
ACTA

UNIVERSITATIS

UPSALIENSIS

UPPSALA

2008

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 417

Photochemistry of Phenyl Halides

DANIEL KARLSSON

ISSN 1651-6214
ISBN 978-91-554-7146-0
urn:nbn:se:uu:diva-8602



����������	
 �����
��� �� ������ 
�������� �	 �� �������� �����
�� �
 ��������
�
�
���������	���	����� ��������������
 �� ������� ���������  ���� !"� !##$ �� �#%�& '	� ���
������ 	' �	��	� 	' (���	�	���) ��� �����
���	
 *��� �� �	
������ �
 +
�����)

��������

,�����	
� �) !##$) (�	�	��������� 	' (��
�� �������)  ��� 
����������� ������
���) �������
�	
������� ��

���� 	� ������� ���������	�� ��	
 �� ������� 	� ����� ���
����	�	�� "�-) &- ��) ������) ./01 2-$32�3&&"3-�"43#)

5� ���� ������� '�
����
��� ������� 	' ��	�	3�
����� ����	�����	
 6�
����� �
� ��
����� �

������� ���
�� �������) 0� �	���
�
� '���	���	
� ����3��	�� ���������
�� *��� �� �
���	
���������	
� *� ��� ���� �	 ���	�
� '	� ������� 	��������	
�) .
 ����� ���
�� �������� ���
����	�����	
 6�
����� �� '	�
� �	 �� ����
��
� 	
 ��� 
������ ��� 
������ �
� ��� �	����	
 	'
��� ���������
��� �
� ���	 	
 ��� ��������	
 *�����
���)  ��������
��� ����� �������	
 �
 ���
����	�����	
 ���� �	
���
�� �	������ �	 ���� 	' ��	�	��
7�
� 89:# ��;� �� 	������� *��

����
� �*	 	� �	�� '��	��
� ��	��) <	� �������� �
 ��	�	��
��'��	�	��
7�
� �
������	���	
� ���� �	
���
� �� 	����
��) ���� ��
 �� ������
�� �� � ���
�'���
� �	*���
� 	'
��� ��������� �	��
���� �
���� ������ 8(+=; ��	
� ��� =30� �	
�) �	*����� ������� 	' ���
��������
��� ������� ��

	� �� ���	�
��� '	� �� 	
�3����
��	
�� (+=�) �����'	��� *�
������� � ��'�
�� �	��� '	� ��� ����	�����	
� �
 *���� ��� ������� ������ 	' ��� ���� ���

������������ ��� �	����� �� ����	��
� ���������
��	
�� �	��
���� �
���� ���'����) ����
�	��� ��� ���
 ���������� ��������� �� >��
��� ��
����� ��������	
� �
 ��� ���� 	' :30�<(��
�
� �� ����� �	 �� ������� 	' �������
� ��� ���
 '������� �
 ��� �������� 6�
�����) �������
*� ��� ���	 ���� �	 �����'� ��� �	�� 	' ���
3	���� �	����
� �
 ����� �	�������)

���	���� (�	�	���������� (������	�����	
� (��
�� �������� +������ ������� /��������
�
�''����� (���3��	�� ������	��	��� ?	������� ����� ��
�����

����� ������	�� �����
�� 	� ��	�	 ��
����� ���  	������ ������ !	" #$%� �������
���������� �&'(#)$* �������

@ ��
��� ,�����	
 !##$

.//1 �4&�34!�"

./01 2-$32�3&&"3-�"43#
��
%
�
%��%��%����3$4#! 8����%AA��
)6�)��A���	���B��
C��
%
�
%��%��%����3$4#!;



 

List of Papers 

This thesis is based on the following papers, which will be referred to in the 
text by their Roman numerals. 
  
I Y.-J. Liu, P. Persson, H. O. Karlsson, S. Lunell, M. Kadi, D. 

Karlsson, and J. Davidsson, Photodissociation of Bromobenzene, 
Dibromobenzene, and 1,3,5-Tribromobenzene, J. Chemical Phys-
ics 120:6502 (2004). 

II O. A. Borg, Y.-J. Liu, P. Persson, S. Lunell, D. Karlsson, M. 
Kadi, and J. Davidsson, Photochemistry of Bromofluoroben-
zenes, J. Physical Chemistry A 110:7045 (2006). 

III D. Karlsson, O. A. Borg, S. Lunell, J. Davidsson, and H. O. 
Karlsson, Experimental and theoretical study of the photodisso-
ciation of bromo-3-fluorobenzene, J. Chemical Physics 
128:034307 (2008). 

IV D. Karlsson, and J. Davidsson, Photodissociation of bromo-
chlorobenzenes, J. of Photochemistry and Photobiology, A: 
Chemistry 195:242 (2008). 

V O. A. Borg , D. Karlsson, M. Isomäki-Krondahl, J. Davidsson, 
and S. Lunell, Predissociation of Chlorobenzene, beyond the 
pseudo-diatomic model, Chemical Physics Letters, Accepted for 
publication (2008). 

 
Reprints were made with the permission from the publishers. 



 

Comments on my participation 

Paper I. Contributed to the experimental work and theory discussions, wrote 
parts of the paper. 
Paper II. Contributed to the experimental work and theory discussions, ana-
lyzed the data, and wrote parts of the paper. 
Paper III. Performed all the experimental work, analyzed the data, contrib-
uted to the quantum dynamics simulations and the theory discussions, wrote 
parts of the paper. 
Paper IV. Performed the experimental work together with M. Kadi, ana-
lyzed the data, and wrote most of the paper.  
Paper V. Performed all experimental work, analyzed the data, and wrote 
parts of the paper. 

