]. It was demonstrated that
the generation of singlet oxygen in turn lead to the destruction of urocanic
acid, and it was these photoproduct that destroyed the DNA.

In yet another study of this spectral region[124], the focus was switched
to the photoisomerization reaction and a monochromatic laser of wavelength
355 nm was used. It was shown that indeed photoisomerization did occur
also at this wavelength and more importantly, that the Φisomerization, was in-
dependent of the presence of oxygen, indicating that the photoisomerization
exclusively took place in the singlet state.

In the third paper of this thesis (see also section 4.3)[125], the gas phase
photochemistry was revisited using TD-DFT. The gap between the theoretical
and experimental studies was suggested to be due to the simultaneous pres-
ence of trans and cis isomers in the vapor. Sections of the potential energy
surface was presented that could be used to interpret the experimental data,
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and put it in harmony with theory. Still a definite experiment to verify this
hypothesis is missing.

Very recently, a new study utilizing similar methodology as in paper 1 (TD-
DFT in conjunction with continuum solvation model) was published[126],
drawing on the finding of free rotation of the carboxylic moiety in the zwit-
terionic form that we found in paper 2. By investigating the dependence of
vertical excitation energies of different singlet and triplet states as a function
of the dihedral angle of the carboxylic group, they concluded that two sin-
glet/triplet crossings occurred at different angles. Based on this finding they
suggested that these two crossings governed the photochemistry, and con-
structed a model based on this assumption. Their model was based on the
assumption that it is the zwitterionic form that undergoes the photochemistry
in contrast to the experimentalist view of it being the anionic form.

Finally, paper 4[127] in this thesis presents a different model to explain the
wavelength dependent photochemistry of the anionic urocanic acid trying to
follow the photoisomerization coordinate in a coarse grained way by inves-
tigating reaction coordinates found to be crucial in analogous chromophores.
The model could explain the wavelength dependence by different entry points
into a conical intersection between the bright ππ∗ state and the dark nπ∗ state.
For details, see section 4.4.

Above, only such studies that concerns the photochemistry of urocanic
acid isolated or in aqueous solution (possibly with oxygen) was considered.
There are however also many studies that deals with possible photoreactions
involving more molecules. For example, if urocanic acid is present in larger
concentrations, it has been shown that photodimerization and even photopoly-
merization can take place. Another reaction which was initially thought very
important was urocanic acids ability to form adducts with DNA, which was
shown to render the DNA inactive. However, more realistic experiments has
shown that the quantum efficiency for this process is too low to have any
biological significance. For this reason no investigation was devoted to that
reaction in this thesis.

3.4 Biochemical and structural studies of hOGG1

The human 8-oxoguanine glycosylase is a bifunctional DNA glycosylase/AP
lyase involved in the BER pathway targeting the oxidized form of guanine
commonly formed when reactive oxygen species are present together with
DNA. In both procaryotes and eucaryotes there is a threefold protection sys-
tem against this specific form of DNA damage, illustrated in figure 14[71].
The first part which consists of the protein MTH removes the lesion from the
free nucleotide pool by transforming 8-oxoGTP to 8-oxoGMP, thus making it
impossible to insert the damaged nucleotide into the DNA. The second part,
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Figure 14: The cellular mechanisms of repairing the 8-oxoguanine lesion in
human DNA, in the three stages involved in mutagenesis.

played by hOGG1, removes those 8-oxoguanine bases that may be present
in the genome and that is (correctly) paired with a cytosine. Finally since 8-
oxoguanine can also form a so called Hoogsten base pair with adenine (see
figure 15), an adenine is frequently inserted instead of a cysteine if the un-
repaired 8-oxoG is present during replication. This adenine will in the next
round of replication be paired with a thymine, so that the original G:C base-
pair has been mutated to a T:A base pair. In the third part of the protective
system, adenines paired with 8-oxoG are therefore removed by the protein
MYH, which after filling the gap leads to a 8-oxoG paired with cysteine which
is repaired by hOGG1.

This system was first characterized in bacteria where it is called the GO
system[128] in the beginning of the 90’s and the corresponding system in hu-
man cells was found and the gene cloned in 1997 by several groups[129, 130,
131, 132, 133, 134, 135, 136] 56. This was the last part of the threefold machin-

56From May to November 1997 there were no less than eight publications, all from different
research groups including scientific centers from Japan, USA, France, UK and Norway reporting
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Figure 15: A Hoogsten base pair between Adenine (left) and 8-oxoguanine.

ery to be discovered, mostly due to that while the other two parts were very
similar to their bacterial equivalents, hOGG1 did not have any similarity to its
procaryot counterpart MutM. The breakthrough came with the discovery of
yOGG1[137], the yeast equivalent of hOGG1. After that, it was a straightfor-
ward task to identify hOGG1 with the help of standard tools of bioinformat-
ics. This enzyme seems instead to have evolved from the bacterial enzyme
endonuclease III, which repairs another lesion, thymine glycol.

The enzymatic activity of hOGG1 was tested already in these early studies,
confirming the function as a base exciser, specifically for 8-oxoG paired with
cytosine. As could be expected, for 8-oxoG paired with other bases the activity
was much lower, and the lowest was found for adenine, since it would oth-
erwise promote rather than prevent the G:C to A:T conversion. Curiously it
seemed that it was the AP lyase step that was most sensitive to the substrate.
Another expected feature of this class of proteins is that they form a Schiff
base57, see figure 16 where the chemical activity of hOGG1 is summarized ,
as an intermediate. Schiff bases can be trapped by a reducing agent called
borohydride, creating a covalent protein-DNA complex that can be easily de-
tected. Such complexes could also be demonstrated. In the family of proteins
to which hOGG1 belongs, there is a strongly conserved sequence of amino

this result. This may serve as a good demonstration of the competitivity of modern molecular bi-
ology, but also of the magnitude of interest this specific protein has for the biological and medical
community.

57After Hugo Schiff (1834-1915). A Schiff base is a compound formed after a condensation
reaction between an aromatic amine and an aldehyde/ketone. Still unclear ? Consult an organic
chemistry professor near you.
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acids called a helix-hairpin-helix (HhH) motif. This includes some of the cru-
cial residues in the active site. One of these is a strictly conserved lysine, which
was shown to be crucial for catalysis by site-directed mutagenesis, and it was
thought that this residue creates the Schiff base after nucleophilic attack. If
this residue was mutated to a asparagine, the ability to perform excision was
abolished, but still the binding to the damaged DNA was operational. By first
mutating the lysine to a cysteine, showing that this form was inactive, and
then rescuing the activity by attaching an amine group to the cysteine, it was
demonstrated that this lysine did indeed form the Schiff base[138].

Since human cells contain DNA both in the nucleus and in the mitochon-
dria, the finding of two separate versions of the protein lead to the suspicion
(and quick verification) that there was one heading for each kind of DNA[139].
Since DNA damage is strongly associated with cancer, much activity was ded-
icated to finding possible mutations in the gene coding for this protein in var-
ious cancer cells. Such mutations were also found in lung, kidney and gastric
cancers[140, 141].

The next necessary step for elucidating the detailed molecular mechanism
of this enzyme was a three-dimensional structure determination. This was
published in 2000[142], and not only did the structure reveal the structure of
hOGG1, but also it’s binding mode to DNA, since it was the protein-DNA
complex (including 8-oxoG) whose structure was solved with x-ray crystal-
lography. To achieve this, the active site lysine was mutated to a glutamine,
rendering hOGG1 catalytically inactive but still able to specifically bind the
8-oxoguanine. As had been expected from structures from related enzymes
the active site was contained in the HhH motif. The interaction with DNA
was very strong with the 8-oxoG completely flipped out from the DNA helix
into the active site, bending the DNA almost 70◦. The place of the flipped
out nucleotide in the DNA helix is taken by amino acids from hOGG1 that
specifically hydrogen bonds to the cytosine on the opposite strand, and among
these amino acids is one that is commonly mutated in certain gastric cancer
cells. Less specific interactions between the phosphate groups and hOGG1
also binds the protein to the DNA.

In the active site pocket, see figure 17, the 8-oxoguanine was stacked against
the aromatic ring of a phenylalanine, and also making contact with a cysteine
from the other side of the guanine ring. Furthermore, hydrogen bonding to
a glutamine also contributes to the binding. Somewhat surprising, there was
no apparent interaction between the oxygen (O8) and hOGG1, instead a back-
bone hydrogen bond to the N7 hydrogen, which is only present in the oxi-
dized form. There are also two water molecules in the active site interacting
with 8-oxoguanine. The mutated residue glutamine was not making any con-
tact with the oxidized guanine. For the reaction mechanism, nothing could
be said about the position of the lysine, since it was mutated. To serve as a
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Figure 16: The general mechanism of hOGG1.
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Figure 17: The active site of the hOGG1 with the catalytic lysine (249) mu-
tated to asparagine in complex with 8-oxoguanine containing DNA. From the
crystal structure with PDB access code 1EBM.
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nucleophile in a SN2 reaction (see figure 25), it has to reach the charge-neutral
state, even though lysine is normally protonated at neutral pH. It had been
suggested that a conserved aspartate could be the proton acceptor. From the
crystal structure, it was clear that this residue would have to be rotated in
order to get close enough to the lysine.

