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1 Introduction

For a long time chemistry was a purely experimental science. With the 
introduction of quantum mechanics it was possible to formulate a basic 
theory which explains chemical bonds and chemical reactions. 
Unfortunately, the equations which result from any realistic modeling of 
molecules are in general impossible to solve analytically. Therefore it was 
not until computers became available that theoretical studies of molecules 
and chemical reactions became truly useful. The discipline of quantum 
chemistry, which was the result of this development, rapidly became an 
important tool to gain detailed understanding of chemistry and molecular 
physics. In this thesis, computations are used as a complement to 
experiments and theory. Here we use computational methods to understand 
and to predict the outcomes of various spectroscopic experiments, providing 
an understanding that would be difficult or impossible to obtain without the 
support of computations. 

The thesis is organized as follows. In chapter 2, some basic aspects of 
quantum mechanics, as well as the main computational methods used in this 
thesis, are described. In chapters 3 to 6 the theory behind the experiments 
and the computational models are discussed. Chapter 7 provides a summary 
of the articles on which this thesis is based. This chapter also contains some 
comments and discussions absent in the articles, and information gained 
after the publication of these articles. In Chapter 8 some conclusions and 
future prospects are presented. Finally, the last chapter is a summary in 
Swedish.
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2 Quantum Chemical Methods 

This chapter introduces the ab initio methods used in this thesis. These 
include Møller-Plesset perturbation theory, configuration interaction, and 
coupled cluster methods. The starting point for all these methods is the 
Hartree-Fock approximation. Further, ending the chapter, Roothaan’s 
equations and density functional theory are briefly discussed. 

2.1 The Schrödinger Equation 
Erwin Schrödinger’s wave equation and the related matrix mechanics by 
Werner Heisenberg were formulated in 1926. In 1928, Paul Adrien Maurice 
Dirac succeeded in devising a correct relativistic wave equation, and shortly 
thereafter, when he realized how hard it was to solve this equation, he made 
the following famous remark. 

“The fundamental laws necessary for the mathematical treatment of a large 
part of physics and the whole of chemistry are thus completely known, and 
the difficulty lays only in the fact that application of these laws lead to 
equations that are too complex to be solved” 

In 1932 Heisenberg received the Nobel Prize in physics, and in 1933 
Schrödinger and Dirac received the Nobel Prize in physics.  

In the case of the non-relativistic time independent Schrödinger equation the 
Hamilton operator for an n-electron N-nuclei molecule is: 
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It has the form H=Tnuc+Tel+Vnuc-nuc+Vnuc-el+Vel-el=Tnuc+Hel, where V and T
refer to the potential and kinetic energy operators, respectively, and the 
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indices nuc and el refer to nuclei and electrons, respectively. The spin 
interactions are ignored in this Hamiltonian and thus also when solving the 
corresponding Schrödinger equation. 

The molecules studied in this thesis are all made up of atoms from the 
beginning of the periodic table and the accuracy of relative energies with the 
methods used is in the one digit kcal/mol range and hence much larger than 
the relativistic effects. Thus, the latter are not taken into account in this 
thesis. The equation governing the molecule and its properties is the time 
independent Schrödinger equation H =E , where H is the Hamiltonian 
operator,  is the wavefunction and E is the total energy of the system. 

RR ,, rErH  (2) 

2.2 The Born-Oppenheimer Approximation 
The wavefunction for a molecule, = (r,R), depends on all the coordinates 
of the electrons, r, and nuclei, R. The associated Schrödinger equation is 
very hard to solve except for the hydrogen atom. Born and Oppenheimer1

observed that because the mass of a proton is more than 1836 times that of 
an electron, one may assume that the electrons move fast enough to adjust to 
the instantaneous movements of the nuclei. This leads to the approximation 
of separating the wavefunction into a product of electronic and nuclear parts, 

= (r,R) (r;R) (R), neglecting the coupling terms between (r;R) and 
(R). This approximation is the theoretical origin of the concept of potential 

energy surface (PES) and of molecular geometry; it breaks down when the 
electronic energy eigenstates are close or degenerate, whereby the neglected 
coupling terms become important. 

2.3 The Hartree-Fock Method 
The Hartree-Fock (HF) method provides the conceptual framework for the 
qualitative description of molecular electronic structure and is also the base 
for a family of more advanced ab initio quantum chemical methods, where 
electron correlation must be included (see below). In HF, electrons only 
interact through their average time independent density distribution and 
cannot adjust to each other’s instantaneous position.  

If one assumes a wavefunction in the form of a Slater determinant of one-
electron wavefunctions and applies the variation principle, this leads to a set 
of coupled differential equations for these one-electron wavefunctions, 
called the Hartree-Fock equations. 
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2.3.1 Slater Determinant 
Fock and Slater at the same time2 proposed the use of a trial wavefunction in 
the form of an anti-symmetrised product of one-electron wavefunctions, 
since this makes the total wavefunction anti-symmetric under exchange of 
identical fermions, as required by the Pauli exclusion principle. The wave 
function takes the form 

(n!)-1/2 Det[( 1)( 2)…( n)], (3) 

where k are spin-orbitals combining the spin degree of freedom with the 
spatial degrees of freedom. This form of the trial wavefunction is the origin 
of the exchange correlation terms in the Hartree-Fock method. 

2.4 Post Hartree-Fock Methods 
That electrons are correlated means that the motion of each electron depends 
on the instantaneous locations of the other electrons. The definition of 
correlation energy is the difference between the HF energy and the exact 
non-relativistic energy for the system. Correlation energy is usually a small 
part (about 1%) of the total energy but nevertheless it is very important in 
chemical reaction studies where small differences between large total 
energies are important. 

2.4.1 Møller-Plesset Perturbation Theory 
Møller-Plesset second-order perturbation theory (MP2) is the lowest order 
method in a range of methods of increasing order, MP2, MP3, MP4, ..., 
where the correlation interaction is incorporated in a systematic way. In 
perturbation theory we divide a complicated Hamiltonian into an 
"unperturbed" Hamiltonian H0, which we know how to solve, and a 
perturbation V. The Møller-Plesset methods are derived from perturbation 
theory with the HF approximation as a zeroth order wavefunction, (0). The 
perturbation used is the difference between the HF Hamiltonian (the sum of 
Fock operators), H0, and the full non-relativistic many body Hamiltonian, H,
where electron correlation is present, V = H - H0.

H = H0 + V. (4) 

The variable  is the perturbation parameter. We use this to express the 
eigenvalues and eigenfunctions of H as a series in .
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 E0=E0
(0) + E0

(1)+ 2E0
(2) + ... (5) 

0 = 0
(0) + 0

(1) + 2
0

(2) + ... (6)

By truncating the perturbation series at various orders in  one achieves 
various orders in the approximation. MP1 denotes expansion only up to first 
order, MP2 up to second order, and so on. According to standard 
perturbation theory the first order correction to the ground state energy is  

)1(
0E ( 0

(0))* V 0
(0) d (7)

where 0
(0) is the ground state of H0, which is nothing but the HF wave 

function. From the fact that the unperturbed ground state is the HF wave 
function it follows that  

HFEdHEE )0(
0
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0

)1(
0

)0(
0 . (8) 

Hence, nothing is gained by the first order correction compared to the HF 
approximation. To go beyond HF we at least have to include the second 
order correction. The expression for the second order correction to the 
ground state energy is 

)2(
0E ( 0

(0))*V 0
(1)d

This expression contains the first order wave function 0
(1), which can be 

expanded in the eigenbasis of H0, with expansion coefficients given by the 
first order perturbation theory. Using this it is possible to rewrite (9) as 

0
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To proceed, we have to insert the perturbation V. V is the true electron-
electron interaction potential minus the averaged inter-electronic potential in 
the HF approximation. The resulting second order correction can be written 
(using molecular orbitals and bracket notation) 
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where i, j are summed over occupied orbitals (in the HF ground state) and a,
b are summed over unoccupied orbitals. The energy obtained in MP2 is  

)2(
0

)2(
0

)1(
0

)0(
02 EEEEEE HFMP . (12) 

The calculation of the second order energy contribution, equation (11), 
scales as M4, where M is the number of basis functions, but the 
transformation into molecular orbitals scales as M5, deciding the formal 
scaling for large problems. The MP2 method recovers 80-90 percent of the 
correlation energy, and the availability of efficient analytic first and second 
order derivatives with respect to the nuclear coordinates makes it an 
attractive method. Further, it is size consistent/extensive, but it gives no 
variational energy.  