 



 

Contents 

1 Introduction ...........................................................................................9 

2 Excited states of phenyl halides...........................................................11 
2.1 Molecular orbitals.......................................................................11 
2.2 The concept of potential energy surfaces ...................................13 
2.3 Selection rules for transitions between electronic states ............15 

2.3.1 The role of spin multiplicity ..................................................15 
2.3.2 The role of symmetry.............................................................16 

2.4 Electronic states..........................................................................16 
2.4.1 Naming the electronic states ..................................................16 
2.4.2 Optically active electronic states ...........................................17 
2.4.3 Electronic states observed in ab initio calculations ...............17 

2.5 The faith of the excited electronic states ....................................19 
2.5.1 Radiative processes................................................................19 
2.5.2 Non-radiative processes .........................................................19 

3 Experimental methodology..................................................................22 
3.1 Studying ultra-fast processes, the pump-probe method..............22 
3.2 Measurement of the excited state lifetimes in phenyl halides ....23 

3.2.1 Experimental setup ................................................................25 
3.2.2 Long pulse fs-laser system.....................................................26 
3.2.3 Long pulse light modification arrangement ...........................26 
3.2.4 Molecular beam apparatus .....................................................27 
3.2.5 Long pulse data acquisition system .......................................29 
3.2.6 Short pulse fs-laser system ....................................................29 
3.2.7 Short pulse light modification arrangement...........................30 
3.2.8 Short pulse data acquisition system .......................................30 
3.2.9 External control of the experimental setup ............................31 

3.3 Polarization.................................................................................31 
3.4 Analyzing the experimental data ................................................32 

3.4.1 First order kinetics .................................................................32 
3.4.2 Consecutive kinetics ..............................................................32 
3.4.3 Data analysis ..........................................................................34 

4 Photochemistry of phenyl halides........................................................36 
4.1 Previous work, monohalide phenyls...........................................36 



 

4.1.1 Photolysis of the carbon halogen bond ..................................36 
4.2 Polyhalide phenyls .....................................................................37 

4.2.1 Experimental results ..............................................................37 
4.2.2 Substituent effects..................................................................39 

4.3 Channel one, 2 ps to 40 ps..........................................................40 
4.3.1 1,3,5-triBrPh, Br-3,5-diClPh and Br-3,5-diFPh.....................40 
4.3.2 Out-of-plane bending and spin-orbit effects ..........................41 
4.3.3 Dihalid phenyls ......................................................................41 
4.3.4 Photodissociation dynamics of 3-BrFPh................................42 

4.4 Channel two, 1 ps to 15 ps..........................................................44 
4.5 Channel three, subpicosecond ....................................................45 
4.6 Reinvestigating the photochemistry of chlorobenzene...............46 

5 Concluding remarks.............................................................................48 

Sammanfattning på svenska..........................................................................49 

6 Acknowledgements..............................................................................51 

7 References ...........................................................................................52 

 



 

Abbreviations 

AO Atomic orbital 
BBO �-Ba2O4 
BS Beam splitter 
fs Femtosecond (10-15 s) 
ISC Intersystem crossing 
IVR Internal vibrational redistribution 
MB Molecular beam 
MEP Minimum energy path 
Mion Ion signal 
MO Molecular orbital 
MPI Multiphoton ionization 
ns Nanosecond (10-9 s) 
PEC Potential energy curve 
PES Potential energy surface 
Ph Phenyl group 
ps Picosecond (10-12 s) 
PMT Photo-multiplier tube 
PTS Photo-fragment translational spectroscopy 
QDS Quantum dynamical simulation 
S Singlet multiplicity 
S/N Signal-to-noise ratio 
SOC Spin-orbit coupling 
T Triplet multiplicity 
TED Translational energy distribution 
TISE Time independent Schrödinger equation 
TOF-MS Time-of-flight mass spectrometer 
TOPAS Traveling wave optical parametric amplifier 
TS Transition state 
UV Ultra violet 
X Halogen atom, Br, Cl or F 
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1 Introduction 

In the autumn, during my second year as an undergraduate student in chem-
istry at Lund University (1999), I went to a seminar organized by Prof. Villy 
Sundström from the department of Chemical Physics. I remember that he 
was very enthusiastic to introduce the speaker, much more enthusiastic than 
I have ever seen him before when teaching us basic spectroscopy. Villy gave 
a long introduction to the speaker, apparently it was not a randomly chosen 
guy that had come down to visit us in Lund. The speaker, Prof. Ahmed Ze-
wail was in Sweden to receive the Nobel prize[1], and now he gave a semi-
nar summarizing his research projects. This was something much more in-
teresting than I ever heard during the chemistry courses. We had been treat-
ing molecules very anonymously, yes they consists of several atoms, have 
physical properties etc. but otherwise the molecules where quite boring to 
me. Prof. Zewail, used the same language for atoms as we had been using for 
describing macroscopic objects in physics! He told us how he could resolve 
the fastest chemical processes using complicated laser systems and even 
figure out the transition state geometries. He had struck me at the right time. 
I was hooked.  