Another hint of the positioning of the catalytic residues were obtained
when instead of modifying hOGG1 the 8-oxoguanine was replaced with an
analog of an AP-site, tetrahydrofuran (THF)[143]. In that structure, the lysine
was found to be well positioned for the nucleophilic attack, but it was also
found that the aspartate was not situated at a hydrogen bonding distance from
lysine, but almost 4 Å away. Modeling suggested that if the 8-oxoguanine was
inserted, this distance would increase rather than decrease.

Initial studies of the efficiency of the complete two-step reaction of hOGG1
[144] revealed that it was very slow and it took up to 20 minutes to repair a
single damaged 8-oxoG. This motivated a study where it was found that the
reason was that hOGG1 binds very strongly to the product of the AP lyase
reaction (half life > 2 hours), and that probably another enzyme was perform-
ing this step in vivo. Thus it seemed that the AP lyase capability was not
used or at least decoupled from the glycosylase activity. An atomic force mi-
croscopy study[145] of hOGG1 together with damaged and undamaged DNA
gave some insight on how hOGG1 finds the damaged nucleotides in DNA.
The DNA bending that had been observed in crystal structures were found
to occur also for longer pieces of DNA, and also when the DNA was not
damaged, indicating that hOGG1 examines the DNA bases by bending the
DNA and extruding the base in a non-specific manner, and then binds much
stronger to the 8-oxoG cytosine base pair than undamaged base pairs.

A x-ray crystallographic study of the free enzyme[146] gave insight in
the induced structural changes upon substrate binding. These changes were
found to be unexpectedly large, with the active site quite closed off and large
changes in sidechain position of several amino acids. The catalytic lysine, for
example, was found hydrogen bonding to both the conserved aspartate and
an additional asparagine, which in the previous studies were found to be in-
volved in the recognition of the cytosine opposite to 8-oxoG. It was suggested
that the conformational changes upon substrate binding would transfer the
lysine from this polar environment to a significantly less polar one, thereby
destabilizing the protonated form and facilitating proton transfer to the as-
partate.

In the light of DNA damage being one of the major pathways of UV-
induced immunosuppression a study of the effect of UV light to hOGG1 was
quite interesting[147]. It was found that the protein was damaged by the UV
light, and that the tryptophan in the active site was involved.

The role of the conserved aspartate was again the focus of attention in a
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biochemical and structural study[148] where this residue was mutated into
a asparagine, glutamate and glutamine, respectively. As had been found al-
ready earlier, the asparagine variant did not excise 8oxoG, a fact that enabled
this mutant to be crystallized in complex with 8-oxoG-containing DNA, thus
providing the first structure where both 8-oxoG and the catalytic lysine was
present. In that structure, the lysine was quite distant from the asparagine,
and not in a suitable position to perform a nucleophilic attack on the 8-oxoG.
Even more surprising was the fact that both glutamate and glutamine mu-
tants could excise 8-oxoG with similar efficiency as the wild type. Instead
it seemed that these mutants were more temperature-sensitive than the wild
type, implicating that the structural role of the aspartate was perhaps as im-
portant as the catalytic. Instead of acting as a proton acceptor, it could then
stabilize the developing positive charge on the sugar ring oxygen as the gly-
cosidic bond breaks. The crystal structure of these mutants in complex with
THF-containing DNA revealed quite similar positioning of the lysine as in the
asparagine mutant. In the asparagine mutant a water molecule was found
in a position that seems to indicate it as the attacking nucleophile, a mecha-
nism used by monofunctional glycosylases. All these studies led the authors
to propose the possibility of a SN1 reaction instead of a SN2 reaction that had
always been assumed. In such a dissociative bond breaking the product can
then deprotonated the catalytic lysine that subsequently attacks the cationic
deoxyribose ring.

In the next structural study[149], the focus was shifted to the second func-
tion of hOGG1, that of an AP lyase. For that purpose they managed to crystal-
lize the borohydride trapped schiff base intermediate. The resulting structure
showed that not only did the cleaved off 8-oxoG still reside in the active site,
it’s position had only shifted slightly. Since there are no obvious candidates
among the active site amino acids for performing the acid-base chemistry, it
was suggested that it was the recently cleaved off 8-oxoG itself that provided
the catalytic power, and also gave a detailed reaction scheme. The conclusion
was strengthened by the fact that if hOGG1 was bound to an AP site, it could
be shown that the addition of modified guanines significantly increased the
rate of AP lyase activity. That these added nucleotides resided in the active
site was demonstrated crystallographically.

Some other key amino acids in the active site was investigated by site-
directed mutagenesis[150], followed by tests of substrate recognition, glycosi-
dase and AP lyase activity. The phenylalanine that was found to stack with
8-oxoG, the arginine that makes two hydrogen bonds to the second ring of
8-oxoG and a histidine that interacts with the phenylalanine and the phos-
phate group of the 8-oxoG was investigated. It was found that the histidine
and phenylalanine was essential for the recognition of 8-oxoG, and there-
fore also to the glycosidase activity. Replacement of histidine with a leucine
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slowed down 8-oxoG excision with a factor of at least 1000, while some activ-
ity could be restored by using an arginine instead of a leucine, since arginine
also has hydrogen bonding and some stacking capabilities. Also mutation of
the phenylalanine slowed down the binding and glycosylase activity with a
factor of 100, indicating that this also is an important residue in the recogni-
tion of 8-oxoG. More surprisingly, the removal of the hydrogen bonds from
glutamine did not have a huge effect, the binding decreased with a factor of
7 and the glycosylase activity by a factor of 2. None of the mutations had a
large effect on the AP-lyase activity (except possibly changing the histidine to
a leucine, which decreased the binding to the AP site with a factor of 5).

On the theoretical side, there has been very little work on hOGG1. One
molecular dynamics study[151] of the initial recognition process of hOGG1
and 8-oxoG has been performed but in this 1 ns simulation some contacts
were only formed in the last 100 ps, and they were formed by amino acids
not implicated in DNA binding by the crystallographic study. No DNA bend-
ing or flipping out the 8-oxoG was observed during this simulation. Longer
simulations are probably necessary to confirm the importance of the obser-
vations. In the paper describing the boro-hydride trapped intermediate[149]
there was a PMF calculation around a certain dihedral angle that could explain
some aspect of the stereochemistry on the AP-lyase step. Otherwise, there has
been plenty of studies concerning the damaged DNA containing 8-oxoG in
solution using molecular dynamics[152, 153, 154, 155, 156]. Focus has been
on flipping out of bases, electrostatic properties and DNA bending. How-
ever, no attempt has been made to model the chemical reaction taking place
inside the active site, although a study of the mechanism of another DNA
glycosylase, the uridine glycosylase (a monofunctional glycosylase) has been
published[157]. That enzyme was found to act by a dissociative mechanism
(closer to the SN1 mechanism proposed for hOGG1).

In the fifth paper in this thesis[158], we report density functional calcula-
tions regarding certain aspects of this chemistry in the hope to distinguish be-
tween different proposed mechanisms. In a very simplified model, it is found
that the lysine can catalyse the bond cleavage efficiently also through a SN1
mechanism.

This concludes the overview of the current status of this very active re-
search field, as seen from a mechanistic viewpoint. Much more could be said,
in particular with regard to the connections to different forms of cancer, but
that track would lead to far astray.
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4 Summary and discussion of the papers
- Men man vet aldrig, naturen är så jävla konstig.

Lars Hamberger

Hopefully the preceding sections have given a solid enough background
to understand fully the papers included in the thesis. They will be presented
here in the order they were published, even if large parts of paper 2 is built
on research done before the results in paper 1 were obtained. Also some ad-
ditional results that were not deemed to fit in those papers, or have the nature
of test calculations carried out afterwards, will be presented, in an attempt to
give the complete picture. In some places, comments about the methodology
used is also added, for example with regards to the limitations of TD-DFT, an
area where progress has been made quite recently.

4.1 The vertical spectrum of urocanic acid (paper 1) and a di-
gression about the dangers and successes of TD-DFT

The first thing to do when one wants to understand the photochemistry of a
chromophore is to understand the nature of the electronic states that are un-
derlying the processes. A good beginning is then to understand which states
are populated immediately upon excitation. At this time, there were no gas
phase experimental spectrum available, only spectra in aqueous solution at
different pH, which were all broad and featureless. It was expected that for the
charged forms, the solvent effects might be significant, and should therefore
be included in some form. In the literature, it had been suggested that there
was several electronic states that was underlying the wavelength dependence
of the photochemistry, but computationally there was only the semiempirical
results of Shukla and Mishra[101], which had uncertain reliability. The choice
of method fell on time-dependent density functional theory, which was at this
point a quite new method with very promising results, even though some ob-
jections could be found in the literature.

Around the time the project started, the CASSCF/CASPT2 calculations by
Page et al[118] concerning the neutral forms were published. Those results
then served as a benchmark for choosing functional and basis set suitable
for the calculations. Even though those results were high quality calcula-
tions, they did not take into account different tautomeric and rotameric forms,
which left plenty of interesting questions unanswered. But first some method-
ological points will be reported.