2.4.2 Configuration Interaction 
The conceptually easiest way to improve on the Hartree-Fock calculations is 
to use Configuration Interaction (CI). This is a variational method that is 
able to capture some correlation effects. As a variational method, the basic 
principle is to search for the minimal expectation value of the full 
Hamiltonian over a selected subspace of the total state space. The starting 
point for the construction of this subspace is the HF wave function. As 
described above, the HF wave function is a single Slater determinant 
constructed from a number of spin orbitals. By exchanging some of those 
orbitals with other orbitals, orthogonal to the original ones, it is possible to 
construct a number of new (excited) Slater determinants. The original HF 
wave function together with a selection of these excited Slater determinants 
forms a basis of the subspace on which the variation is made. Hence, the CI 
method searches for the minimum energy over all linear combinations of the 
original and new Slater determinants. Clearly, the accuracy, but also the 
computational cost, depends on the number of excited Slater determinants 
that are used. In the ideal case (full CI) we have a complete set of Slater 
determinants forming a basis of the total state space. Different versions of 
the CI method are based on which excited Slater determinants are chosen in 
the variation. The simplest case is the singles CI (SCI), where we create all 
Slater determinants with one single excitation, i.e. all cases where precisely 
one of the orbitals in the original determinant is exchanged. At first sight this 
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may seem an improvement over the HF method, but this is not the case for 
the ground state. It can be shown that the HF wave function is already 
optimal with respect to such single excitations. Hence, SCI is no 
improvement over HF except for excited states. The next step is to consider 
all combinations of double excitations, which leads to the doubles CI method 
(DCI). In analogy with the SCI, we here exchange precisely two of the 
orbitals in the HF wave function, and do so in all possible ways. A third 
method is to consider both double and single excitations, in which case we 
get the SDCI method. Although the SCI method does not improve HF, the 
SDCI method does improve on the DCI method by letting single excitations 
interact with the ground state through their interaction with double 
excitations.

Since CI is a variational method the obtained energy cannot be lower than 
the true ground state energy. CI is, however, not size extensive/consistent, 
except in the case of full CI. Since size extensivity is an important property 
of a method, the quadratic configuration interaction singles doubles 
(QCISD) method was developed, where enough terms are included to 
achieve this.3 It has been shown that QCISD is equivalent to CCSD (see 
below) where a few terms are dropped from the CC expression.4

2.4.3 Coupled Cluster 
The couple cluster method5 (CC) has a close relation to the CI method. Both 
methods are based on excitations of the HF wave-function, but do so in 
different manners. 

One can construct an operator which can create a given linear 
combination of all single excitations of the HF wave function 

a
i

vira

a
i

occi
HF tT1 . (13) 

Here a
i  denotes an excited Slater determinant with the occupied orbital i

exchanged by the unoccupied (virtual orbital) a. By choosing the coefficients 
a
it one can construct any linear combination of single excitations. Similarly 

one can construct an operator which makes double excitations 

ab
ij

ba
vira

ab
ij

ji
occi

HF tT2 , (14) 

in the same way as above, where i, j denote pairs of occupied orbitals and a,
b denote virtual orbitals. In an analogous manner one can construct operators 
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kT  which create linear combinations of k-electron excitations. In an N-
electron system there can at most be N excitations. It follows that the highest 
order operator is NT . One can form linear combinations of all possible types 
of excitations of the system and the most general states can be constructed 
using the operator  

NTTTTT ...321 . (15) 

The basic idea behind the CC method is to find the coefficients 
a
it , ab

ijt ,..., such that 

HF
Te  (16) 

makes  the true ground state of the system. One may note that in this ideal 
case, where all types of excitations are included, the CC method is 
equivalent to the full CI. In both cases we find the expansion coefficients in 
a complete basis of Slater determinants. Also both methods claim to find the 
true ground state of the system in the ideal case. Hence, if the ground state is 
unique the two methods have to be identical in the ideal limit. Needless to 
say, the true CC which includes all types of excitations is (as is full CI) a 
theoretical idealization which is impossible to apply in practice, except for 
very small molecules.  

To give an approximate solution, the operator T is limited to include only 
the lowest terms. The approximation T=T1 gives no improvement over the 
HF method. However, T=T2 does give an improvement. The version of CC 
which uses this approximation is called Coupled Cluster Doubles (CCD). 
The next improvement is Coupled Cluster Singles Doubles (CCSD) with 
T=T1+T2. Given such an approximation, CCD say, it is possible to derive 
non-linear equations for the coefficients ab

ijt . We will not discuss this 
derivation here6, but only note that this technique is not variational. Hence, 
there is no guarantee that the obtained energy is an upper bound to the true 
ground state energy of the system, except in the case of full CC. The CC 
method is, however, size extensive/consistent, and is found to handle cases 
where other single-reference methods fail, due to the relaxation of the 
orbitals by single excitations in a CCSD calculation7. Similarly, this 
relaxation makes it possible to use non-canonical orbitals, i.e. CC methods 
using a non-HF reference.8
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2.5 Roothaan’s Equations 
Roothaan’s equations9 were published in the beginning of 1951 and there the 
one particle wavefunctions in the Slater determinant are expanded as linear 
combinations of pre-determined basis functions, j(r)= cji i(r). In order to 
solve the HF equations one uses the variation of the total energy with respect 
to the coefficients cji. This use of a basis set transforms the challenge of 
solving a set of coupled differential equations into evaluating integrals, and 
solving a nonlinear matrix equation, which is computationally much less 
demanding. Pople and Nesbet generalized this closed shell method in order 
to describe open shell systems in 1954.10 Among the most used function 
types are the Gaussian type function 

2re , plane wave functions ikxe , and 
Slater type functions re . A natural choice of the basis function shape is the 
Slater type function since it has many features common to the known 
analytic solution of the hydrogen atom. The one and two center integrals can 
be evaluated analytically, but unfortunately the three and four center 
integrals cannot, creating what was known to be “the nightmare of 
integrals”. In 1950, S.F. Boys11 demonstrated that all integrals necessary to 
solve Roothaan’s equations could be evaluated analytically if Gaussian type 
functions were used for the radial part of the basis functions. This is now the 
most used function type in quantum chemistry. If calculations are performed 
on a periodic system, e.g. in solid state physics, then a basis set in the form 
of a set of plane wave functions, fulfilling these constraints, are beneficial. 

2.6 Density Functional Theory 
Most investigations of molecules or solids based on wave function methods 
suffer from one serious problem; they are computationally very demanding. 
The number of operations needed, depending on the method used, typically 
grows as NS with the size of the problem; e.g., S is 5 for MP2 and 6 for 
CCSD and QCISD, in their canonical formulation. 

Density functional theory (DFT)12 is essentially an attempt to get around 
this problem. DFT makes it possible to treat large systems such as proteins, 
DNA, and molecules in solution. The central object in DFT is the electron 
density rather than the wave function.

At the time when DFT was invented (1964), the idea of using the electron 
density already existed in terms of the Tomas Fermi theory (TF)13, which 
was introduced not long after the Schrödinger equation. Although TF gives 
qualitative results, it is not very useful in treating situations where valence 
electrons are involved in non-trivial ways. Two crucial observations made it 
possible to go beyond the TF theory and to formulate the DFT theory. The 
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first observation is that a bound non-degenerate ground state is uniquely 
determined by the electron density. Moreover, the system is determined by 
the density. In other words, there cannot be two different arrangements of 
the nuclei (which are only treated as parameters) that give the same electron 
density distribution. The second observation is that there, in principle, exists 
a special functional that assigns energy to electron densities in a meaningful 
way. This functional is such that it gives the correct ground state energy for 
the correct ground state density distribution. These two observations provide 
the theoretical basis for a variational method using the electron density, 
rather than the many-body wave function, as the basic object. There is, 
however, a serious problem since the true functional is not known. This 
means that we in some way or another have to find suitable approximations 
for the true density functional. One important problem in constructing an 
approximate functional is how to calculate the kinetic energy in a good way, 
since it is a large part of the energy. 

The DFT methods used today are not based on a direct variation of the 
electron density. Instead these methods use an approximate system of non-
interacting electrons, which enables a good approximation of the kinetic 
energy. This approach results in the Kohn-Sham equations, which now will 
be discussed. 

Suppose we have an effective one-body potential veff such that 

.2
2
1

iiieffv  (17) 

The solutions i to this single particle problem can be used to build a total 
density of N non-interacting electrons as given by 

N

i
is rr ,)()( 2

 (18) 

where s denotes the single particle density. Here we simply add up the 
densities corresponding to the first N eigenstates with the lowest energy 
(Equation (18) is the result if one makes a Slater determinant of the first N
eigenstates of (17) and then calculates the electron density.) 

The basic idea leading to the Kohn-Sham equations is to try to find an 
effective one-body potential veff such that s equals the true electron density 

N

i
ginteractinis rrr )()()( 2

. (19) 
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The question is how to find the effective potential veff . To do this we have to 
take a step back and consider the unknown density functional again. As a 
starting point for approximations it seems reasonable to express the density 
functional in such a way that we can calculate as many of the energy 
contributions as possible, leaving a, hopefully, relatively small term to 
approximate. We decompose the total functional E[ ] as 

][][][][][ XCnes EJETE . (20) 

The first term in (20) is the kinetic energy of the single Slater determinant 
obtained from the solution of the imagined system of non-interacting 
electrons

N

i
iisT 2

2
1][ . (21) 

The second term in (20) is the Coulomb interaction between the electrons 
and the nuclei. 