Elucidation of the fundamental dynamics in chemical reactions is essen-
tial for the understanding of chemical reactivity and the availability of fem-
tosecond (fs) laser systems has brought this field into a new era. We now 
have access to experimental methods with a sufficient time resolution in 
order to resolve most of the chemical reactions. However, interpretation of 
the experiments is often intricate, and if the aim is to reach further than ex-
pressing the results in terms of “trends”, theoretical investigations are also 
required. My thesis represents the experimental part in a joint project with 
computational chemists[2].  

 
Figure 1. Chlorobenzene, consisting of two units; the hexagonal phenyl ring and the 
chlorine atom (green). 
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We have been studying the photo-induced reaction dynamics of phenyl 
halides, see Figure 1. These molecules have several properties which make 
them interesting to study in great detail. Their photochemistry is very com-
plex due to the presence of several bond and repulsive excited electronic 
states. An understanding of the interaction between such states is of impor-
tance for many branches of chemistry. Also, these molecules have an appeal-
ing size that is in between “small molecules”, for which the entire nuclear 
space can be mapped out, and “large molecules”, which can only be de-
scribed semi-empirically. The “mid-size molecules” allow for quite accurate 
calculations of excited state energies, but with the penalty of using reduced 
dimensionality models. This means that all the degrees of freedom of the 
molecules cannot be included in the calculations. In a sense, this is actually 
good since we will thereby assess the question whether or not reduced di-
mensionality approximations are at all sound. If it turns out that the chemis-
try of complicated molecules can actually be described by only a few de-
grees of freedom, it might be enough to control these “key-modes” to steer 
the outcome of a chemical reaction.  
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2 Excited states of phenyl halides 

Molecules spend most of their time in the energetically lowest state, the 
ground state. When energy is provided to the molecule, e.g. by light or heat, 
it can move into an excited state, but after some time the excess energy is 
usually dissipated. Two interesting aspects of the energy dissipation process 
are; will the molecule return to the ground state? Or will it break into smaller 
parts? The aim of this chapter is a brief discussion about such aspects.  

2.1 Molecular orbitals 
The electrons in atoms are grouped by pairs into atomic orbitals (AO); these 
orbitals can overlap to form molecular orbitals (MO)[3]. The MOs are of two 
kinds; bonding where some of the electron density is located between the 
atoms and thereby hold them together, and antibonding with a nodal plane in 
between the atoms with zero electron density. These concepts can be illus-
trated using the simple molecule, H2, in which two H1s AOs overlap to form 
two MOs; one bonding MO energetically below one antibonding MO. These 
MOs are symmetric with respect to rotations about the line connecting the 
atoms, and are referred to as �-�and��*-MOs, where the asterisk indicates 
that it is an antibonding MO, see Figure 2. In the ground state, the �-MO is 
occupied by two electrons, ����. However, if the molecule is energetically 
excited, one electron is transferred into the �*-orbital, �����	���. Distribu-
tions such as �����and������	��� are referred to as electronic configurations 
or electronic states.  
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Bonding

Anti
bonding

Non bonding

n

 
Figure 2. Molecular orbitals for chlorobenzene (C2v symmetry). The �-MOs, left 
column, have either the electron density along the axis between the atoms (bonding, 
�) or a nodal plane orthogonal to the line connecting the atoms (antibonding, �*). 
The electron density in the 
-MOs, right column, occupy regions on either side of 
the line connecting the atoms, and the 
*-MOs have nodal planes between the atoms. 
A chlorine non-bonding orbital, it is more or less an in plane AO.    

In benzene, each carbon atom is sp2-hybridized, two of these AO overlap 
with sp2-AOs on neighbouring carbon atoms to form a hexagonal ring of �-
MO, and the remaining sp2-orbital is involved in a C-H �-bond. In addition 
to the three sp2 orbitals is the carbon p-orbital orthogonal to the plane of the 
phenyl ring, six such orbitals exists and these overlap to form 
-MOs, see 
Figure 2. A 
-MO changes sign upon 180° rotation about the axis that con-
nects the atoms (C2 rotation). A third type of orbitals exists in e.g. phenyl 
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halides, here, some of the valence electrons of the halide atom are not in-
volved in forming MOs, and these are classified as non-bonding, n-orbitals, 
see Figure 2. 

2.2 The concept of potential energy surfaces 
Potential energy surfaces (PES)[4] will serve as guides for interpreting our 
experimental results. A PES can be thought of as a landscape formed by the 
electrons (an electronic configuration) on which the nuclei move. A valley 
corresponds to a stable nuclear configuration, or with other words, a mole-
cule that is relatively long lived. Several valleys typically exist on a surface, 
these are separated by hills and the peaks are referred to as a transition states 
(TS). If enough energy is provided to the molecule for the nuclei to move 
over the hills, a nuclear rearrangement can occur and a new molecular struc-
ture is formed. The most energy efficient path between two points on the 
same surface is the minimum energy path (MEP), see Figure 3.  
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Figure 3. A illustration of a two dimensional PES with the energy as a function two 
parameters; rotation around the double bond and the length of the double bond. The 
important points on the PES are the global and local minima corresponding to stable 
structures and the TS. A MEP between the two stable molecular structures is illus-
trated by the solid line.   