The B3LYP functional was chosen to approximate the exchange and corre-
lation, much based on the experiences of one of the coauthors (Jozef Uličný)
and a series of test calculations was carried out to see how the vertical excita-
tion energies converged with the size of basis set for the neutral forms. Since
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these test calculations did not find their way into the final paper the opportu-
nity is taken here to report them in table 1. A sequence of basis sets originating
from J.A Poples group is used to assess the convergence of vertical excitation
energies. Since in photochemistry the relative energies of different states are
usually interesting it is important to use a basis set where all states of interest
are converged. For this case, we find that it takes a rather large basis, of so
called triple zeta quality where each valence atomic orbital is represented by
three basis functions, and with added so called polarization functions (that is
atomic orbitals with higher angular momentum than the valence shell) as well
as very diffuse basis functions to the non-hydrogen atoms, a basis set which
goes under the acronym of 6-311+G*. Adding polarization and diffuse func-
tions also to the hydrogen atoms changes the excitation energies less than 0.05
eV, which given the accuracy expected of TD-DFT can be considered if not
negligible so at least marginal. Therefore the 6-311+G* set was chosen for all
the calculations, and also for calculations in paper 3 and 4.

Table 1: The basis set convergence of different excitation energies in eV for
the most stable conformers of neutral trans and cis urocanic acid. The number
in parenthesis of the last column in the cis excitations are calculated with 6-
311++G**.

trans Basis Sets
6-31G 6-31G* 6-311+G* 6-311++G*

nπ∗ 4.32 4.53 4.58 4.58
ππ∗ 4.67 4.72 4.54 4.54
nNπ∗ 4.99 5.38 5.34 5.34
ππ∗2 5.52 5.64 5.50 5.50
cis
nπ∗ 4.06 4.52 4.53 4.53 (4.50)
ππ∗ 4.09 4.16 4.04 4.04 (4.03)
nNπ∗ 4.60 4.86 4.88 4.88 (4.84)
ππ∗2 - 5.16 5.10 5.10 (5.09)

It is interesting to note how the convergence with basis set is far from uni-
form with respect to the state of interest. In particular it seems that polariza-
tion functions has a large effect on the states with A” symmetry (nπ∗ states),
but this is due to the π and π∗ Kohn-Sham orbitals being equally destabilized
compared to the 6-31G. When diffuse basis functions are added, this will lead
to a better description of primarily virtual orbitals, but it seems that also or-
bitals with lone pair character are significantly better described, thus not lead-
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ing to a large change in the states of A” symmetry. The description of occupied
orbitals with π symmetry are not improved to the same degree which leads to
a significant lowering of the states of A’ symmetry (ππ∗ states).

Another important issue is that of choosing a level of basis set for geometry
optimization. It is generally claimed that for geometry optimization a smaller
basis set is sufficient, and indeed the difference in excitation energies at 6-
31G* geometry is less than 0.05 eV from the ones at 6-311+G* geometry (both
evaluated with the 6-311+G* basis set). Nevertheless the optimizations were
done at the large basis set level, since it was not considered too expensive and
a consistent treatment is always preferable if possible.

Since at this time no gas phase spectra was available the only way to mea-
sure the success of our approach was by comparing to the earlier results of
Page et al. A reasonable agreement was found for most states, and especially
if the comparison is done between TD-DFT results for 6-31G* geometry and
excitation energies and MP2 6-31G* geometry and CASPT2 with a ANO-L
basis set[159] (see table II). The ANO-L basis set is at least in size similar to
the 6-31G* one but optimized for CASSCF calculations of excited states. To
choose the MP2 geometries rather than the CASSCF ones could be motivated
by that both MP2 and CASPT2 includes dynamic correlation58 to second or-
der in perturbation theory, in contrast to CASSCF which can mainly take care
of static correlation effects. However, there are exceptions, such as the second
ππ∗ state of the trans isomer, which is differing by 0.6 eV, a quite large amount.
One explanation for this could be that this excitation has some charge transfer
character, which is a known source of problems for TD-DFT[160]. An even
larger discrepancy is found for the second A” state, where the vertical excita-
tion of TD-DFT is calculated 1.5 eV below the CASPT2 value. It is quite hard
to rationalize this huge difference, but one can take note that in the CASSCF
wave function the excitation is completely described by a promotion of an
electron from the nN orbital to the second lowest unoccupied orbital, while
in the TD-DFT description the electron is promoted to the lowest one, as one
might expect. It seems curious that the CAS procedure did not find any state
with a significant weight of the latter configuration. For the cis isomer it is the
states of A” symmetry that shows the largest discrepancies. Here the source
of error is in the authors opinion more likely to be the choice of active orbital
in the CAS calculations since only one orbital of a’ symmetry were allowed
into the active space for each of the states. In the TD-DFT calculation it is
clear that promotion from both these orbitals have non-negligible contribu-
tions to the excited state in both cases, which could stabilize these states con-
siderably. These comparisons shows the value of having several theoretical

58Electron correlation is commonly divided into static and dynamic correlation. A rigorous and
commonly accepted definition is still not agreed upon but static correlation is thought of as long
range correlation while dynamic correlation can be seen as short range between electrons at the
same nucleus.
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approaches to tackle the same problem. It is also tempting to say that it at
least partly shows the advantage of having a method like TD-DFT, where all
states are treated at equal basis, and less expert choices are left to influence
the results, granted of course that one is aware of the pitfalls and limitations
of this method.

TD-DFT has a number of limitations, of which the two most well-known is
connected to Rydberg states and charge transfer (CT) states. Of these the most
well-understood failure is that of Rydberg states. The key to understanding
the failure is to notice that such states involve very diffuse virtual orbitals
and therefore depends on the asymptotic behavior of the exchange correlation
functional as the distance from the nucleus increases towards infinity. While
most exchange-correlation functionals are only dependent on the density (and
it’s gradient) they will decline as:

vxc → e−χr (83)

where χ is related to the ionization potential of the system, while the real
exchange potential can be shown to have the asymptotic behavior:

vexactx → −1

r
+ C (84)

Thus the exchange potential based on pure density functionals generally de-
cay too fast away from the nuclei, which leads to the orbital energies lying too
dense, especially for the diffuse virtual ones, which becomes too low in energy
compared to the occupied orbitals. This erroneous behavior leads to large er-
rors in the Rydberg excitation energies. For hybrid functionals, which mixes
in Hartree-Fock type of exchange (that does have the right asymptotic behav-
ior) the problem is somewhat less severe, in our case the lowest lying Rydberg
States are calculated at 4.98 eV and 5.41 eV for the trans and cis forms while
CASPT2 calculations puts them at 5.47 eV and 5.67 eV, respectively. Many
attempts to correct the exchange-correlation functional have been made, the
most straightforward being to switch on the correct asymptotic form as the
distance to the nucleus increases[161], a method that might seem a bit ad hoc
but which produces good results.

A limitation that was until recently less well understood is the inability of
functionals to correctly describe charge transfer excitations, a deficiency which
severely limits the use of TD-DFT in areas such as photosynthesis and molec-
ular electronics, areas where good quantum chemistry calculations is poten-
tially of great importance. Only recently have the attempts to understand and
solve this problem start to succeed[162]. The problem is again rooted in the
exchange functional. This time, however, it is the locality of the functional
that creates problems, since charge transfer is an inherently non-local process,
it can not be expected that the local, multiplicative operators of density that
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is the commonly used exchange functionals of today could describe this pro-
cess. Again it seems that Hartree-Fock exchange, which is represented by a
non-local operator, give the correct long-range behavior. One suggested so-
lution is therefore that instead of using a static mixture of Hartree-Fock and
DFT exchange, one could make the fraction of Hartree-Fock exchange dis-
tance dependent[163, 164]. This solution seems to be the most promising one
presented so far, and seems to solve both the Rydberg and CT problem simul-
taneously.

With all these methodological issues in mind, the dependence of the verti-
cal excitation spectrum of urocanic acid of different rotamers could be studied.
For the neutral form, only the two rotamers of the most stable trans tautomer
were considered, since the second tautomer was considerably higher in en-
ergy, and the rotamers around the C5-C6 produces such a marginal structural
change that it could hardly have a major impact on the excitation spectrum.
Neither did the rotamers around the C3-C4 bond as it turned out, which pro-
vided some evidence in support of that multiple states rather than multiple
rotamers were involved in the wavelength dependent photochemistry. Addi-
tionally we could confirm that the intra-molecular hydrogen bond redshifted
the lowest ππ∗ state considerably. In terms of the by then just published gas
phase experimental spectrum the assignment of our calculations were, just as
for the earlier CASSCF ones, quite disappointing (but see paper 3 below).

The ionic forms turned out to be a more delicate problem. The first at-
tempt was made to calculate the vertical excitations of the anionic form in
vacuum, and the result was disastrous. Again the problem was related to the
asymptotic properties of the functional. Since anions contain extra electrons
usually the electron distribution in gas phase is quite diffuse and therefore the
problems of Rydberg states becomes worse. Sometimes even the highest occu-
pied Kohn-Sham orbitals can have positive eigenvalues, which would mean
that they are not bound. Also since any charge distribution in vacuum tends
to want to smear out so that electronic repulsion is minimized, many of the
low-lying states are of CT character, that redistributes the charge from the car-
boxylic group to the imidazole moiety. Thus all possible problems for TD-DFT
occur simultaneously.