,)(][ rd
rR
rZE

M

A A

A
ne  (22) 

where RA are the coordinates of the nuclei. The third term is the classic 
electrostatic repulsion energy in charge density . Observe that here each 
electron interacts with its own density, adding up to what called the self 
interaction energy that has to be cancelled by the final term 

.'
'

)'()(
2
1][ rdrd

rr
rrJ  (23) 

The final term in (20) is "the rest", the unknown part, which has to be 
approximated. For a while we keep this term and discuss possible 
approximations later. If (20) is expressed in terms of the effective single 
particle orbitals i the result is 
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This expression can be minimized over all possible orthonormal sets of N
single particle orbitals i. The result of such a variation can be written 

iiiKSĥ i=1,2,..,N, (25) 
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Erv XC
XC  (27) 

We have now found an expression for the unknown effective potential veff.
Unfortunately the electron density enters the expression for veff, which means 
that the solution of the Kohn-Sham equations has to be searched for in an 
iterative manner; i.e. the Kohn-Sham equation has to be solved with a trial 
density in veff. This new solution is used to compute a new veff, which gives 
new solutions. This procedure is iterated until the solution converges to a 
stable self-consistent solution. We have, however, still not specified how to 
treat the exchange correlation potential vxc.

So far, there has been no success in deriving an analytic expression for 
the true exchange-correlation functional, so DFT relies on developing 
approximations to it. The development of approximate exchange-correlation 
functionals are divided into two main philosophies. One takes the route 
where parameters are optimized either by fitting to experimental data or to 
high level ab initio methods. A drawback of parameterizations is that their 
use outside the training set leads to unknown errors. Parameterized 
functionals are divided into Hybrid-DFT methods that include a chosen mix 
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with Hartree-Fock-like exchange, and pure DFT methods which do not 
include Hartree-Fock-like exchange.14 In the other route one tries to find and 
incorporate into the functional, as much as possible of the constraints and 
properties known from theory. It seems reasonable that if many of these 
constraints are satisfied the resulting density functional will give good 
results.15

One of the earliest models for the exchange-correlation functional was the 
local density approximation (LDA), which is based on the theory of electron 
gas. It assumes that the exchange-correlation energy of an inhomogeneous 
electron-density locally coincides with that of the homogenous electron 
gas.16 The LDA exchange-correlation functional performs surprisingly well 
considering its simplicity, but has several shortcomings. To address these 
problems, more complicated functionals have been developed which depend 
on variables other than the density. In the general gradient approximation 
(GGA), the gradient17 of the density is considered. In Meta-, Hyper-GGA 
functionals18 further terms, e.g. the kinetic energy density19, and the 
Laplacian of the density is considered. So far, the GGAs and hybrid-GGAs 
are the ones of most widespread use. The best of them rival the accuracy of 
MP2 in many areas, but Meta- and Hyper-GGAs are likely to dominate the 
future of the more accurate and universal functionals.20
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3 Electron Spin Resonance 

Radicals in chemistry are known to be highly reactive and rather short lived 
making them hard to study by all but a few experimental methods. In order 
to gain more insight in to the occurrence of these frequent intermediates and 
short-lived species, theoretical methods are valuable tools that sometimes 
even may exploit the advantages of fast reaction rates as in, for example 
molecular dynamics methods. 

Electron spin resonance (ESR), also known by the name electron 
paramagnetic resonance (EPR), is a valuable tool when examining radicals, 
since their spectra are very geometry sensitive, so that if a theoretical method 
accurately reproduces the ESR spectrum of a radical, one can rely on it to 
give an accurate theoretical prediction also of the geometrical structure. 

ESR measures the interaction between the spin density, which is the 
difference between the densities of the spin up and spin down electrons, and 
the spins of the nuclei in the molecule. This also indicates that closed shell 
molecules do not exhibit ESR spectra, because in this case the spin up equals 
the spin down density. 

A thorough derivation, with comments, of the spin Hamiltonian can be 
found in Vol. II of Quantum mechanics by Claude Cohen-Tannoudji. The 
Hamiltonian governing the spin interaction is Hspin=g eB·S-gN nB·I-S·A·I,
where g, gN are the electronic and nuclear g-factor, respectively, e, n the 
Bohr (electronic) and nuclear magnetons, B the magnetic field at the atom, S 
the electron spin, I the nuclear spin, A the hyperfine interaction tensor. 

The first two terms are the electric and nuclear Zeeman terms, 
respectively, and the last term is the hyperfine term responsible for the 
hyperfine interaction of interest in ESR. It is seen that the first two terms are 
dependent on the magnetic field but not the last one, which will now be 
further scrutinized. 

The A tensor can be separated into an isotropic part, Aiso
N, independent of 

the molecule orientation in the magnetic field, and an anisotropic part, T,
dependent on its orientation A=Aiso

N
.1+T, where Aiso

N is also called the Fermi 
contact term21. For nucleus N, Aiso

N=8 /3 g egN n (RN), where RN is the 
position of the nucleus and  the delta function making the term dependent 
only on the magnitude of the wavefunction at the nucleus, which is treated as 
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a point particle. The anisotropic part T is the classical interaction between 
two distant magnetic dipoles. 
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In ESR experiments, a strong static magnetic field is used to induce a 
splitting between the energies of different electronic and nuclear spin states. 
An oscillating microwave field is applied to induce transitions between these 
states, and one sweeps a second weak magnetic field until one finds the 
resonances where radiation is absorbed by an electron-spin transition, which 
gives rise to an ESR spectrum. 
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4 Core-Electron Binding Energies 

The core electron binding energy (CEBE) is the energy necessary to remove 
an electron from a core orbital to infinity. In a molecule, the chemical 
environment of an atom changes this energy slightly, giving rise to what is 
called a chemical shift. This shift makes the determination of CEBEs a 
useful way to gain chemical insight. 

The delta self consistent field ( SCF) method for determining CEBEs 
involves an SCF computation of the energy of the initial state, and an 
additional SCF computation of the energy of the final state. The computed 
CEBE is the difference between these two computed energies. If the self 
consistent method used is DFT, one sometimes denotes the method delta 
Kohn-Sham ( KS). The mean absolute error for KS can be as small as 0.16 
eV.22

The DFT method is formally justified for the lowest ionization potential 
(IP) and the lowest state of each symmetry, but generally works well also 
otherwise. A problem in the SCF method is to converge the SCF 
calculation for the ionized state, which is not trivial and requires support in 
the computational program used. If one wants to avoid this problem e.g. if 
the optimized geometry of a core ionized state is of interest, then the Z+1 
approximation (also called the equivalent core approximation) is highly 
useful. In this approximation it is observed that the 1s orbitals in atoms and 
molecules are spherically symmetric, and highly localized around the 
nucleus. This makes it possible to replace the nucleus and 1s electrons by a 
united spherically symmetric electric field. Thereby, the core ionization 
leads to a change in field strength, indicating that, from the point of view of 
the valence electrons, removing a 1s electron is more or less equivalent to 
adding a proton to the nucleus. A problem with this approximation, however, 
is that the spin state is different compared to the ionized state one wants to 
approximate. 
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5 Isotope Effects

Different isotopes of an atom have the same nuclear charge and number of 
electrons, but not the same nuclear mass. Moreover, the nuclear spin may 
differ between different isotopes. This gives them the same chemical 
behavior except when dynamical effects, vibrations, or tunneling 
contributions are of interest. Further, the different magnetic properties 
(nuclear spin) give different ESR parameters which together with 
substitution are very useful when interpreting ESR spectra. The difference in 
mass gives rise to the kinetic isotope effects, which can be measured in 
chemical kinetics experiments. The kinetic isotope effect can also be seen in 
computations via the change in vibrational frequencies, their eigenmodes, 
and thereby the zero point vibrational energy. The crucial approximation in 
theories of the isotope effect is the Born-Oppenheimer approximation, which 
separates the motion of the nuclei and electrons into a parametric 
dependence rather than an instantaneous interaction. For each nuclear 
arrangement the electronic energy is computed with the nuclei clamped, and 
the nuclei afterwards move on the potential energy surface. In the electronic 
equations the only nuclear properties of interest are their charge and 
location. The potential for the nuclear motion is the electronic energy added 
to the repulsion energy between nuclei, as a function of nuclear 
configuration. This potential is independent of the masses of the nuclei. 
However, the motions of the nuclei depend on their masses and are thus 
affected by the choice of isotope; hence, the isotope effect can be used to 
study the influence of the mass on the molecular properties without changing 
the potential energy surface. This makes the isotope effect an important tool 
to extract information about the potential energy surface. 