A PES is obtained by solving the time independent Schrödinger equation 
(TISE) for several nuclear configurations employing the Born Oppenheimer 
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approximation; according to which, terms in the TISE containing the deriva-
tive of the electronic wavefunction with respect to the nuclear coordinates,  
��(r; R), are neglected. The Born Oppenheimer approximation is justified 
on the basis that the ��(r; R)-terms are proportional to the ratio of the elec-
tron mass to the nuclear mass, which obviously is a very small number[5]. 
For a molecule consisting of totally N atoms, a PES becomes a 3N–6 (or 
3N–5 for a linear molecule) dimensional function and each electronic con-
figuration is in turn associated with its own PES. In a diatomic molecule 
only one nuclear coordinate exist, and the corresponding “surfaces” are re-
ferred to as a potential energy curves (PECs).  

If one connects the energies that are obtained by solving the TISE while 
preserving the ordering of the energy levels, so-called adiabatic PESs are 
obtained, see Figure 4. Adiabatic PECs that belong to the same symmetry 
are not allowed to cross. The magnitude of the separation between the elec-
tronic states, 2 in Figure 4, at the so-called avoided crossing is directly 
related to the coupling strength between the states. Near the avoided cross-
ings, the ��(r; R)-terms can become quite significant and it might not be 
appropriate to neglect these terms anymore. In this it case could be better to 
use diabatic electronic states, which preserve the physical character of the 
electronic states and thereby cross.  
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Figure 4. Illustration of diabatic and adiabatic PECs, 2 is the energetic separation 
between the two states at the avoided crossing.  

Many chemically interesting molecules contain tens or hundreds of at-
oms; hence the full PES soon becomes very difficult to compute and also to 
visualize. In order to handle this, it is common to use reduced dimensionality 
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models, where only the chemically important nuclear rearrangements are 
included. For example, the phenyl halides contain 12 atoms and the full PES 
will have 30+1 dimensions. However, in order to describe the dissociation of 
the C-X bond, it is common to only include a single parameter; the distance 
from the halogen atom to the carbon atom that it is attached to. However, in 
order to use the low dimensionality approximations, a large amount of 
chemical intuition is required in order to single out the modes that are sig-
nificant for the reaction. Also, once a model is created, it is necessary to 
somehow evaluate it against experimental results in order to confirm that the 
approximations are not too crude. 

2.3 Selection rules for transitions between electronic 
states 

Chemistry is to a large extent about transitions between electronic states. 
The electronic states have three important properties that are used to deter-
mine which electronic transitions that is more or less likely to take place; 
symmetry, energy and spin multiplicity (defined as 2 � spin + 1).  

2.3.1 The role of spin multiplicity  
The spin of two electrons can be combined in four ways, if one also consid-
ers the relative phase of the spin [6]. Three of these combinations have a net 
spin of one and a spin multiplicity of three. An electronic state with such 
spin multiplicity is referred to as a triplet state (T). The fourth combination 
has a zero net spin, the spin multiplicity is one and it is referred to as a 
singlet state (S). There are many other possible multiplicities such as dou-
blets, quartets etc, these are not of major importance for the molecules in this 
thesis and will not be discussed. 

To a first approximation electronic states have pure spin character, and 
transitions between S and T states are not allowed[6]. However, in the pres-
ence of a strong coupling between the orbital- and spin angular momentum 
(SOC) the electron can flip its spin and thereby the multiplicity of the mole-
cule will change from S to T or vice versa. One consequence of this is to blur 
the distinction between states of different spin multiplicity, e.g. in a system 
with strong SOC a “singlet” state might have 50% S and 50% T character. In 
that way, transitions between states of “different” spin multiplicity becomes 
weakly allowed. The magnitude of the SOC decreases with the distance from 
the nucleus, as r-3, and increases with the nuclear charge, as z4[6]. Hence, for 
SOC effects to be of significance an unpaired electron must be in the prox-
imity of a heavy atom. 
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2.3.2 The role of symmetry 
Transitions between electronic states are allowed according to symmetry, if 
the transition integral �A|�|B��is non-vanishing. This is the case when the 
integrand belongs to the totally symmetric irreducible representation of the 
molecular symmetry point group. If the symmetries of the electronic states, 
|A� and |B�� � and of the operator, �, are known it is easy to determine 
whether the transition between two states is allowed or not. However, if it 
turns out that the integrand vanishes, the transition can still occur by symme-
try breaking vibrations. This is commonly observed e.g. in the S0 to S1 and 
S0 to S2 transitions in benzene which are formally forbidden in D6h symme-
try, but visible in an absorption spectrum, though with a considerably lower 
intensity compared to the allowed S0 to S3 transition [7]. 

The molecules investigated in this work belong to either, Cs, C2v, D2h or 
D3h point group symmetry; hence all investigated molecules have at least one 
symmetry element, the mirror plane parallel to the phenyl ring. This will put 
restrictions on which transitions that will become allowed according to the 
symmetry selection rules. 

2.4 Electronic states 
Phenyl halides have several excited electronic states; if certain conditions are 
fulfilled they can be populated and thus detected experimentally. In the case 
of optical spectroscopy, which I have been working with, the electronic 
states must have relatively high transition dipole moments in order to be 
detected. Computational methods do not require this, and thereby a larger 
number of electronic states can be observed. Results from both these meth-
ods will be discussed here, but first, let us briefly go through how to name 
the electronic states of phenyl halides.  