On the other hand, the case of anionic urocanic acid in vacuum was not
the primary interest since all available experimental data was made in aque-
ous solution, in any case a better mimic of the in vivo environment. That
solvent effects might relieve some of the problems was indicated when the
calculated excitation energies of the cis form was much more reasonable than
for the trans form, since the cis form is intra-molecularly hydrogen bonded.
As an initial approximation it was decided to try the polarizable continuum
model (PCM) to mimic solvent effects. It was quite surprising when the re-
sults were not only very compatible with experiment but also quite similar to
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the published CASPT2 results in vacuum. CAS type calculations do not suffer
the kind of problems with Rydberg or CT transitions as TD-DFT and there-
fore would possibly produce more comparable results with experiment, even
though of course solvent effects will still be important for an ionic species.

In summary, it was found that in the red edge of the spectrum, two states
of A” symmetry were predicted, one close to the region where photoisomer-
ization quantum yield maximizes. In the CASPT2 study only one state of this
symmetry was calculated, again showing the advantage of using an unbiased
method. The strongly absorbing ππ∗ state was found in the right region com-
pared to experiment, and a second one was found just above it in energy. In
the CASPT2 study[111], it had been found that the same state we found above
the strongest absorbing one, had an excitation energy close to the one of the
lowest nπ∗ state. Solvent effects stabilize the orbital from which the electron is
promoted, so that this transition gets a considerably higher energy in aqueous
solution. Just as for the neutral form, the shifts when considering different
rotamers and tautomers were quite small (about 0.3 eV or less) and not suffi-
cient to explain the wavelength dependence of the photochemistry. Therefore
it was concluded that the presence of different states under the broad absorp-
tion envelope was the most likely explanation for this phenomenon.

Another question which arised in conjunction with the cis form was the
presence of the intra-molecular hydrogen bond. This was ruled out in the CAS
study since it induced huge shifts in the spectrum, specially for the absorbing
ππ∗ state. Solvent effects will however lighten this effect which was demon-
strated by doing the TD-DFT calculation for both tautomers of the imidazole
ring. Although there was a shift of about 0.4 eV both results were compati-
ble with experimental data and the one preserving the hydrogen bond more
so than the one breaking it. There was no reason to dismiss the idea of an
intra-molecular hydrogen bond based on the vertical spectra.

Finally the zwitterionic form of urocanic acid was considered, a form that
TD-DFT certainly could not treat properly in gas phase due to the tendency
of favoring charge transfer excitations that diminish the unfavorable separa-
tion of charge in vacuum. Such excitations also dominated the spectra when
calculated with CASPT2 in vacuum while in aqueous solution a large dipole
moment is advantageous so that charge transfer excitations will not dominate
the low energy part of the spectrum. Accordingly the TD-DFT/PCM calcu-
lations gave a much more realistic picture of the vertical spectra as measured
in experiment, reproducing the shift of peak absorption and the fact that trans
and cis have very similar absorption spectra. In the gas phase the zwitteri-
onic form is not even stable but will spontaneously transfer a proton from the
imidazole to the carboxylic group. Even though the PCM method at least sta-
bilizes the zwitterionic cis form so that it is a local minima on the potential
energy surface it is not a realistic enough solvent model to reproduce the fact
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that it is more stable than the neutral form.
A more surprising finding was that the flat form of trans-urocanic acid

zwitterion was not a minimum of the potential energy surface. Instead the
carboxylic group is twisted in the minimum, both in gas phase and aqueous
solution (although the twist is smaller in the latter case).

All together this paper validated the use of TD-DFT and PCM to inves-
tigate the photochemistry of urocanic acid and gave strong support for the
presence of multiple states rather than multiple rotamers as a cause of the
wavelength dependent photochemistry.

4.2 The dynamic behavior of urocanic acid and solvent (paper
2) and a small digression about force field parameters

Although the TD-DFT studies indicated that indeed several electronic states
was underlying the broad absorption envelope it was also true that the differ-
ent rotamers seemed to have very similar absorption spectrum, which meant
that the experiment did not exclude the possibility of different rotamers. This
would then not have a large impact on the absorption spectra, but could have
an influence on for example quantum yields for different photochemical pro-
cesses.

To get a more realistic picture of the influence of the water solvation a fully
explicit model and statistical averaging through molecular dynamics simu-
lations were used. The resulting trajectories were used to create radial and
spatial distribution functions of the solvent organization around the chro-
mophore.

The most crucial point in making molecular dynamics simulations is that
of choosing a force field that will give a realistic potential energy surface. This
choice becomes even more delicate when the system under study is one for
which no standard force field is available. This was the case for urocanic acid.
In this paper, we choose to use the Amber[12]59 set of parameters for all bond
stretches, angles and van der Waals parameters, where it was possible to find
corresponding parameters. It should be noted though, that for example bond
stretch parameters can not be expected to be very accurate, since we are here
dealing with a delocalized π structure, that is likely to change force constants
and equilibrium bond lengths to some extent compared with those standard
examples from which the parameters were taken. But on the other hand, it
is not expected that these do play any decisive role in the properties studied
here.

Instead it was believed to be more important to catch long-range elec-
trostatic interaction and large scale intra-molecular motions such as twisting
around single bonds in a correct manner. Thus reparameterization of atomic

59This is an acronym for Assisted Model Building with Energy Refinement.
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partial charges and force constants of the dihedrals around rotatable bonds
was prioritized. In the Amber force field, a certain philosophy after which
partial charges are calculated exists and it was used also for urocanic acid,
not to create any unnecessary inconsistencies. The method is based on tak-
ing the electrostatic potential (ESP) from a Hartree-Fock calculation calculated
on a grid of points around the molecule, and then trying to fit a set of par-
tial atomic charges that recreates this potential as closely as possible. A re-
strained version[165] (RESP) has also been developed in which symmetries
can be forced and also if there are atoms that are located far from any sampling
point, the atomic charge of these are usually restrained to be low, since they
can otherways obtain quite arbitrary charges due to the fact that the quality of
the fit is not very sensitive to their value. For urocanic acid, these calculations
were performed on flat structures, so that sampling points are available close
to all atoms. Consequently, the difference between the ESP and RESP results
are quite small and so mainly ESP result are used. Since the electron distribu-
tion is not the same in aqueous solution as in the gas phase, it has become a
part of the philosophy to use the 6-31G* basis set, since experience shows that
this basis set together with the Hartree-Fock method tends to overestimate
polarization, thus (accidentally) mimicking the effect of a polar solvent. This
solution can be considered quite ad hoc and in the latest versions of Amber, it
has also been abandoned for the use of continuum models (such as PCM) to
take the solvent effects into account. The torsional force constants were also
reparameterized by fitting them to the energetics of B3LYP/6-31G* calcula-
tions. Here we noted that the zwitterionic form has a considerably different
electronic structure than the neutral form since while the neutral (or anionic)
carboxylic group was quite stiff, the barrier of rotating this for the zwitteri-
onic form is almost vanishing. It was unexpected that the protonation state of
the imidazole ring could have such a strong influence on the dynamics of the
carboxylic group.

Since there was experimental work done in solution and gas phase it was
interesting to see how the different forms (neutral in gas phase, zwitterionic
in aqueous solution) of urocanic acid and the different environments (vacuum
and water solution) would influence the dynamics of the chromophore. This
would also give a hint of how useful the results from gas phase was to un-
derstand the situation in aqueous solution. In particular, it was interesting to
study the intra-molecular hydrogen bond and how it would behave in the two
situations.

In the gas phase, simulations were performed at high temperature (600
and 1000 K), which was mainly because the experimental conditions of the gas
phase experiments were such that the sample had to be heated up to around
600 K in order to get urocanic acid into gas phase. The even higher tempera-
ture was used to increase sampling of the barriers between different rotamers
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Figure 18: Distribution of the crucial bond distances in cis urocanic acid in
vacuum at 600 K. The figure is analogous to figure 4a in paper 2.

so that a reliable potential of mean force (PMF) could be created. From our
simulations it was clear that several rotamers will be present in the supersonic
jet expansion used for gas phase experiments, thus possibly complicating the
interpretation of the spectroscopic results. The PMF:s mainly confirmed the
energetics as calculated by MP2 and B3LYP. Neither was it very surprising
that the intra-molecular hydrogen bond of cis urocanic acid turned out to be
strongly stabilizing. One thing is perhaps in need of clarification, the figure 4a
in the paper refers to a simulation at 300 K, to make the comparison with the
aqueous form more straightforward. To be complete a corresponding picture
for a 600K simulation is shown here in figure 18.

If the cis form turned out to be more stable in gas phase the opposite turned
out to be true in aqueous solution. The main findings were in both forms that
the carboxylic group rotated more or less freely, while no rotations around the
single bond connecting the imidazole group with the double bond took place
during the 2 ns simulations, regardless from which rotamer the simulation
was started. Although this is no proof that there is significant populations of
both rotamers it is an indication that none of them is dramatically destabilized
by solvent effects. The B3LYP/PCM method, which gives a crude estimate of
the solvation effects due to the polar nature of the solvent does not indicate
that there is any large difference in solvation energy, but gives an estimate
of the difference at 7.2 kJ·mol−1 of the total energy in solution, which means
that the disfavored rotamer would only be present as a few percent of the to-
tal population. For the cis form, the situation was radically different. Several
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twistings took place during the course of the simulation, and the hydrogen
bond was consequently broken. Also when the rotamer that allowed the hy-
drogen bond was populated the oxygen participating in it frequently shifted.
It is clear that the stability of the hydrogen bond is substantially diminished
by the competition from solvent, so that the population of intra-molecularly
hydrogen bonded molecules is similar to that exclusively hydrogen bonding
to the solvent. This corroborates with our finding from TD-DFT calculations
that the absorption spectrum was not extremely sensitive to the introduction
of the intra-molecular hydrogen bond.