18

6 Kinetics 

Chemical kinetics concerns the rate of interconversion of chemical species, 
which is formulated in terms of a rate constant, and the product of 
concentrations for interacting species. At equilibrium the system eventually 
stabilizes, giving a specific concentration for each species. Both the final 
constant concentration and how it evolves from a specific initial value are of 
interest. One reason for these kinds of computations is that a comparison 
between computed and experimental concentrations may enhance our 
understanding of how the reaction proceeds, beyond the empirical 
experimental data. As indicated above, computational kinetics investigations 
can be used as a tool to interpret already performed experiments. Another 
possibility is to use it as a tool to design appropriate experiments, in the 
sense that we may predict the likely result of a proposed experiment. While 
this could reduce the time spent on unproductive experiments, it is important 
that the computational method gives reliable results. In fact, today the 
experimental rate errors are usually much smaller than the computational 
ones, which makes it important to be careful regarding any experimental 
prediction. The computer programs used in this thesis to compute chemical 
rate constants for elementary reactions are POLYRATE and GAUSSRATE, 
the latter interfaces between the former and the Gaussian suite of programs.23

6.1 Transition State Theory 
With transition state theory (TST), only the stationary points on the PES, 
reactant, transition state and product are of interest for calculating the rate 
constant. The energy or the free energy at these points is used to compute the 
rate constants. One fundamental assumption in classical TST is that no 
trajectory returns when it once has crossed the dividing surface. The dividing 
surface divides the configuration space into a reactant region and a product 
region. Since only trajectories in the forward direction are counted, the TST 
rate constant will be an upper bound to the exact classical rate constant. This 
is because recrossings occur, which lower the actual rate. 
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6.2 Minimum Energy Path 
In variational transition state theory (see below), the minimum energy path 
(MEP) is a central concept. The MEP is thought of as the path that classical 
molecules travel on the PES when going from reactant to product. A simple 
but not always good way to construct the MEP is to start at the transition 
state and from this point connect the reactant and product region. That means 
traversing the barrier both in the forward and backward direction from the 
saddle point. The MEP follows the gradient of the energy, and at the saddle 
point, where the gradient is zero, the path is in the direction of the 
vibrational mode corresponding to the imaginary frequency of the saddle 
point. A simple method to find the MEP is thus to take a small step in both 
directions of the imaginary mode and to start a constant step steepest descent 
minimization in each of these two points. The approximated MEP is then the 
connected consecutive points in this steepest descent minimization where the 
two paths are united at the transition state. When decreasing the step size, 
this will converge to the true MEP, if the PES is well behaved.24

6.3 Variational Transition State Theory 
Variational transition state theory (VTST);25 and its different versions, 
canonical VTST (CVT), improved CVT (ICVT), and micro CVT (µVT), are 
all methods where the dividing surface is varied in order to get a better 
method. Since TST yields an upper bound for the rate constant, one way to 
improve on this is to vary the dividing surface in order to minimize the rate; 
the parameters varied are the location of the dividing surface along the 
reaction path and the orientation of the surface. For the VTST methods, the 
free energy along the reaction path is sought. If the Hessian is known, the 
free energy at that point along the path is computed via the harmonic 
approximation, and possibly corrected for anharmonicity. 

6.4 Semi-Classical Tunneling 
TST methods are based on a classical view of chemical reactions, where 
quantum mechanical effects are missing. One effect, which is important in 
many cases, is tunneling. Tunneling may be corrected for by a few semi-
classical approximations in POLYRATE. The simplest approximation for 
tunneling is the Wigner correction,26 where a one dimensional simplified 
potential is assumed. However, it is only valid when the tunneling 
contributions come from the saddle point region, the transverse vibrational 
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frequencies do not vary much, and the reaction path is well approximated by 
a parabola. In addition, the curvature along the path is neglected, and the 
scattering by the parabola is treated by a simple model. Therefore, it may be 
fine when the corrections are inherently small especially at high 
temperatures. A much better method than the Wigner correction is the zero 
curvature tunneling (ZCT) method,25,27 which is good when the curvature 
along the reaction path is very small. It uses the energy profile of the 
reaction, and the reduced mass of the system, to compute the one-
dimensional tunneling from the system’s classical turning points. A 
somewhat better method is the small curvature tunneling (SCT) method.28 It 
is good when the curvature is small, and is similar to the ZCT method, but 
adds a computation of the effective mass along the reaction path. Still better 
methods are the large curvature tunneling (LCT) method,25,29 and the micro 
canonical optimized multi dimensional tunneling (µOMT) method,29 which 
may be used with any curvature. These are the most accurate methods in 
POLYRATE, but they require more elaborate computations by virtue of their 
reliance on data from more points on the PES than those along the MEP. Of 
the last two, the µOMT method is slightly better than the LCT. 
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7 Applications

7.1 Cleavage of Neutral Alkenes and Alkene Radical 
Cations

The cleavage reactions of 1-butene and 4,4-dimethyl-1-pentene and their 
cations are investigated in Paper I. The carbon-carbon bond cleavage in 
these photoionization reactions occurs between C3 and C4, and results in a 
neutral radical, and positively charged hydrocarbon products. The two net 
reactions studied are 

H2C=CHCH2CH3

H2C=CHCH2C(CH3)3

CH2CHCH2
. CH3

+

C(CH3)3
.CH2CHCH2

+

e-

e-+ +
+ +

Two different pathways for cleavage are investigated: (1) an initial 
ionization of the neutral reactant, followed by cleavage, and (2) initial 
cleavage of the neutral reactant producing two radical species, followed by 
ionization of one of the radicals. Both pathways are completed with an 
electron-transfer step. All reaction steps for these reaction pathways, 
including reactants, possible intermediates and fragmentation products are 
studied. The computational method employed is the hybrid functional 
B3LYP in combination with a 6-31G(d,p) basis set for geometries and zero-
point vibrational energies (ZPVE), and a 6-311G(2df,p) basis set for single 
point energies and isotropic hyperfine coupling constants (HFCCs). In 
addition, HF and MP2 single point calculations using the larger basis set are 
performed for the 1-butene reaction sequence, for method comparison. 
Reaction energies and optimized ground state structures are reported, and for 
the radical species, calculated isotropic hyper fine coupling constants are 
compared to experimental data when available. The suitability of hybrid HF-
gradient corrected density functional theory to predict geometries, energetics 
(in particular ionization energies), and hyperfine properties of the two sets of 
alkene cleavage reactions are investigated. The emphasis in this study is on 
the relative energies involved in these reactions.  



22

For the initial ionization of the reactants, three conformers of 1-butene, the 
skewed, eclipsed, and anti conformations, and the corresponding radical 
cations, were localized. The energy differences between the three 
conformers are negligible. Note that the anti radical cation is a transition 
state at the B3LYP level, and hence not stable. For 4,4-dimethyl-1-pentene, 
only the skewed conformer was examined. For both systems, ionization 
causes an elongation of C1-C2, a shortening of C2-C3, as well as an 
elongation of the C3-C4 bond (where the bond breakage occurs), indicating 
that the same type of orbital interactions can be seen for the two systems. 
From a total of ten optimized structures for the two cleavage schemes, the 
ionization-, cleavage-, and electron-transfer reaction energies are obtained.  
The schematic representations of the energetics for the two sets of reactions 
(found in Paper I) are highly similar, with the exception of the energy 
ordering of the two pairs of fragmentation products. In the case of 1-butene, 
the allyl radical and the methyl cation are highest in energy, while the allyl 
cation and t-butyl radical are highest in energy for the 4,4-dimethyl-1-
pentene system. The relative energies involved in both reaction sequences, 
are found to be in close agreement with experimental data. Here, the 
agreement with experiments is estimated by the mean absolute deviation 
(MAD), i.e. the sum of the absolute values of the difference between 
calculated and experimental values divided by the number of measurements. 
Assuming vertical ionization processes, the MAD is 3.4 kcal/mol for all 
steps in the two reaction sequences studied, which is a marked improvement 
over the 19.7 kcal/mol previously reported for the same processes.30 At the 
MP2/6-311G(2df,p) level of theory (this work) the mean absolute deviation 
for the process starting from 1-butene is considerably larger than at the 
corresponding B3LYP level (9.5 vs. 1.9 kcal/mol). However, assuming 
adiabatic ionization processes at the B3LYP level gives a MAD of 5.2 
kcal/mol. The largest deviation from experiment occurs for the cleavage 
reactions of the neutral parent molecules, where the difference between 
theory and experiment is up to 12.8 kcal/mol. In comparison with previous 
theoretical results based on ab initio calculations (HF and MP2),30 density 
functional theory gives cleavage and ionization energies, including zero 
point vibrational energy correction, in better agreement with experimental 
data. The isotroptic HFCCs for the 1-butene and 4,4-dimethyl-1-pentene 
radical cations, and the neutral methyl, allyl and t-butyl radicals are reported. 
The B3LYP/6-311G(2df,p) calculations yield HFCCs in very good 
agreement with experimental data. It is found that the experimental 
hyperfine properties of the 1-butene cation can be explained by rotational 
averaging caused by the flat potential surface for rotation about the C2-C3 
bond. The HFCC’s together with calculated energies for the three 1-butene 
cation conformers strongly indicate that the molecule undergoes significant 
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rotational motion about the C2-C3 bond, leading to a rotationally averaged 
structure.