2.4.1 Naming the electronic states 
There are two types of frequently used notations for the excited electronic 
states in phenyl halides; [spin multiplicity]m and [multiplicity]MOMO. In the 
firstly mentioned notation, an integer, m, represents the energetic ordering of 
the state within the spin multiplicity. m = 0 is reserved for the ground state, 
for example benzene has a singlet ground state, S0, and the next, energeti-
cally higher, singlet state is the S1 state and so on. The first triplet state will 
be T1 in this notation. In some work, m represents the ordering within a mul-
tiplicity and symmetry. In the second notation, the electronic configuration 
have received more importance, for example the abovementioned S1 state 
will be referred to as a 1

* state, emphasizing that it is a singlet state with 
the 
 and 
* MOs occupied.  
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2.4.2 Optically active electronic states 
Phenyl halides mainly possess two chromophores in the UV-wavelength 
range; the electrons in the phenyl 
-MOs and the non-bonding electrons of 
the halogen atom. The first chromophore is responsible for the absorbance 
band that is clearly visible between ~235 and 275 nm[8], often referred to as 
the 1Lb band[9] , see Figure 5. It involves excitation of an electron from the 

-MO to the 
	-MO in the phenyl ring, forming a bound 1

* state (S1). The 
energy of the 1Lb band is more or less independent on which halogen atom 
that is present in the phenyl halide [10], see Figure 5. 
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Figure 5. The absorption spectra of three phenyl halides showing the 1Lb band, 
measured in acetonitrile at typical solute concentrations of 3mM.  

The second chromophore corresponds to excitation of a non-bonding 
electron located on the halogen atom to an antibonding �* orbital along the 
carbon halogen bond, forming a repulsive 1n�* state. Similar transitions are 
widely studied in e.g. alkyl halides [11-17]. It turns out that the energy of the 
n to �* transition is very sensitive to the nature of the halogen atom, and it 
decreases from 7.1 eV in CH3Cl to 4.8 eV in CH3I[7]. In phenyl halides, the 
energy of the 1n�* state is more difficult to resolve spectroscopically due to 
the presence of overlapping 1

* states. 

2.4.3 Electronic states observed in ab initio calculations 
In addition to the bound 1

* state and the repulsive 1n�* state, there are 
several other excited electronic states in phenyl halides, these are most easily 
seen in ab initio calculations. Details on how to perform accurate excited 
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state calculations on phenyl halides can be found in the thesis by A. Borg, 
see [2] and references therein.  

The four lowest bound and repulsive PECs along the C-Br bond are 
shown in Figure 6 [18], these electronic states are of possible importance for 
the excited state dynamics of all phenyl halides, employing excitation ener-
gies up to ~ 5.5 eV. The bound states are all of 

* type, the three lowest 
states are of triplet multiplicity and the highest bound state is the S1 state. 
Four repulsive electronic states cross these bound states, and in increasing 
order of energy these are; 3
�*, 1
�*, 3n�* and 1n�*.  
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Figure 6.  An illustration of the diabatic PECs inspired by the C2v symmetric mole-
cule 4-BrFPh in ref [18]. The five lowest bound and the four lowest repulsive ex-
cited states are shown. Solid lines represent singlet states and the dashed lines repre-
sent triplet states. The lines are colour coded according to their symmetry, A1 (red), 
B2 (green), B1 (blue). 

In the calculations, the energy of the 1

* state is found to be more or less 
similar for all phenyl halides [10,18-21], this is in accordance with the ex-
periments. On the other hand, the energies of the repulsive states are very 
sensitive to the nature of the substituents, as an example the energy of the 
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lowest repulsive state decreases from 7.95 eV in FPh to 4.10 eV in IPh[10]. 
This result can be interpreted using MO theory.  

To form bonds the involved AOs must belong to the same irreducible rep-
resentation, and the size of the orbitals should be similar to ensure a good 
spatial overlap[6]. Assuming that the symmetry criterion is met, the differ-
ence in size between the AOs can be used to estimate the energy of the 
formed MO, i.e. the strength of the bond. The carbon to halogen �-bond is 
formed by overlap of the sp2-orbitals of the carbon atom with the n-p orbitals 
of the halogen atom, n = 2, 3, 4, 5 for F, Cl, Br and I respectively. The C-F 
�-MO will have a low energy since it is formed by overlap of two orbitals 
which are similar in size, forming a very strong bond with a dissociation 
energy of 5.1 eV[22]. The corresponding antibonding �*-MO will have a 
high energy. The overlap of the iodine 5p AO from and the carbon sp2-
orbital is considerably smaller, thereby the formed �-MO will be high in 
energy and the corresponding �	-MO will be low in energy, compared to in 
C-F. In other words the C-I �-bond is weak, it has a dissociation energy of 
2.9 eV[23]. As a consequence of the lowering of the �*-MO in the halogen 
series from F to I, the energy of the 1
�* and 3
�* states will also decrease. 

2.5 The faith of the excited electronic states  
After excitation into the 1Lb band, mainly populating the S1 state, the mole-
cule will dissipate its excess energy. For isolated molecules, this can occur 
by radiative and non-radiative processes.  

2.5.1 Radiative processes  
Electronic transitions that give rise to emission of radiation are of two kinds, 
fluorescence between states of the same spin multiplicity and phosphores-
cence between states of different spin multiplicity. For benzene, in solid 
solution, the quantum yield for fluorescence from the S1 state is reported to 
be ~0.18 and a similar value is obtained for the phosphorescence quantum 
yield from the T1 state [24].  

When substituting halogen atoms to benzene, the emission quantum yield 
changes significantly, from 0.36 for benzene to 0.16 for fluorobenzene and � 
0.03 for chloro- and bromobenzene[24] and most likely even less for iodo-
benzene. Thus, for monohalide phenyls non-radiative deactivation pathways 
are of greater importance.  