Radial and spatial distribution functions were also produced, to give some
idea of how the water was structured around different parts of the molecule.
Although no big surprises was found, it is quite instructive to notice how the
intra-molecular hydrogen bond reflects in the spatial distribution functions
and how the subtle differences in solvation between the two rotamers of trans
urocanic acid can be seen in the radial distribution function (but hardly in the
spatial counterpart).

In summary this study indicated that several rotamers could be present in
non-negligible amounts under experimental conditions in both gas phase and
aqueous solution, and that the strength of the intra-molecular hydrogen bond
of the cis form was considerably weakened in aqueous solution, such that the
competition with solvent hydrogen bonding made the molecule quite flexible.

4.3 The gas phase photoisomerization of urocanic acid (paper
3) and a comparison with p-coumaric acid.

The paper concerning the photochemistry of urocanic acid in a supersonic jet
expansion[119] was a very welcome contribution from a theoreticians point
of view. Since a molecule in a collision-free environment to a good approx-
imation can be described as isolated and since the rotational and vibrational
temperature is very low it would seem an ideal case for high agreement be-
tween experiment and theory, provided that the theoretical calculations was
performed at a suitable level.

Such was, however, not at all the case. The experiment showed a well re-
solved band origin, indicating only small geometrical changes, surrounded by
other well resolved peaks, at 32 626 cm−1 or 307 nm, and since it had a consid-
erable absorption coefficient, it was concluded that it was probably a π → π∗

transition. This is very far from the lowest vertical transition of that symme-
try, both as calculated in paper 1 (273 nm) and as calculated by Page et al[118]
in their CASSCF/CASPT2 study (251 nm and 262 nm for the MP2/CASPT2
results) for the trans. Also the CASSCF/CASPT2 band origin (266 nm) was far
removed from the experimentally suggested one.

In the next region of the spectra, around 1400 cm−1 above the origin, dual
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emission occurred, and the authors concluded that photoisomerization took
place and the emission occurred from the cis form. Again, from the CAS
and TD-DFT calculations it would be expected that there is a close-lying non-
absorbing n→ π∗ state which in the CAS calculations had a significantly deeper
excited state minimum, that would be expected to couple to the ππ∗ surface.
But in the experimental spectrum it seems the entire observed process takes
place on the S1 surface.

Also the third region, where in the experiment a very broad spectral fea-
ture appears, and is interpreted as the S2 transition, also that one of π → π∗

nature and measured to have maximum absorption at 273 nm, fitted very bad
with the computational predictions for the second ππ∗ state. CASSCF/CASPT2
put this one at 229 nm (or 243 nm at the MP2 geometry) while the TD-DFT
places it at 225 nm. A peculiar fact was that very little evidence for isomeriza-
tion taking place was found in this region, although it is expected that internal
conversion from S2 to S1 would occur fast and that the molecule should then
have sufficient excess energy to isomerize.

Taken together, these results indicated a quite worrying picture with both
TD-DFT and CASPT2 vertical excitations being in error with considerably
more than 0.5 eV, while at least for CASPT2 it has been expected that an ac-
curacy of better than 0.1 eV is attainable. And the issues discussed above in
conjunction with paper 1 with regard to choice of active space is not applica-
ble for the π → π∗ transition since all orbitals of π symmetry were included in
the active space.

On the other hand, it was hard not to notice that the computationally pre-
dicted lowest vertical transition for cis urocanic acid, was in quite close agree-
ment with the experimental band origin, since TD-DFT placed it at 307 nm
and CASSCF/CASPT2 at 298 nm, while the assigned S2 transition fitted very
well with the computed S1 transitions of trans urocanic acid. This suggested
a different interpretation, in which a certain population of cis isomers were
present in the vapor. This could be due to that the sample was not purified
from the commercially obtained product or possibly to that the sample had to
be heated to around 550 K to obtain vapor pressure. Thus it was decided to in-
vestigate if this reassignment of vertical excitations also was compatible with
the other information obtainable from the experiment, such as the estimated
barrier to isomerization, the small change in geometry upon excitation at the
lowest region or the inefficient photoisomerization when excited in the broad
feature region.

To go beyond the Franck-Condon region , a method to explore the excited
state potential energy surface is needed, which means a method where ana-
lytical gradients of the excited state energy can be calculated. Even though
CASSCF in principle should be the method of choice, the expense and need
of expert input in those kind of calculations makes it of limited use when
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many things need to be investigated, at least if a reasonable basis set is nec-
essary. A cheaper but less reliable method is CIS, which (just as CASSCF)
overestimates the excited state energies quite dramatically but which still pre-
serve the excited state potential energy surface topology, provided that the
single-reference, single-excitation picture is valid. It was decided to test if
this method would provide a reasonable picture of the initial relaxation of the
molecule after excitation to different states, while keeping the molecule flat.
This allowed for comparison with the earlier CASSCF calculations, and possi-
bly for comparison with region I of the experimental spectrum if it is assumed
that there is a bound, flat state that appears as the band origin.

It was found that the calculated band origins and fluorescence maxima us-
ing TD-DFT at CIS optimized geometries for the S1 state was quite similar
to the one from CASPT2 at CASSCF geometries. To cross check, the calcu-
lations were also made with TD-DFT at CASSCF geometries, and the results
were almost identical as the one at CIS geometries, but the absolute energies
of the S1 state was lower in the case of CIS geometry. For the cis form, a large
difference was found between the CASPT2 and TD-DFT results, even if both
are calculated at the CASSCF geometry. The same band origin (3.95 eV) is
found for both CIS(HF) and CASSCF geometries, which is coincidental, since
it seems that they give quite different description of the intra-molecular hy-
drogen bond in the excited state, the CIS geometry having a hydrogen oxygen
distance of 1.773 Å while in the CASSCF geometry this distance is 1.589 Å,
which indicates that the TD-DFT S1 minima probably has a hydrogen bond
distance in between that of CASSCF and CIS. Actually the absolute energy of
the S1 state at both these geometries as calculated with TD-DFT is above the
one calculated at the DFT ground state minima.

To investigate the potential energy surface during isomerization the rele-
vant torsion angle was simply twisted from the excited state minimum and
the energy plotted. This might seem like a ad hoc procedure, but earlier in-
vestigations of similar chromophores with delocalized π systems have shown
that in-plane motions is faster and precedes out-of plane motions. The stiff
rotation will not give the minimum energy path but since it is biased towards
the flat structures it will overestimate any barrier on the isomerization path.

For the trans form, there is no practically no barrier to rotation for the state
of ππ∗ character, while the nπ∗ state has a substantial barrier of more than 20
kcal·mol−1. None of these potential energy surfaces seems very compatible
with the experimental estimate of the barrier of 4 kcal·mol−1. Furthermore, if
the system is excited to the ππ∗ state, this is almost degenerate with the nπ∗
state, which has a much deeper minimum, it could be expected that internal
conversion should be quite efficient. Experimentally, no evidence of this is
present at the lower excitation energies, but the broad feature that appears at
higher energies could be interpreted in this way.
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Figure 19: The structure of p-coumaric acid.

In the case of the cis isomer, on the other hand, the ππ∗ state is well sep-
arated from the nπ∗ state, and the breaking of the hydrogen bond has to be
paid by overcoming a barrier of about 5 kcal·mol−1, all in quite good agree-
ment with experimental results. The conclusion of our study was therefore
that it is likely that a mixture of trans and cis urocanic acid was present in the
supersonic jet expansion.

Not long after the gas phase experiment concerning urocanic acid, there
was an almost identical experiment done for the molecule p-coumaric acid[166]
(see figure 19), which is the chromophore in the bacterial photoreceptor photo
yellow protein[167]. The spectrum obtained was quite similar in appearance
as the one for urocanic acid, with the same three regions that was assigned
in the same way as in the experimental paper for urocanic acid. However,
a decisive difference was that the molecular beam was collected after the ex-
periment and analyzed by chromatography to confirm that isomerization had
taken place. It was found that indeed isomerization took place, both in region
II and III, although to a lesser extent in the latter region. This would seem
to weaken the case for a mixture of isomers in the urocanic acid experiment,
since they are very similar chemically, structurally and even show the same
type of gas phase spectra, it could be expected that the interpretation of the
spectra was transferable between the two.

Therefore the same computational methodology as in paper 3 has been
used to study the gas phase photochemistry of trans p-coumaric acid. The
vertical excitation energies (see table 2) were calculated and it was found that
they strongly supported the experimental assignment with a strongly absorb-
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Table 2: Vertical excitation energies of p-coumaric acid in gas phase calculated
with TD-DFT at the B3LYP/6-311+G* level (geometry and energies) compared
with experiment and CAS-PT2/6-31G* (at B3LYP/6-31G** geometry) calcula-
tions. All energies in eV.