7.2 Evidence of Ultra-Fast Dissociation in Ammonia 
Observed by Resonant Auger Electron 
Spectroscopy

We present evidence for ultra-fast dissociation of molecular ammonia when 
it is photo-excited to the N1s 4a1 core-hole state. Resonant excitations to 
valence or core-excited states can create unstable excited species. These 
states may be dissociative or predissociative and can in certain cases have a 
dissociation time on the order of a few femtoseconds, placing them on the 
same time scale as that of Auger decay. In this case, the dissociation is said 
to be ultra-fast. This finding, of ultra-fast dissociation of NH3, is based on 
resonant Auger spectroscopical results as well as qualitative arguments 
concerning the photon energy dependence of the Auger structures. 
Calculations of the excited state potential based on the Z+1 approximation 
were performed. Both the calculations and the measurements indicate that 
the most likely fragmentation pathway for the core excited ammonia 
molecules leads to NH2

* and H fragments (* designates an excited species).  
In the Z+1 approximation, the core excited nitrogen atom in NH3

* is 
substituted by an oxygen atom in its ground state, to form OH3. To confirm 
the instability of the OH3 molecule, we have calculated the ground-state 
potential energy surface (PES) when hydrogen dissociates from the OH3
molecule at the QCISD/6-31++G(d,p) level of theory. A relaxed PES scan 
was performed with respect to one of the O–H bonds, scanning from 0.5 to 
2.5 Å in steps of 0.05 Å. At each step, all other degrees of freedom were 
optimized. A local minimum along this surface was found at a bond distance 
of 1.016 Å, corresponding to a energy 0.799 eV above the dissociation 
energy. A transition state towards dissociation was found at a bond distance 
of 1.215 Å, at 0.134 eV relative to the local minimum. The same calculation 
was performed for NH3, and a local minimum was found at a N–H distance 
of 1.013 Å. For NH3 and OH3, all the angles of the equilibrium geometries 
are very similar. When NH3 is first excited and is approximated by OH3, the 
original geometry of the optimized NH3 is retained (as for a vertical 
excitation). In this geometry, the OH3 molecule has a slightly higher energy 
than in its own equilibrium, i.e. the local minimum on the OH3 potential 
energy surface. This excess energy places the molecule in a vibrationally 
excited state. There are two vibrational modes corresponding to dissociation. 
Both vibrational modes contribute more energy to the ZPVE than the height 
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of the barrier for dissociation. Furthermore, tunneling effects will also 
contribute to dissociation. The tunneling effects along with the relatively 
small barrier of 0.134 eV, leads us to predict a high dissociation rate for 
core-excited ammonia molecules. 

7.3 Static and Dynamic Structure of Halogenated 
Dimethyl Ether Radical Cations 

In Paper III, the structures of the CH3OCH2F and CH3OCH2Cl radical 
cations are studied using quantum chemical calculations and ESR 
spectroscopy. Both the static (static conformation) and the dynamic (the 
potential energy barrier for rotation of the methyl group) structures are 
investigated. In the experiments, the radicals were radiolytically generated in 
a solid CF3CCl3 matrix at 77 K. Selective deuteration was used to identify 
the HFCCs. The ESR investigations were performed in the temperature 
range 4 to 100 K. In the quantum chemical calculations, ZPVE and 
geometries were obtained at the MP2/6-31G(d,p) and B3LYP/6-31G(d,p) 
levels of theory. Energies and hyperfine coupling constants were obtained by 
B3LYP/6-311G(2df,p) single point calculations. Some calculations not 
discussed in the paper are also performed using QCISD, QCISD(T), CCSD, 
and CCSD(T). 

The alignment of the methyl group in CH3OCH2F is very sensitive to the 
computational level used. For the B3LYP functional, the orientation of the 
CH3 group is such that one of the hydrogens points from the carbon, and 
towards the fluorine atom, giving a dihedral angle (C-O-C-H) of zero 
degrees. For the CCSD method, one hydrogen lies in the plane, giving (C-
O-C-H)=180 degrees, and points away from the fluorine. For the MP2 
method, the rotation of the methyl group is non-symmetric lying halfway 
between the DFT and CCSD geometries. Here the hydrogens interact more 
with the spin density on the oxygen, leading to a dihedral angle (C-O-C-H) 
of about 90 degrees for one of the hydrogens; this gives a rotational PES 
with six local minima when using the MP2 method. 

The barrier for CH3 rotation at the MP2/6-31+G(d,p) level of theory is 
0.06 kcal mol-1, indicating that the CH3 group should easily rotate at 77 K. 
This is in marked contrast to experiments that imply a lack of rotational 
effects at 77 K, indicating that either there is no CH3 group present or it is 
hydrogen bonded to one of the matrix molecules. 

None of the structures found in the computational study showed HFCC’s 
similar to the ones found experimentally. This can be either due to reactions 
taking place forming new unidentified molecules during the ESR 
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experiment, or due to the interaction between the sample molecule and the 
matrix molecules. In order to investigate these ideas the HFCC’s were 
computed for a large number of neutral, anionic, and cationic radical 
fragments stemming from the many possible reactions in the matrix. 
However, no single molecule or pair of molecules considered could explain 
the two different groups of HFCC found in the experiment. Further, the 
complex of a sample cation (CH3OCH2F+) and a matrix molecule was 
optimized together for two configurations but neither gave HFCC’s similar 
to experiment. However, the calculations indicate that the CH3 group is 
hydrogen bonded to the matrix molecule. The proton closest to the matrix 
has an increased HFCC compared to the gas phase value, and the dihedral 
angle remains below 0.5 degrees. A more elaborate study would combine the 
two approaches, and consider the effect of the matrix on the fragments.  

However, a fact that does not support matrix-sample interaction, is that 
the experiment yields two pairs of HFCC’s, indicating a symmetric 
arrangement, since the HFCC’s do not change with temperature. Further 
investigations are needed in order to solve the assignment decisively for 
CH3OCH2F.

In the case of the CH3OCH2Cl radical cation, the computed HFCC’s agree 
very well with the ones seen experimentally. The HFCC’s found 
experimentally at 77 K, indicate three protons with HFCC value of 3.4, and 
two with 9.5; at 4 K there are two protons with 5.1, one with 10.2, and one 
with 8.7 mT. This is explained for the methyl group by rapid rotation at 77 
K, but not at 4 K, since the hydrogen of the CH3 in the Cl-C-O-C plane has a 
very small HFCC. Further, an averaged HFCC of 9.5 is seen for the CH2Cl 
protons at 77 K. At 4 K this hindered rotor is frozen in one of its shallow 
minima. Comparison with experiment suggests an averaged dihedral angle 
of 6 degrees for this minimum. If we constrain the dihedral angle to 6 
degrees and optimize the rest of the molecule, HFCC’s of 10.1 and 8.6 mT 
appear for the CH2Cl group, which is in perfect agreement with the 
experimental results. However, we were unable to locate such an 
unsymmetrical minima for the isolated cation at the B3LYP, MP2, QCISD, 
QCISD(T), CCSD, and CCSD(T) levels of theory, including large basis sets. 
Moreover, if an even better agreement between calculations and experiment 
is wanted, one may use B3LYP/EPR-III computed HFCC’s with bond 
lengths for the methyl group and its carbon bond taken from a CCSD/6-
31G(d,p) calculation. The computed HFCC’s at this geometry indicate two 
proton couplings of 4.9 mT and two of 9.4 mT at the symmetric geometry, 
yielding errors from experiments of about 4 and 1 percent respectively. For 
the B3LYP functional to yield ESR parameters that are in good agreement 
with experiments, we need a good geometry and a large basis set that is 
flexible at the nucleus. If the complex of CH3OCH2Cl and a matrix molecule 
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are optimised, a dihedral angle of 2.0 degrees is obtained as compared to 
zero in the gas phase. The computed barrier for CH3 rotation is 1 kcal mol-1

at the MP2/6-31+(d,p) level of theory.