2.5.2 Non-radiative processes 
Non-radiative electronic transitions involve dissipation of energy without 
emission of radiation. The following discussion will focus only on bond 



 20 

breaking reactions, these can be divided into three classes; direct dissocia-
tion, predissociation and “hot molecule” mechanism.  

Direct dissociation involves excitation into a purely repulsive electronic 
state followed by an immediate breakage of the chemical bond. The time it 
takes for the molecule to break apart is determined by the time it takes for 
the wavepacket to slide down the repulsive surface see Figure 7.  
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Figure 7. At t=0, the molecule is excited at to a repulsive state, as time increases the 
wavepacket slides down the repulsive potential, and the bond is finally broken. 

The repulsive nature of an excited state can be observed in an absorption 
spectrum as the absence of vibrational structure [3]. One of the first real time 
observations of a direct dissociation was made by the group of A. Zewail 
where the photo dissociation of ICN into I and CN was found to occur on 
less than 200 fs [25]. This is a typical time scale for direct dissociations. 

Another dissociation mechanism, categorized as a Hertzberg type I pre-
dissociation [26], involves overlapping of an electronic state with the disso-
ciation continuum belonging to another electronic state, see Figure 8. Predis-
sociation is typically slower than direct dissociation [10,18,27-31], and often 
occur on the ps time scale or slower than that.  
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Figure 8. A Hertzberg type I predissociation. At t=0 a wavepacket is created on the 
bound excited state. The wavepacket starts to oscillate, when it reaches the crossing 
point part of it is transferred to the repulsive state and the remaining part continues 
to oscillate on the bound state. The amount of population that is transferred to the 
repulsive potential is determined by the coupling strength between the electronic 
states. 

In the third dissociation mechanism, vibrational dissociation, a vibrational 
level of an excited electronic state couples to the continuum of a lower elec-
tronic state. This is often referred to as a “hot molecule” mechanism, since 
the product will end up in a vibrationally excited state, see Figure 9. Vibra-
tional dissociation is of some importance in e.g. chlorobenzene [10,20,32-
34].  
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Figure 9. The hot molecule mechanism, after excitation, the molecule cross over to a 
vibrational continuum of the ground state and the molecule dissociates. 
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3 Experimental methodology 

The previous chapter dealt with electronic states, how they are populated by 
excitation and depopulated by various processes. Information concerning the 
depopulation mechanism can be obtained by studying the kinetics of the 
excited states. This chapter is devoted to a detailed explanation of the ex-
perimental method that we have used in order to measure the excited state 
lifetime in various phenyl halides. 

3.1 Studying ultra-fast processes, the pump-probe 
method 

In order to resolve the kinetics of a photochemical reaction, it must be stud-
ied using a method with a time resolution that is comparable with the dura-
tion of the reaction itself. The shortest time scale for chemical reactions can 
be estimated by noting that nuclei typically cover atomic distances on the fs-
time scale, and thereby no reaction can occur faster than that. Laser systems 
capable of producing fs-pulses where developed in the 1980s [1,35], and 
nowadays laser pulses with a time duration of less than 200 attoseconds (10-

18 s) exists[36]. One cleaver way of using the fs-pulses for achieving a high 
time resolution is in the so-called pump-probe method [1,35].  
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Figure 10. The pump-probe method. A laser pulse (red) is split into two fractions, 
the pump pulse (violet) initiates a process and the probe pulse (green) probes how 
far the reaction has proceeded. In this example the time delay between the pump and 
the probe is varied by adjusting the distance that the probe pulse has to travel.  

The pump-probe method utilizes two laser pulses to study a reac-
tion[1,35]. The first pulse, the pump pulse, perturbs the sample and defines 
time zero. The second pulse, the probe pulse, probes some property of the 
perturbed molecule. The time delay between the pump and the probe pulse is 
then varied by having one of the pulses traveling a longer distance, see 
Figure 10. Considering that light travels 0.3 �m in one fs, the path length for 
one of the laser beams has to be controlled with a micrometer precision. This 
is achieved by the means of a mirror mounted on a variable delay stage; such 
a setup will henceforward be referred to as a delay-line. The time resolved 
data is obtained by recording the pump-probe signal for a series of delay 
times. By using different wavelengths of the pump and the probe laser, this 
technique can be used to study several phenomena [35]. 

3.2 Measurement of the excited state lifetimes in 
phenyl halides 

For molecules with a low radiative quantum yield, such as the phenyl hal-
ides, multi-photon ionization (MPI) methods serve as good alternatives for 
studying the excited state kinetics[37-42]. The excitation process that will be 
discussed here is analogous to one-photon absorption experiments, in the 
meaning that, one pump-photon is absorbed taking the molecule into an ex-
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cited state. Then, the molecule is allowed to absorb two probe photons, as 
schematically shown in Figure 11. The total energy of the molecule now 
becomes greater than the ionization potential, one electron is emitted and a 
positively charged molecular ion is created. The ions are selectively detected 
according to their mass and charge in a time-of-flight mass spectrometer 
(TOF-MS) situated in a molecular beam (MB) apparatus. By measuring the 
relative yield of ions as a function of the time delay between the pump and 
the probe pulses, the lifetime of the excited state can be obtained. Besides 
generating ions via the pump-probe process, direct ionization of the ground 
state molecules is also possible using �2 pump photons, or �4 probe pho-
tons. Low laser intensities were therefore used in the time resolved experi-
ments to ensure that the pump-probe process is the dominating ionization 
pathway.  

kd

|+ Ionized state

Groundstate
|S0

|S1

 
Figure 11. Initially the pump pulse, pu (255 nm to 270 nm), excites molecules from 
the ground state, |S0�, to the |S1� state. The |S1� state is depopulated, and the rate for 
the depopulation reaction is described by the rate constant kd. Two probe photons, 
pr (2 x ~540 nm) ionize the molecules that are in the |S1� state. The relative yield of 
ions is recorded for several pump-probe delay times, and will thereby reflect how far 
the reaction has proceeded.  