State TD-DFT CAS-PT2 Exp.
S1 (ππ∗) 4.13 4.93 4.12a

S2/3 (nπ∗) 4.52 5.33 4.77b

S2/3 (ππ∗) 4.56 5.27 4.77b

aBand origin (thought to be close to the vertical excitation)
bEstimated from peak in excitation spectrum (nπ∗ close but dark)

ing ππ∗ transition as the lowest singlet state. The second and third is a silent
nπ∗ and an absorbing (although much less than the first state) ππ∗ state, lying
very close in energy, such that it seems likely that these two couple. The ab-
solute energies of these two are below the one of region III by 0.2 eV, which is
a normal error bar the TD-DFT method. Even higher in energy there are two
other states, again one absorbing ππ∗ type, and the other of πσ∗ type, that is
expected to lead to ultrafast deprotonation according to the mechanism sug-
gested by Sobolewski and Domcke[168]. Since such process should not lead
to any emission it is not believed that this is the origin of the broad feature in
Region III.

Just as was observed in the spectra the shift of the S1 state from vertical
to band origin was quite small (0.17 eV), and the band origin of the nπ∗ state
is almost the same as for S1, and it seems that the nπ∗ surface crosses that of
the ππ∗ state between the Franck-Condon and it’s minimum, which makes it
possible that some of the excited population is transferred to the ππ∗ surface
and can undergo isomerization.

The potential energy surface upon twisting was also investigated starting
from the flat S1 minimum. Energy profiles can be seen in figure 19. It can
be seen that the general topology of each individual potential energy curve is
indeed very similar to the corresponding one of urocanic acid, the only main
difference being that the ππ∗ state is much lower compared to the silent nπ∗
state (in a way resembling the situation in cis urocanic acid, although not for
the same reason). A barrier is also found along the twisting pathway with
a height of 3.5 kcal·mol−1 or 1210 cm−1, in the experiment double emission
occurs after 1200 cm−1. In a recent CASSCF/CASPT2 study[169], the barrier
was estimated to about 750 cm−1 at the CASPT2 level. That study suggested
that the nπ∗ transition was well above the second ππ∗ state, and therefore did
not interfere with the observed photochemistry. However, in that study, both
a small basis set and active space was used, which was reflected in the largely



Paper 4: Photoisomerization of urocanic acid in solution 103

30 60 90 120 150 180

torsion angle (degrees)

60

80

100

120

E
ne

rg
y 

(k
ca

l/m
ol

)
S0
S1
S2

twist around photoisomerizing bond (Coumaric acid)

Figure 20: The potential energy surfaces of p-coumaric acid upon stiff twisting
from the S1 minimum (minimized using CIS) as calculated with TD-DFT.

overestimated vertical excitations (which were calculated at a B3LYP geome-
try), which in light of the comments made here in conjunction with paper 1
could create problems. They also found quite low lying (compared with the
barrier to isomerization) conical intersections with the ground state, which
could help explaining the decreasing efficiency of isomerization in region III.

In conclusion, it was found that the gas phase excitation spectra of uro-
canic acid can be explained if it is assumed that the molecular beam contains
a mixture of trans and cis form, and that the similarity with the spectrum of
p-coumaric acid is due to the presence of an intra-molecular hydrogen bond in
the case of cis urocanic acid which releases the interaction between the lowest
states of ππ∗ and nπ∗ type that is present in the trans urocanic acid.

4.4 Photoisomerization of anionic urocanic acid in aqueous
solution (paper 4)

Having obtained a satisfactory interpretation and understanding of the gas
phase photochemistry and the initial apparent mismatch between experiment
and calculations, it was natural to turn focus towards the solvated chromopho-
re again. With the good experiences of using the TD-DFT together with PCM
to model solvent effects and also in combination with CIS geometries it was
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decided to combine all of these approximations to study the photoisomeriza-
tion in aqueous solution.

Several studies had been published concerning the photochemistry far into
the UVA region, where only very low absorption takes place[120, 123, 124]. It
had turned out that in this region triplet formation becomes the dominant
photochemical pathway over photoisomerization. This means that triplet for-
mation is dominant both at higher and lower energies compared to the iso-
merization maximum. Even though these facts were readily available from
experiment, any interpretation in terms of mechanisms or specific states were
quite speculative and mainly based on analogies of more or less similar chro-
mophores. While the results of Ryan and Levy in gas phase seemed to suggest
one barrier in a ππ∗ state that led directly to the cis form, Hanson and Simon
suggested a topology similar to that of stilbene[170] with relaxation from a
local minimum at the twisted geometry leading to the 0.5 quantum yield, a
picture that was more consistent with the one of paper 3. Still no comment
was made to the fact that the isomerization in gas phase seemed to take place
from a strongly absorbing ππ∗ state while in the aqueous solution a weakly
absorbing nπ∗ state seemed to be the one that was excited. Therefore some
computational clues could be welcome.

The approach taken was to do geometry optimization in gas phase using
the CIS method and the 6-31G* basis set, again restricted to the flat structures.
One of the advantages in this approach is that it is usually quite simple to
match the transitions by inspecting the symmetry and appearance of the or-
bitals involved. It turns out that these are quite similar between the gas phase
Hartree-Fock and solvated Kohn-Sham orbitals except that the ordering and
orbital energies are different. A comparison between the most relevant or-
bitals can be seen in figure 21. Thus it is possible to predict which state is
optimized also on the TD-DFT surface.

Due to the Brillouin theorem, the ground state of a CIS calculation is the
same as for Hartree-Fock, and therefore Hartree-Fock and B3LYP geometries
were compared in terms of the vertical excitation energies obtained with TD-
DFT in combination with PCM. It turns out that the dynamical correlation
included in the density functional theory calculation delocalizes the π bind-
ing and decreases the difference in binding length between the single and
double bonds. Also the Hartree-Fock bond lengths are generally a little bit
shorter. The resulting vertical excitation energies were shifted about 0.15-0.20
in a quite uniform way, the energies at DFT geometry being lower.

The effect of doing the geometry optimization in gas phase versus in the
presence of the solvent model is less uniform, with the second A” state being
lowered in energy in the vacuum geometries due to the fact that the orbital
that the electron is promoted from has some σ character from the C5-C6 bond.
This bond length is 0.03 Å longer in vacuum which considerably rises the en-
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Figure 21: Comparison between orbitals in HF gas phase (left column) and
B3LYP/PCM (right column). The four highest occupied and lowest unoccu-
pied are shown with the higher in energy above the lower in energy.
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ergy for that orbital. All other transitions are shifted in the opposite direction
less than 0.2 eV, since also the receiving π∗ orbital increases it’s energy at the
vacuum geometry. But what is interesting is that the shifts are quite similar
regardless if DFT with and without PCM or if HF with or without PCM is
compared, so that one can say that the solvent geometrical effect is the same
at both methodologies. Also interesting is that in no case did the ordering of
the states switch.

The results after relaxation on the excited state surface is a bit more difficult
to assess, due to the lack of experimental data, and also the uncertainty if the
observed fluorescence is really due to a flat structure. If the TD-DFT energies
at the CIS geometry for the ππ∗ state are corrected with the shift between the
HF vacuum and B3LYP/PCM geometries a fluorescence maximum of 3.95 eV
is calculated which is in reasonable agreement with the experimental value of
3.6 eV, but it is likely that full optimization would get an even better value.
In any case, it is clear that the relevant state is the one that is most lowered in
energy so that the relaxation path obtained is indeed meaningful.

The stiff twisting after relaxation gave potential energy curves that were
quite similar in topology to the ones of the neutral gas phase molecule, the
shapes can be compared for the cis protomer in figure 22. Simultaneously it is
easy to see that there is a large difference. While in the gas phase, the ππ∗ state
is the lowest, in the aqueous phase, when the carboxyl group is deprotonated
and solvent effects are included, the nπ∗ state is the lowest, even at the CIS
minimum of the ππ∗ state. Since the nπ∗ state has a maximum at the twisted
geometry while the ππ∗ state has a minimum and approaches the ground state
(which of course also has a maximum) this means that the two excited states
has to cross somewhere along the twisting coordinate. This is actually true
regardless of which excited state is used for generating the starting geometry.
However, the twisting angle at which the crossing occurs differs depending
on which electronic state it has done the bond stretch relaxation in.

If the ππ∗ state has been excited, it seems that the crossing occur quite
close to the planar structure. At this point, the ππ∗ potential energy surface
is quite flat, while the nπ∗ state’s potential energy surface has a considerably
larger gradient towards its deeper minimum. It seems likely, even though no
attempt was made to assess the true quantum dynamics of the system, that
such a crossing could funnel the system quite efficiently from the ππ∗ surface
towards the nπ∗ minimum.

At the nπ∗ minimum, several triplet states were found very close in energy
to the nπ∗ state itself, thus implicating that intersystem crossing could be quite
efficient in this region.

If on the other hand the molecule is excited to the nπ∗ surface close to the
vertical region and bond stretch relaxation has taken place, it seems that the
crossing with the ππ∗ is shifted along the twisting coordinate so that it occurs
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Figure 22: A comparison between the potential energy surfaces of cis urocanic
acid in gas phase when it is in neutral form (top) and aqueous phase where it
is in anionic form (bottom).
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Figure 23: A pyramidalized trans urocanic acid.

close to a dihedral angle of 90 degrees. At this angle, the ππ∗ surface is not flat
(particularly not since the bond lengths are not relaxed for this state, and the
gradient does at least partially point towards the suggested S1/S0 intersection.
So if the excess energy is sufficient to reach this crossing, it seems to be possible
that the wavepacket is in this case funneled towards the twisted intermediate.
Thus the nπ∗ state would provide a back door to the isomerizing intersection
at the same time as it is a trap for molecules initially put on the ππ∗ state.