7.4 Isotope Effects on the Jahn-Teller Distortion of 
Partially Deuteriated Benzene Radical Cations  

The benzene cation is the archetype of a Jahn-Teller active molecule, and 
has therefore received a lot of attention from experimentalists, quantum 
chemists and theorists. The first ESR experiment confirming the Jahn-Teller 
distortion of the benzene cation was done in 198331, and the corresponding 
structure and ESR parameters were later confirmed by quantum chemical 
calculations32.

The D6h symmetry of the benzene cation (i.e. the benzene ground state 
geometry) has a degenerate electronic ground state of 2E1g symmetry, and is 
therefore subject to the Jahn-Teller effect. This effect gives rise to two 
different, less symmetric geometries.  

D6h

+. +.

1E1g

hv hv

-e- -e-

2B1g

D2h

2B2g

D2h

Figure 1. Schematic representation of the neutral benzene molecule 
(middle), the SOMO of the two isomers of the benzene cation, and the 
corresponding geometry.

A schematic picture of the formation of benzene cation is given in Figure 1.
When benzene (middle) undergoes ionization, two different cations with 
geometries of D2h symmetry are formed. The electronic state is changed 
from 1E1g to 2B1g or 2B2g.33 In 2B1g and 2B2g the electronic state has relaxed to 
a more favorable geometry with lower energy than the more symmetric 
cation molecule. The resulting spin distributions at the two states (the 
SOMO) are indicated by circles in the figure. However, only one of the 
geometries is a local minimum on the potential energy surface while the 
other one is a transition state. Which one of the two electronic states is 
predicted to be the local minimum varies with the computational level used, 
but they are very close in energy.34
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The geometry of the electronic state 2B1g has two long and four short carbon-
carbon bonds, contrary to the geometry of electronic state 2B2g, which has 
four long and two short carbon-carbon bonds. The 2B2g state is most 
commonly seen in ESR experiments, most likely due to the more localized 
spin and charge in the 2B2g state that can interact more strongly than the 2B1g
state with the polarizable matrix molecules.31,35 The 2B1g state has been 
observed in a less polarizable, argon matrix.36

Each of the two states gives rise to three stationary points on the PES of 
equivalent geometry, but different orientation, for a total of six stationary 
points. When the molecule moves along the minimum energy path between 
the six stationary points, as shown in Figure 2, it undergoes pseudorotation. 
The term pseudorotation refers to a change in the D2h geometry taking it 
from one of the six stationary points to a nearby one. This change is due to 
an alteration of bond lengths such that the C2-symmetry axis, in the plane of 
the benzene molecule, appears to rotate. The apparent axis of rotation is 
perpendicular to the plane of the molecule. During pseudorotation each atom 
actually moves very little from its original location.  

1

2

345

6

D

D

 .+

 .+

D

D

D

D

 .+

 .+

.+

.+

Figure 2. Isotopomers in the pseudorotation, arrows indicating the in-
plane C2-axis (Left), and the associated contour plot of the potential 
energy surface related to pseudorotation, and indicated locations of the 
isotopomers (Right). 

Upon deuteration these three plus three symmetrically identical stationary 
points of the pseudorotation become inequivalent due to the differing 
locations of protons and deuterons. Isotopic substitution has two different 
effects: On the one hand, the difference in the magnetic moment of protons 
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and deuterons makes the distinction between them possible in ESR 
experiments. On the other hand, their mass difference gives rise to different 
zero point vibrational energies at the stationary points, giving them different 
probabilities in a Boltzmann population. 

In Paper IV, the stability of different isomers of selectively deuterated 
benzene cations is investigated at 4 K and 77 K, to see how the relative 
stability of the different isotopomers are affected. Isotopomers are isomers 
that differ only in the location of protons and deuterons. The experimental 
ESR findings for doubly (benzene-1,4-d2), triply (benzene-1,3,5-d3),
quadruply (benzene-1,2,4,5-d4), and quintuply deuterated (benzene-d5)
benzene cations, and the corresponding DFT computations are reported in 
the paper. The effect on mono-deuterated benzene cation was previously 
investigated by Lunell et al.37

The 2B2g benzene cation was investigated using density functional theory 
with the B3LYP functional, and the 6-31G(d,p) basis set. The molecular 
geometry of the benzene cation was optimized and the vibrational 
frequencies of the 2B2g ground state were computed in order to verify that a 
local minimum had been found. The vibrational frequencies were also used 
to compute the zero point vibrational energy via the harmonic 
approximation. The zero point vibrational energy for each isotopomer was 
scaled by 0.9838.

In the experiments, a mixture of benzene and a matrix substance was 
cooled to 4.2 K or 77 K. Thereafter, the mixture, (consisting of 0.1-0.2% 
benzene) was irradiated by X-rays in order to ionize benzene molecules. The 
ionization event is primarily initiated in the matrix and transferred to the 
benzene molecules, since benzene has a lower ionization potential than the 
matrix molecules, and benzene cations were thereby created. An ESR 
spectrum for the sample was then recorded at 4.2 K, 77 K, and also after 
cooling from 77 K to 4.2 K. In order to investigate environmental effects, the 
experiments were performed in four different matrices; CF3CCl3, CFCl3,
MCM-41, and silica gel. The pairs of selectively deuterated isotopomers 
investigated in the experiment are shown in Figure 3. In each experiment 
only isotopomers with the same number of deuterons are compared. 



29

D

D

D

D

D

D

D D

DD

D

D

D

D

D D

DD

D

D

D

D

D

D

4Benzene-dBenzene-d2Benzene-d1 Benzene-d5

Figure 3. The different pairs of isotopomers investigated using ESR. 

At low temperature the benzene radical cation has two types of 
symmetrically different C-H bonds with different force constants. In a lowest 
order approximation, the contribution of a C-H stretch to the zero point 
vibrational energy is proportional to (k/mH)1/2, where k is the force constant 
for the C-H stretch, and mH is the mass of the hydrogen nucleus. The effect 
on the zero point vibrational energy when replacing a proton by a deuteron 
depends on the site of deuteration. The zero point vibrational energy will be 
lowered more if the site has a larger force constant, e.g. a shorter bond. This, 
in general, means a site with low unpaired spin density.  

In the Born-Oppenheimer approximation the electronic energies of two 
isotopomers are identical. As a result, the energy difference arises only from 
the difference in zero point vibrational energy of the two isotopomers. The 
relative abundances of the two isotopomers for all investigated pairs of 
isotopomers were computed assuming a Boltzmann distribution. For the 
Boltzmann distribution to be valid, thermal equilibrium must be attained at 
the temperature of interest. This implies that pseudorotation must be possible 
in order to keep the assumed Boltzmann distribution. If the temperature 
decreases too quickly, the distribution will “freeze”. The rate of this process 
depends on the barrier along the potential energy surface. Hence, when the 
temperature is lowered, the pseudorotation is quenched at a temperature that 
depends on the barrier for pseudorotation. The ratio of the two isotopomers 
will not be correctly described by the Boltzmann distribution below this 
temperature, but will remain at the distribution where it “froze”. The energy 
that corresponds to the “freezing temperature” seems to be a reasonable 
estimate to the height of the barrier for pseudorotation. 

The difference in zero point vibrational energy between the isotopomers 
is estimated from their relative abundance at 77 K using the Boltzmann 
distribution, equation (29), with appropriate degeneracy factors gI and gII.
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In Table 1 the experimental and calculated values for the relative abundance 
of the most stable benzene radical cation isotopomer are shown. The first 
column lists the isotopomers and matrices that were used in the experiments. 
In the second column, the relative abundances after ionization at 4.2 K are 
shown. The third column shows the relative abundances at 4.2 K after 
annealing at 77 K, and the last column shows the relative abundances at 77 
K. Besides the experimental results, the relative ratios according to the 
Boltzmann distribution using the calculated energy differences, and the 
statistical abundance for unbiased Jahn-Teller distortion are shown. The 
statistical abundance is the abundance when no site is preferred. 

Table 1. Experimental and Calculated Values for the Relative Abundance of the 
Most Stable Benzene Radical Cation Isotopomers. 