In addition to measure the depopulation of the initially excited state, it 
would be rewarding to also measure the production of photo-fragments. 
Cheng et al [28] directly measured relative yield of iodine ions from iodo-
benzene as a function of the pump-probe delay using three-photon ionization 
of the 304.7 nm line in the iodine atoms. Our experimental work concerns 
phenyl halides substituted with lighter leaving halogen atoms, Cl and Br. 
Bromine atoms have strong absorption at ~264 nm[43] and chlorine atoms at 
~235 nm[44]. The ionization energy is 11.81 eV for Br and 12.96 eV for Cl. 
Indeed we have tried to produce Br+ ions by probing at different wavelengths 
in the range between 260 nm and 270 nm. However, it has turned out to be 
unfeasible to ionize the produced Br atoms with a sufficient yield for detec-
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tion with our experimental setup. The major reason for this is that energy of 
the fs laser pulses is distributed over a too wide wavelength span for efficient 
excitation of the narrow atomic absorption lines. This problem can certainly 
be solved by changing the laser source. For example, Cl and Br atoms have 
been successfully ionized using shorter, ns laser pulses[45-47]. Or, alterna-
tively, the halogen atom can be ionized by electron bombardment[32,34,48-
54]. Unfortunately neither of these methods has sufficiently fast time resolu-
tion to resolve the kinetics that we intend to study.  

3.2.1 Experimental setup 
To realize the pump-probe scheme we have used an experimental setup that 
consists of four elements, see Figure 12; (1) the femtosecond laser system 
where the fs-laser pulses are generated, (2) the light modification arrange-
ment, where pulses are prepared to suit the experiment, (3) the MB apparatus 
in which the reaction occurs and finally (4) the data acquisition system. For 
convenience let us refer to this experimental setup as fs-MPI-MS. 
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Figure 12. A schematic overview of the four essential elements of the experimental 
setup. 

I have been working with two different experimental setups, both with the 
arrangement as in Figure 12. The setups used the same MB apparatus but 
slightly different laser systems, one with pulses of longer time duration, and 
the other with pulses of shorter time duration, and also different data acquisi-
tion systems.  
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3.2.2 Long pulse fs-laser system 
The long pulse setup was used in paper I, II and IV. The femtosecond laser 
system, see Figure 13, consists of a mode locked titanium:sapphire oscillator 
(Mira 900-F, Coherent Radiation) which is pumped by an Argon-Ion laser. 
The output pulses have a tunable wavelength in the range of 785 – 825 nm 
and a temporal width of about 80 fs. It operates at a repetition rate of 76 
MHz. The fs-pulses are stretched (Quantronix 4823) before seeding a regen-
erative titanium:sapphire amplifier (Quantronix 4800) pumped by a 1 kHz 
Q-switched Nd-YLF laser. After amplification, the pulses are compressed 
(Quantronix 4800) to a temporal width of about 120 fs and a pulse energy of 
0.8 mJ. The horizontally polarized output pulses are split into two fractions 
using a beam splitter (BS). These fractions constitute the pump and the probe 
and are lead to the light modification arrangement. 
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Compressor Amplifier
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Figure 13. The major parts of the long pulse laser system. The Ar-Ion laser pumps a 
mode locked titanium:sapphire oscillator, that converts the continuous wave laser 
into fs laser pulses. These pulses are stretched, amplified, compressed and finally 
split into two parts by a beam splitter.  

3.2.3 Long pulse light modification arrangement 
The probe wavelength can be tuned in the visible wavelength region using a 
TOPAS (Light Conversion, Ltd). For efficient two-photon ionization of the 
phenyl halides, the probe wavelength was set to ~540 nm. 

The UV-pump is obtained by frequency tripling the ~800 nm output from 
the fs laser system using a homebuilt tripling device, see Figure 14. 
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Figure 14. The tripler uses two BBO crystals to change the wavelength of the pump 
from e.g. 800 nm to 266 nm. The lenses, L1 and L2, are used to adjust the diameter 
of the laser beam. Here the following abbreviations are used; dichroic mirror (DM), 
half-wave plate (P1) and Berek compensator (B1). 

The two most important parts of the tripler are the �-Ba2O4 (BBO) crys-
tals, BBO1 and BBO2. In the first BBO crystal (1 mm thick) part of the 
horizontally polarized 800 nm light is frequency doubled generating a mix of 
vertically polarized 400 nm and horizontally polarized 800 nm light. The 
800 nm part is transmitted through a dichroic mirror and the 400 nm part is 
reflected. The reflected part is lead to a second BBO crystal (0.4 mm thick), 
and the transmitted 800 nm part travels through a half-wave plate and a de-
lay line before reaching BBO2. The delay line permits adjustment of the 
temporal overlap of the two pulses in the second BBO crystal, and the half-
wave plate is used to turn the polarization of the 800 nm light 90 degrees 
such that it matches the polarization of the 400 nm light. When the two 
pulses are spatially and temporally overlapped in the second BBO crystal, a 
vertically polarized pulse at 266 nm is produced by frequency mixing the 
800 nm light with the 400 nm light. To adjust the final polarization of the 
266 nm pump light a Berek compensator is used. 