The tendency for photoisomerization to become less efficient as the ex-
citing photon gets lower energy is in this model explained simply through
noticing that less excess energy will be put into the torsional coordinate and
therefore the probability of reaching the crossing with the ππ∗ state will be
much smaller.

In addition another degree of freedom was investigated, the pyramidaliz-
ing one, where a carbon which normally has a flat bonding structure is dis-
torted towards a tetragonal structure. See figure 23. This coordinate was
found to be important in ethylene[171], which is a minimal model for all
carbon-carbon double bond photoisomerization. However, in the calculations
presented in this paper, it was not found to play any major role, except pos-
sibly to bring the ππ∗ state closer to the conical intersections with the lower
lying states close to the flat geometry.

To conclude, the emerging model can be described as follows. Around
the absorption maximum the molecule is excited to the ππ∗ state, but internal
conversion and relaxation processes traps the molecule into the nπ∗ state’s
minimum, where close-lying singlet-triplet crossings will lead to inter-system
crossings into the triplet manifold. At lower energy, where the nπ∗ state is
directly excited, the molecule gets a large amount of excess energy that can
bring it to a point of the nπ∗/ππ∗ conical intersection seam close to the twisted
geometry, where it can get funneled into the isomerization channel on the ππ∗
surface. But if the energy is even lower the excess energy does not suffice to
reach the conical intersection seam, and thus relaxes to the bottom of the nπ∗
surface, where subsequent intersystem crossing can take place.

Very recently, another model concerning the photoisomerization of uro-
canic acid was published[126], based on a quite similar methodology as was
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used in paper 1 and 4. In this model it was suggested that the photoisomer-
ization wavelength dependence was due to the rotation around the carboxylic
moiety, based on the observation in paper 2 that this rotation is almost free in
solution when the molecule is in the zwitterionic form in aqueous solution.
Just as in the model presented above they get three regions, but based on two
singlet-triplet crossings. However, no attempt was made to follow the excited
state surface in this study and it was restricted to the zwitterionic form, while
most of the experiments that has experimentally established the wavelength
dependence of the photochemistry has been carried out at neutral pH, where
urocanic is anionic and the carboxylic group does not rotate freely. Thus it is
the belief of the author that the model of paper 4 is the most realistic model of
urocanic acid photoisomerization to date.

4.5 The mechanism of glycosidic cleavage in human 8-oxogua-
nine glycosylase (paper 5) and an additional suggestion

As was mentioned in the section of photo-immunosuppression, DNA damage
is also a major pathway towards this phenomenon, but in contrast to cis uro-
canic acid, there are very well developed defense mechanisms to protect the
genetic material from corruption. The human 8-oxoguanine glycosylase acts
by excising the oxidized guanine that is one of the most common mutagenic
lesions in DNA.

It is known that an active site lysine forms a Schiff base that can be trapped
after the glycosidic bond connecting the ribose ring and the nucleobase has
been broken, and mutagenesis experiments has demonstrated that this residue
is essential for the excision to take place. Several x-ray structures has been
solved of the protein, on its own and in complex with DNA. However, the
exact chemical mechanism used by this enzyme is still an open question. The
reason for this is that to catch the enzyme-DNA complex the enzyme has to
be made catalytically inactive or the substrate has to be modified and so the
obtained structure will per definition not exactly reflect the native enzyme-
substrate situation. There are several ways to achieve this inactivation and it
has turned out that the positioning of the crucial amino acids is dependent on
which way is chosen and the differences are such that different mechanisms
are implicated depending on which structure is inspected.

As an example, the active site structures of two such complexes are com-
pared in figure 24. In the first one, the nucleobase is missing and has been re-
placed by an analog of the ribose after the cleavage reaction, tetrahydrofuran
[143]. In this structure, the lysine has a position under the sugar ring, placing
it in an ideal position for a so called nucleophilic attack, where if the glyco-
sidic bond had been there, the nitrogen of lysine would approach the carbon
and displace the nucleobase. This class of reactions are in organic chemistry
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Figure 24: A comparison between the active sites of hOGG1 complexed with
THF-containing DNA (left) and the active site of hOGG1 with Asp 268 com-
plexed with 8-oxoguanine-containing DNA (right).
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nomenclature called SN2 reactions (See also figure 25). On the right hand,
there is the active site of an engineered version of the protein where a cat-
alytically important aspartate has been replaced by asparagine[148]. In this
structure the lysine has the nitrogen on the side of the glycosidic bond which
is not a suitable position for direct attack. Instead it was hypothesized that
the bond dissociates before the bond between the lysine and the sugar ring is
formed, which would correspond to a so called SN1 reaction (see figure 25).

As a first step in finding out what was truly happening in the active site,
it was decided to investigate a minimal model, to investigate in which way
the lysine could best contribute to catalysis. This model only included the
nucleotide and the lysine residue, and not even the entire nucleobase was
included in all calculations. To evaluate the catalytic effect it is necessary to
compare to the reaction as it would take place in the absence of the enzyme,
which in this case means the spontaneous dissociation of the nucleobase from
the ribose ring. For this reaction only the nucleotide was included.

To compute the reaction barrier, a transition state calculation utilizing the
B3LYP functional and the 6-31G* basis set was used, a combination that has
been used in a great number of enzyme catalytic studies. There are other func-
tionals that are specifically parametrized towards reaction barriers, such as the
modified 1-parameter model for kinetics (MPW1K[172]), but since B3LYP has
proven so universally useful and the accuracy improvement when using the
alternatives is not very dramatic there is a tendency to prefer the well-known
B3LYP.

The uncatalyzed reaction turned out to be associated with a hydrogen mi-
grating from the adjacent carbon of the ribose ring (C2’) to the oxygen of the
oxoguanine (O8) with a concerted reaction mechanism. The calculated barrier
of this reaction is quite high (43.9 kcal·mol−1) and test calculations showed
that inclusion of solvent effects through a continuum model did not change
this barrier significantly (less than 2 kcal·mol−1). The height of this barrier
shows the tremendous task the enzyme undertakes to excise this bond in a
reasonable timeframe.

Originally, it was simply assumed that the lysine performed a nucleophilic
attack at the opposite side of the carbon involved in the glycosidic bond (C1’).
However, for this mechanism to be realistic the lysine must be activated by
deprotonation to its neutral form, which means that there should be a proton
acceptor present in the active site. The presence of a evolutionary preserved
aspartic acid seemed to confirm this hypothesis. However, it has been demon-
strated that the enzyme is catalytically active even if this aspartic acid is mu-
tated to an amino acid that can not act as a proton acceptor[148]. Nevertheless
a deprotonated lysine was used when this reaction mechanism was modeled,
since this acid base chemistry is not expected to be rate-determining. The re-
actant geometry was built with the lysine placed as in the active site of the
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Figure 25: The three proposed reaction mechanisms of hOGG1 investigated in
this thesis. Top: the SN1 mechanism. Middle: the SN2 mechanism. Bottom:
the alternative SN2 mechanism where the C-O bond is broken first.
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left half of figure 24, and the 8-oxoguanine modeled into the structure. A hy-
drogen bond between the nitrogen of the lysine and the oxygen of the ribose
ring stabilizes the reactant. The SN2 reaction was calculated to have a quite
late transition state with the breaking glycosidic bond considerably longer
than the forming lysine-ribose bond. This is in accordance with the fact that
the product with the positively charged lysine-ribose adduct and negatively
charged 8-oxoguanine is considerably higher in energy than the reactants. It
was suspected that proton transfer from the nitrogen of the lysine to the neg-
atively charged nitrogen of the 8-oxoguanine would be favorable. In fact the
only transition state that exists between the product minima of the SN2 and
the product of the proton transfer is not associated with the proton transfer
itself but with the diffusive motion when the 8-oxoguanine translates towards
the proton donor, if a geometry optimization is started with the 8-oxoguanine
4 Å from the transferring proton the closest local minima has the proton cova-
lently bonded to the nucleobase. The resulting structure is 6 kcal·mol−1 more
stable than the reactant. The energetics of such a diffusive motion is depen-
dent on the interactions within the active site and thus it was not attempted to
approximate that process with the small model.

As more crystal structures has become available, the SN1 hypothesis has
become increasingly popular, especially since calculations on the reaction mech-
anism of another (but monofunctional) glycosylase indicated that the transi-
tion state had a dissociative character. One attractive feature of this reaction
mechanism is that there is not any need for lysine to get deprotonated before
the glycosidic bond is broken, on the contrary, the positive charge of the ly-
sine can in itself be a source of catalysis since if the positioning is like in the
active site of the right half of figure 24, since negative charge is formed on the
leaving nucleobase that is electrostatically stabilized by the lysine group. To
model this the right side active site of figure 24 was used as a template for
our reduced system. With that geometry the leaving of the nucleobase has an
activation energy of only 20.6 kcal·mol−1 that leads to a very shallow minima
and then a proton transfer occurs from the lysine to the nitrogen of the nu-
cleobase with a very low barrier of 19.2 kcal·mol−1 to a second intermediate
at 10.1 kcal·mol−1 over the reactants. After that the lysine overcomes a dif-
fusive barrier much as in the case of the last proton transfer step of the SN2
pathway and the lysine spontaneously forms a covalent bond with the ribose
ring to form a protonated product that is 17.2 kcal·mol−1 more stable than the
reactants.