Benzene-1,4-d2 4.2 Ka 4 K after annealingb 77 Kc

Boltzmannd 1.0 1.0 0.81 
Statisticale 0.67   

CFCl3 matrix 0.74 0.83 0.67 
CF3CCl3 matrix 0.71 0.89  

SiO2 matrix 0.75 0.75  
Benzene-1,2,4,5-d4 4.2 Ka 4 K after annealingb 77 Kc

Boltzmannd 1.0 1.0 0.52 
Statisticale 0.33   

CFCl3 matrix 0.42 0.77 0.43 
CF3CCl3 matrix 0.44 0.71  

SiO2 matrix 0.5-0.7   
Benzene-1,2,3,4,5-d5 4.2 Ka 4 K after annealingb 77 Kc

Boltzmannd 1.0 1.0 0.42 
Statisticale 0.33   

CFCl3 matrix 0.42 0.66 0.40 
CF3CCl3 matrix 0.40 0.65  
MCM-41 matrix 0.5 0.5  

a) Experimental relative abundance at 4.2 K before annealing 
b) Experimental relative abundance at 4.2 K after annealing at 77 K 
c) Experimental relative abundance at 77 K 
d) Calculated relative abundance at 77 K according to Boltzmann distribution 
e) Calculated statistical abundance at ionization  
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An examination of Table 1 indicates that upon ionization at 4.2 K the 
abundance of the most stable isotopomer takes a value in between those 
predicted according to the statistical and Boltzmann distributions. The 
deviation from the statistical distribution is larger in the softer matrices, SiO2
and MCM-41. Comparison between experimental and computed ratios is 
only possible at temperatures above the “freezing temperature”, and the only 
experiment above is 77 K in the CFCl3 matrix. The agreement between 
calculated and experimental abundance is satisfactory for all three pairs of 
isotopomers, considering that the ratios are estimated by fitting a mix of the 
two simulated ESR spectra to the measured spectrum.  

In Table 2, vibrational frequency components in the high- and low-
frequency regions, and the total zero point vibrational energy for selectively 
deuterated isotopomers of the benzene radical cation are shown. From this 
table it is seen that the difference in ZPVE between the isotopomers in the 
pair comes almost exclusively (99%) from the low frequency modes 
associated with the carbon-carbon framework, which contradicts what was 
anticipated from the simplistic arguments. 

Table 2. Vibrational Frequency Components in the High- and Low-Frequency 
Regions (cm-1) and Total ZPVE (kJ mol-1) for the Selectively Deuterated Isomers 
of the Benzene Radical Cation. 

 Frequency Range
Deuterated molecule 
and deuterated position 

Low
(0-2000 cm-1)

High
(2000-3500 cm-1)

ZPVE  
(kJ mol-1)

Benzene-d1    
1 23040.4 18516.6 248.566 
2 22999.7 18516.4 248.321 

40.7 0.3 0.245 

Benzene-d2    
1,4 22476.4 17678.0 240.177 
2,5 22395.24 17677.5 239.688 

81.3 0.5 0.489 

Benzene-d4    
1,2,4,5 21266.8 15999.7 222.904 
2,3,5,6 21184.8 15999.0 222.409 

82.0 0.7 0.495 

Benzene-d5    
1,2,3,4,5 20661.4 15160.3 214.261 
2,3,4,5,6 20620.4 15159.9 214.014 

41.0 0.3 0.247 
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7.5 A Theoretical Study of Kinetic Isotope Effects in a 
Set of Substituted Aziridines 

In paper V, different computational methods are used to calculate the kinetic 
isotope effect (KIE) for the nitrogen inversion reaction in aziridine (Scheme
1). The results are compared in order to investigate how accurate these 
methods are in a priori computing of the KIE.  

Two different methods and basis sets are used in order to investigate the 
sensitivity of the KIE calculation with respect to the different levels used to 
calculate the potential energy surface. To study this, the PES of the reaction 
for (1), in Figure 4, is calculated at the MP2 and B3LYP levels of theory 
using the 6-31G(d) and the larger 6-311+G(d,p) basis sets.  

CH2 CH2

N

H

CH2 CH2

N

H

CH2CH2

N

H

R TS P
Scheme 1: The reactant (R), transition state (TS), and product (P) for 
the nitrogen inversion in aziridine. 

Further, we investigate the effect on KIE and rate constants of using either 
transition state theory (TST) or micro canonical variational transition state 
theory (µVT), which are the simplest, and the most accurate methods among 
the variational transition state (VTST) methods, respectively. 

Moreover, we use three semi-classical methods that correct the rate 
constant for tunneling and non-classical reflection, and investigate what 
contributions they have to the rate constants and KIEs. These methods are 
the Wigner (W), zero curvature tunneling (ZCT), and small curvature 
tunneling (SCT) methods. 

In Figure 4, the substituted aziridines investigated in the present study are 
presented together with the parent unsubstituted aziridine.
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Figure 4. The substituted aziridines investigated in the present study: 
(1) aziridine, (2) N-methylaziridine, (3) 2-methylaziridine, (4) cis-2,3-
dimethylaziridine, and (5) trans-2,3-dimethylaziridine.

By comparing calculated KIE in (1) it is concluded that the highest level of 
tunneling correction, SCT, is necessary in order to get reasonable agreement 
between experimental and calculated values. The tunneling correction gives 
a large increase of the KIE value. Moreover, the level used to calculate the 
PES affect the KIE values much less than the tunneling corrections, and all 
the VTST methods used give identical results for (1).

In the case of the substituted aziridines 2, 3, 4, and 5 we use B3LYP/6-
31G(d) for all PES calculations. From the rate constant calculations on the 
substituted aziridines it is seen that µVT gives a large contribution to the 
KIEs and rate constants, and that this contribution increases with increasing 
temperature. In addition the tunneling correction gives a large contribution, 
but as for (1) this contribution increase when the temperature is lowered. 

7.6 Comment on My Participation in Paper I-V 
The results presented here are largely the product of work involving the 
efforts of many people, both experimentalists and theoreticians. I have taken 
part in all the computational work presented in this thesis, which includes 
planning and performing the actual calculations, extracting the results from 
the computational data, as well as analyzing and presenting the results. In 
more detail, I conducted all the quantum chemical calculations for Paper I, 
and was together with L.A. Eriksson responsible for the manuscript 
preparation. My contribution to Paper II was the calculation of the potential 
energy surface, as well as a thorough literature search. In Paper III, I 
performed all the calculations, and analyzed the computational results. I did 
all the quantum chemical and Boltzmann computations in Paper IV, and took 
part in the discussion of the manuscript. In Paper V, all the kinetic, and most 
of the quantum chemical calculations were performed by me, and I wrote 
parts of the manuscript. 
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8 Concluding Remarks 

This thesis presents several applications of quantum chemistry to molecular 
systems with the purpose to predict and interpret experiments done on 
various molecular systems. Properties investigated include energetics, 
excited states, hyper fine coupling constants, and isotope effects.  

The first investigation, in Paper I, concerns cleavage processes of alkenes, 
with focus on cleavage and excitation energies. We investigate two reaction 
paths, and compare computational methods and their abilities to treat this 
problem. We compare DFT, HF and MP2 and finds that DFT gives the best 
description of the problem.  

The next investigation, in Paper II, presents evidence for ultra-fast 
dissociation of molecular ammonia. The dissociation is caused by a photo-
excitation from the N1s to the 4a1 core-hole state. The experimentally found 
ultra fast dissociation agrees well with the calculated potential energy 
surface of the system, since the surface shows a very small barrier for 
dissociation. In the calculations we have used the Z+1 approximation, which 
transforms the problem of calculating the core-hole excited state to a 
calculation of a ground state. One possible continuation of the project would 
be to not use the Z+1 approximation. This would, however, be more difficult 
since then one has to deal with the surface of an excited state rather than a 
ground state.  

In Paper III, halogenated dimethyl ether radical cations are studied. We 
investigate both static and dynamic structures with the application to ESR 
experiments as the main objective. It is found that for the chlorinated radical 
cation the experiments and calculations agree well. Moreover, the theory is 
able to explain the temperature dependence of the hyperfine coupling 
constants. However, for the fluorinated compound we are not able to match 
theory and experiments. One possible explanation of this may be that the 
radical cation may react with the matrix before the ESR measurement takes 
place. This problem calls for further studies, especially more experimental 
investigations. One could also consider further computational studies to 
investigate solvent effects, as well as fragmentation and/or association 
reactions.

In the fourth study (Paper IV) we investigate the stability of Jahn-Teller 
distorted selectively deuteriated benzene radical cation isotopomers. Here 



35

results from ESR experiments are compared with density functional theory 
calculations. We are able to explain the temperature dependence, between 
4.2 K and 77 K, of the ESR spectra. To investigate this problem further it 
would be relevant with more experimental studies. Especially one may 
investigate the kinetics of the pseudorotation, at several temperatures, to 
estimate the activation barrier. A relevant computational study of this 
problem would be to make wave packet simulations in the pseudo rotation 
potential. This would make it possible to avoid a questionable harmonic 
approximation used in the present study. 