Even though this seems like a substantially more favorable reaction path it
is partly due to a destabilization of the reactants by placing the lysine on the
side of the glycosidic bond rather than under C1’. The conformation where
the protonated lysine is placed as in the SN2 mechanism calculation allows for
two hydrogen bonds to be formed was calculated to be 18.5 kcal·mol−1 more
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stable than the reactants in the SN1 reaction. This position is not favorable for
catalysis, since the positively charged lysine is closer to the developing posi-
tive charge than the negative one, and a calculation of the first barrier gave a
value of 51.8 kcal·mol−1, thus having a anti-catalytic effect. A more complete
model of the active site is needed to know if interactions with the surround-
ings can lower this difference between the reactant positionings. If this energy
is added to the activation energy, the total activation energy becomes quite
similar to that of the SN2 mechanism. But since the SN1 geometry is actually
observed, it is likely that the active site binds the lysine 8-oxoguanine complex
in this conformation.

An analysis of the changes in charge distributions in the transition states
versus the reactants for the different reactions showed that it was the SN1
reaction that showed the largest differences. This was interpreted as that a
preorganized active site could further stabilize this transition state more than
the SN2 mechanism.

During a literature search in preparation of writing this thesis a third sug-
gestion of reaction mechanism was encountered[173]. In this mechanism (see
figure 25, bottom) the nucleophilic attack of lysine does not lead to the break-
ing of the glycosidic bond but the bond between the carbon and the oxygen
of the ribose ring. This would still correspond to the active site structure of
figure 24 (right half), but again the lysine need to be deprotonated in order
to perform the nucleophilic attack. It was decided to investigate also this
mechanism using the same model system and methodology as before. Test
calculations showed that the bond breaks simultaneously as a proton is trans-
ferred from the lysine to the oxygen of the ribose ring in a concerted reac-
tion. However, it turned out that the activation energy for this reaction is 50.0
kcal·mol−1, and this is before the glycosidic bond is even broken, a necessary
second step that can also be expected to have a non-negligible barrier. For
this reason it seems doubtful if this would be an efficient mechanism of base
excision.

In conclusion, this study tried to elucidate the most efficient way for the es-
sential lysine to contribute to catalysis. A SN2 reaction mechanism was found
to give about 5 kcal·mol−1 lower activation energy than the reference reaction
while if the active site is designed to bind a conformation suitable for SN1
reaction, up to 24 kcal·mol−1 of activation energy lowering is possible. A pro-
posed third reaction mechanism was not found to be very likely to provide
any catalytic effect.
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5 Conclusions and Outlook

In this thesis, research concerning two reactions involved in the processes in-
duced by ultraviolet radiation, photoisomerization of urocanic acid and re-
pair of damaged DNA has been presented. The major part of the effort was
made to obtain a detailed understanding of the photochemistry of the epi-
dermal chromophore urocanic acid, while the studies concerning the human
8-oxoguanine glycosylase must be considered an initial investigation to set the
stage for more elaborate calculations.

It has been showed in this thesis that the broad absorption peak in the UVB
region of urocanic acid contains several low-lying transitions with a wide va-
riety of oscillator strength and different electronic structure. This picture is
valid in both gas phase and aqueous solution. The combination of the time
dependent density functional method with a reliable functional and the po-
larizable continuum method to account for average electrostatic effects was
found to give very good results, as long as charge-transfer transitions were
not important. The inclusion of solvent effects is crucial to stabilize charge
separated states in solution and also to get a balance between inter-molecular
and intra-molecular interactions, exemplified by the excessive strength and in-
fluence of the intra-molecular hydrogen bond of cis urocanic acid in gas phase,
while with solvent effects included, no major effect on the absorption spectra
was predicted, as was observed experimentally.

That the intra-molecular hydrogen bond is not necessarily even stabiliz-
ing was demonstrated by the use of molecular dynamics simulations, where
the competition between inter- and intra-molecular hydrogen bonds in zwit-
terionic cis urocanic acid caused large torsional motions while for the trans
form these motions were restricted to local vibrations during the nanosecond
timescale of the simulations. In gas phase where there is no such competition
cis urocanic acid shows by far the most restricted motions due to the same
hydrogen bond.

This hydrogen bond also has a major role in determining the observed gas
phase photochemistry. In the cis form it shifts the strongly absorbing ππ∗ tran-
sition below all the other, so that if excited to this state, the system can evolve
without coupling to other states. The topology of the potential energy surface
with a minimum at the twisted geometry then leads the system towards pho-
toisomerization. Since it is also necessary to break the hydrogen bond to pho-
toisomerize a barrier occurs along the way, that was experimentally measured
to be 4 kcal·mol−1 and estimated in this work to be around 5 kcal·mol−1 by
a method that should overestimate the barrier. In the trans form on the other
hand, the excitation occurs to a state which has several close-lying, spectro-
scopically dark states that it can couple with and which has deeper minima
on the potential energy surface, thus trapping the system in the planar confor-
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mation and not allowing photoisomerization.
In aqueous solution at neutral pH, the situation is quite different. The pres-

ence of the protic solvent changes the molecular form to anionic and stabilizes
the weakly absorbing nπ∗ states. Just as in gas phase trans urocanic acid, this
leads to trapping of the excited state if the absorption peak is excited. But if
the nπ∗ state is excited it can open a back door for photoisomerization through
a conical intersection with the isomerizing ππ∗ state. However, this requires a
sufficient amount of excess energy to be put into the molecule, or else it will
simply relax to the local minimum of the nπ∗ state, which explains why at
higher wavelengths, isomerization efficiency decreases again. Thus the wave-
length dependent photochemistry across the entire UVA/UVB range has been
rationalized in the model presented in this thesis.

Finally, results concerning the different suggestions of the initial step of en-
zymatic energy in the hOGG1 protein has been presented. It has been shown
that the originally assumed SN2 mechanism is not necessarily the one where
lysine can provide the largest catalytic effect. If the enzyme can bind the lysine
and 8-oxoguanine in such a conformation that the lysine can provide electro-
static stabilization of the forming anionic cleaved base the SN1 mechanism
might be the energetically preferred one. A third mechanism, where a SN2
attack breaking up the ribose ring before the glycosidic bond was not found
to be energetically favorable, even compared to the uncatalyzed reaction.

More generally, this thesis has demonstrated that the scientific field of com-
putational chemistry has evolved so that biologically interesting systems in
relevant environments can be treated with an accuracy that is truly helpful
when it comes to interpreting experiment. A leading theme in the efforts has
been to combine methodologies to enjoy the combination of their strengths.
Obviously a large danger resides in that also weaknesses could accumulate
and therefore much effort has to be given to validation and testing, but it is
the authors opinion that if good judgment is used, there is lot to be gained
from this approach.

For the future investigations concerning the photochemistry of urocanic
acid and other chromophores in aqueous solution, there is the ever-present
need to balance between a realistic model and accurate physics. In gas phase,
the possibility to do non-adiabatic dynamics with quite realistic potential en-
ergy surfaces for systems of this size is arising, and provides a quite natural
path to follow for future studies. In aqueous solution, the field is not there
yet, since at least in the opinion of the author an explicit representation of
the solvent is necessary to understand the dynamics correctly. Some recent
developments of the Car-Parrinello molecular dynamics methodology holds
promise but can still not be considered reliable enough.

In the studies of hOGG1, the reader will be able to follow the continuing
efforts from this group in the coming years. It will include complementing
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much larger models for quantum chemistry calculations with molecular dy-
namics simulations to test structural and dynamical hypotheses.

In both these research areas, it is clear that to push forward the fields to-
wards solving real chemical problems will require that the two mainstreams
of computational chemistry, the ones based in statistical mechanics and quan-
tum mechanics, respectively, eventually join forces.
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skiöld and Lars Ojamae, you contributed well to the good atmosphere and
scientific standard of the department.



THANK YOU 119

My fellow inhabitants of C467a, Martin and Yaoquan, who have been very
good company and excellent discussion partners in science. The atmosphere
of just throwing questions out into the air in our office is something I have re-
ally appreciated, and following all the ’goda nyheter’ in your respective work
has been a pleasure.

All other old and new group members in Aattos group not yet mentioned,
Dan, Fredrik, Sergei, Henrik, Carl-Johan, Francesca, Ansu, Jozo Jr., Tatiana,
Andrei, Julia, Magnus and numerous visitors which all contributed to the
group by interesting seminars and nice social events.
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rödvin för att få mig att upptäcka alla dessa fantastiska popgrupper kunde jag
inte ana. Att du dessutom är en sann polare gör det inte sämre.

Vasco Castro, who has truly put color into the everyday life of physical
chemistry with your alarmingly high rate of bizarre ideas, that you never hes-
itate to turn into reality. With you, boredom is not an option.
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Ett särskilt tack till Pelle och Tore för att vi inte ger upp kontakten trots att
minst en ocean skiljer oss åt.
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