In the final investigation, Paper V, we consider the nitrogen inversion in 
aziridine, as well as in a few methyl and dimethyl substituted aziridines. We 
calculate the rate constants and kinetic isotope effects by various 
combinations of transition state theory and tunneling correction methods. It 
is found that the tunneling corrections to all the rates is surprisingly high at 
all temperatures up to 400 K. We also compared the effect of various choices 
of computational methods on the calculated kinetic isotope effects (KIE). 
This study indicates that the choice of tunneling correction method and 
transition state method, has a larger influence on the calculate KIE, than the 
method used to calculate the potential energy surface. This means that for 
studying these types of problems one may spend more computational efforts 
on the tunneling correction and transition state method, than on the 
calculation of the potential energy surface. This is a question which may be 
of interest to investigate further, to see if this is a general phenomenon. 
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9 Summary in Swedish.
Kvantkemiska beräkningar av elektron-
spinnresonans, exciterade tillstånd och 
isotopieffekter i molekylära system 

För nära 80 år sedan formulerades kvantmekaniken, en teori som gör det 
möjligt att teoretiskt förstå, och räkna på, hur elektroner och atomkärnor 
växelverkar i all materia som omger oss. Kvantmekaniken gör det alltså 
möjligt att förstå de grundläggande fysikaliska egenskaperna hos denna 
materia. Problemet är att det i många fall är mycket svårt att räkna ut vad 
kvantmekaniken faktiskt förutsäger. En av kvantmekanikens grundare 
P.A.M. Dirac uttryckte sig på följande sätt om dessa svårigheter (här översatt 
till svenska): 

”De fundamentala lagar som är nödvändiga för en matematisk beskrivning av 
stora delar av fysiken och hela kemin är sålunda fullständigt kända och 
svårigheten ligger endast i att tillämpning av dessa lagar leder till ekvationer 
som är för komplicerade för att kunna lösas.” 

Inom kvantkemi använder man de ekvationer som kvantmekaniken ger 
upphov till för att undersöka molekyler och kemiska reaktioner. Så som 
Dirac konstaterade visade det sig vara lättare sagt än gjort att lösa dessa 
ekvationer. Det var inte förrän på 60-talet som kvantkemin tog ordentlig fart. 
Orsaken till detta var att man fick tillgång till datorer, vilket gjorde det 
möjligt att börja lösa de krångliga ekvationerna. Genom de stora framsteg 
som gjorts under de senaste årtiondena i utvecklingen av datorernas hård- 
och mjukvara har kvantkemiska beräkningar blivit ett fullvärdigt 
komplement till experiment och teori. Det har därmed blivit möjligt att förstå 
och förutsäga en stor mängd kemiska, fysikaliska och biologiska fenomen. 
Det Nobelpris som John Pople och Walter Kohn fick ta emot 1998, 
underströk betydelsen av den utveckling som skett inom beräkningskemin. 
Idag finns tillgång till massivt parallella datorer med en maximal 
beräkningshastighet på flera teraflop (miljoner miljoner operationer per 
sekund). Med fortsatt hög utvecklingshastighet av hård- och mjukvara kan 
man utgå ifrån att kvantkemin kommer att utvecklas och få en ännu mer 
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betydande roll inom många vetenskapsgrenar. Detta kommer förmodligen att 
ha stor betydelse eftersom kunskaper i kemi är en viktig faktor bakom 
många framsteg inom områden som materialdesign, biologisk forskning och 
kemisk produktion.  

En faktor bakom kvantkemins användbarhet är att man får en möjlighet 
att undersöka molekyler som det är svårt att göra experiment på, den bidrar 
även till att man kan tolka resultaten av svårtolkade experiment. Denna 
avhandling handlar om just sådana situationer där kvantkemin blir ett 
verktyg för att tolka och förstå experimentella resultat.  

Två exempel på svårstuderade typer av molekyler, som ingår i denna 
avhandling, är radikaler och katjoner. Förutom dessa molekyler undersöks 
även radikalkatjoner, som är kombinationen av de båda, i avhandlingen. 
Dessa molekyltyper är svåra att studera eftersom de är kortlivade och mycket 
lätt reagerar med andra molekyler. Radikaler är molekyler med ett udda antal 
elektroner och de reagerar vanligtvis aggressivt med allt som kommer i deras 
väg. Katjoner är molekyler som har förlorat minst en elektron. De är alltså 
plusladdade, och vill gärna ta tillbaka de förlorade elektronerna.  

Många egenskaper hos molekyler kan beräknas med kvantkemiska 
metoder. Den viktigaste metoden som används i den här avhandlingen är 
täthetsfunktionalteori, på engelska density functional theory (DFT). I DFT 
beskriver man tätheten hos det elektronmoln som omger och håller samman 
molekylen. En stor fördel är att DFT kräver mycket mindre datorresurser än 
andra mer traditionella ab initio metoder, som också används i avhandlingen. 

En mycket framgångsrik spektroskopimetod för att studera radikaler, där 
beräkningar spelar en mycket stor roll för att tolka experimenten, är s.k. 
elektronspinnresonansspektroskopi (ESR). I dessa experiment bestrålar man 
molekylerna så att elektroner slås bort. Den kvarvarande molekylen kan då 
vara en radikal. Med ESR spektroskopi får man ett s.k. ESR spektrum, som 
är som ett slags fingeravtryck på radikalen. Om man inte vet vad man har 
sett för molekyl i sitt experiment, men har en gissning, kan man göra en 
kvantkemisk beräkning på den molekyl man tror att man har. Om resultatet 
från beräkningen stämmer överens med resultaten från mätningen kan man 
med stor säkerhet säga att man gissat rätt på molekyl. 

En annan viktig del av det arbete som presenteras i den här avhandlingen 
handlar om isotopieffekter. Två isotoper av en atom har nästan identiska 
kemiska egenskaper. En atom består av elektroner kring en atomkärna. 
Atomkärnan består i sin tur av protoner och neutroner. Två atomer som har 
samma antal protoner men olika antal neutroner sägs vara isotopa. Ett 
exempel på två isotoper är väte och deuterium. Väte har bara en proton i sin 
kärna, medan deuterium har både en proton och en neutron, vilket gör den 
nästan dubbelt så tung som väteatomen. Grovt sett är det antalet protoner 
som bestämmer atomens kemiska egenskaper, så två isotoper av samma sorts 
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atom har nästan samma kemiska egenskaper. Det finns ändå skillnader. Den 
viktigaste är att två isotoper väger olika mycket. En annan skillnad är att två 
isotoper kan ha olika magnetiska egenskaper, vilket man kan märka om man 
undersöker dem med ESR-spektroskopi. Med hjälp av isotoper kan man 
undersöka hur kemiska reaktioner går till. Man kan se vad som händer när en 
eller flera molekyler reagerar med varandra för att bilda nya molekyler. Hur 
fort de här förändringarna går kan påverkas av vilka isotoper som 
molekylerna byggs upp av. En del av arbetet i den här avhandlingen går ut 
på att undersöka kemiska reaktioner genom att göra modelleringar och 
beräkningar som sedan jämförs med experiment. 

Följande typer av molekyler och kemiska reaktioner undersöks i denna 
avhandling:

Klyvning av alkener. Alkener är exempel på kolväten (de består av 
grundämnena kol och väte), och är grundläggande för kemi och har en 
mycket stor betydelse inom kemisk industri. Det som främst undersöks här 
är klyvning av alkener och alkenradikalkatjoner, och närmare bestämt, hur 
mycket energi det går åt för att åstadkomma dessa klyvningar. Vidare 
beräknas vilken energi som går åt för att ta bort en elektron och göra en 
alken till en alken radikalkatjon. Slutligen jämförs dessa beräknade energier 
med de experimentellt uppmätta energierna.  

Exciterad klyvning av ammoniak. Ammoniak är en viktig byggsten i 
biokemi och många har kanske stött på den i hushållet som ett ganska 
illaluktande rengöringsmedel. Om man bestrålar ammoniak med gamma 
strålar, ljus med en mycket hög energi, så kan man slå ut en elektron djupt 
inne i ammoniakmolekylens elektronmoln. När detta har hänt kan 
ammoniakmolekylen inte hålla samman längre utan börjar falla sönder 
mycket snabbt. I denna avhandling undersöks denna sönderfallsprocess och 
jämförs med experiment.  

Radikalkatjoner av dimetyleterderivat. Dessa är exempel på molekyler 
som både är plusladdade och har en udda elektron. I denna undersökning 
görs beräkningar för att kunna tolka ESR-spektra som mätts på dessa joner. 
För att underlätta tolkningen byts ibland vissa väteatomer mot deuterium. 

Joniserad bensen. För att kunna tolka ESR-spektra vid olika temperaturer 
görs beräkningar på joniserad bensen. För att undersöka detta används 
tekniken att byta ut olika väteatomer mot deras isotop deuterium återigen.  

Aziridin och Aziridinderivat. Dessa molekyler finns i två olika former 
som kan omvandlas till varandra. Hastigheten på denna reaktion undersöks. 
Vidare undersöks hur denna hastighet påverkas när en viss väteatom i 
molekylen byts ut mot sin isotop deuterium. Beräkningar jämförs inte bara 
med experiment, utan de olika beräkningsmetoderna jämförs även med 
varandra för att undersöka hur bra de olika beräkningsmetoderna fungerar 
för denna typ av frågeställning. 
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