After the pump and the probe pulses have been prepared for the experi-
ment, the pump is led directly to the MB apparatus and the probe is led to the 
MB via a delay line. Finally the pump and the probe beams are focused onto 
the molecular beam using a spherical lens.  

3.2.4 Molecular beam apparatus 
The molecular beam apparatus consists of two separately diffusion-pumped 
chambers joined by an opening (� = 30 mm). The source chamber, with a 
pressure of ~10–3 mbar, contains the sample holder, and the main chamber, 
with a pressure below 10–6 mbar, contains the TOF-MS, see Figure 15. 
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Figure 15. An effusive molecular beam is generated by the difference in pressure 
between the source chamber and the main chamber, maintained by two diffusion 
pumps, DP1 and DP2. The laser beams are overlapped with the molecular beam in 
the main chamber. The molecules are ionized by the pump-probe process, and the 
ions are accelerated towards the detector. 

The sample is kept inside a source consisting of a container and an exit 
pipe with a 0.1 mm hole. Due to the pressure difference between the source 
and the outside environment an effusive molecular beam is generated. At the 
employed conditions, only a small expansion cooling of the molecules is 
expected, i.e. the temperature of the molecules is roughly the same as the 
temperature of the sample container[55]. If possible, the temperature of the 
sample container is maintained at room temperature, ~20�C. For some sam-
ples it has been necessary to elevate the temperature and thereby increase the 
density of molecules in the MB in order to achieve a sufficiently strong ion 
signal. Condensation of molecules in the exit nozzle was avoided by keeping 
its temperature 20�C-30�C above the source temperature.  

To accelerate the photoinduced positively charged ions toward the detec-
tor, a potential gradient is maintained using four grids (Ni mesh, 90% ion 
transmission[56]). The first three grids are at +400 V, +280 V and 0 V re-
spectively; these accelerate the ions, which are created between the first and 
second grids. Between the third grid and fourth grid, at 0 V, is a 0.3 m field 
free region where the ions can separate according to mass. The fourth grid is 
located close to the detector and it is there to create a field free region be-
tween the third grid and the detector, see Figure 15. The beam is directed 
into the detector using two sets of deflection plates with variable potentials.  

After passing the fourth grid the ions collide with a dynode, which is set 
at a negative potential in the range between –6 kV and –9 kV. This is suffi-
cient to ensure a strong ion signal; if the potential was set below –9 kV we 
had problems with flashovers. As a result of the collision, electrons are emit-
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ted from the dynode, and these are then accelerated towards a scintillator 
plate, held at +1.2 kV. The scintillator plate absorbs the electron energy and 
emits it as a photon. The photon is, in turn, detected in a photo multiplier 
tube (PMT) that gives a signal to the data acquisition system.  

3.2.5 Long pulse data acquisition system  
The PMT-signal is fed to a boxcar integrator (Stanford Research SR 250). 

By choosing a time delay between a trigger signal and a sampling gate it is 
possible to select which ion fragment to collect the signal for, see Figure 16. 
The time resolved signal is obtained by integrating the ion signal during one 
second at a sampling rate of 1 kHz for each pump-probe delay time. In order 
for a high signal-to-noise ratio (S/N) a narrow sampling gate (30 ns) is used, 
resulting in that mainly the ion signal, and not the background, is sampled. 
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Figure 16. Data collected for 4-BrClPh with the long pulse experimental setup. The 
left panel shows a TOF- spectrum. The boxcar is set to record the signal at 21.5 �s 
corresponding to the molecular ion, BrClC6H4

+. The signal is recorded for several 
pump-probe delay times resulting in the time scan shown in the right panel. 

3.2.6 Short pulse fs-laser system 
The short pulse setup was used in paper III and V. In this setup, the fs-laser 
pulses are generated in a 1 kHz laser (Vitesse 800, Coherent Inc), the output 
pulses are amplified with a system consisting of a titanium:sapphire ampli-
fier (Legend-F, Coherent Inc) pumped by a Q-switched diode-pumped laser 
(Evolution, Coherent Inc), see Figure 17. The amplified laser pulse (800 nm, 
2.5 mJ, <100 fs) is split into four fractions using beam splitters.  
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Figure 17. The major parts of the short pulse laser system. The femtosecond pulses 
are generated in the Vitesse, these are amplified in the Legend-F amplifier, which is 
pumped by an Evolution. The output is split into four fractions using beam splitters. 

3.2.7 Short pulse light modification arrangement 
Only two of the four output fractions are used in the present experiments. 
These constitute the pump and the probe and are lead to the light modifica-
tion arrangement and used as seed in two separate optical parametric ampli-
fiers, TOPAS-white (Light Conversion). The TOPAS-white generates a tun-
able output in the visible wavelength range between 500 nm and 750 nm at 
typical pulse energies of 5 �J to 40 �J and pulse duration between 15 fs and 
50 fs. 

The wavelength of the probe is usually set at ~540 nm, and the vertically 
polarized probe beam is lead to the MB apparatus via a delay line (PI, C-
842). 

The UV pump is obtained by frequency doubling the output of the TO-
PAS-white using a second harmonic generator (SHG, Light Conversion). In 
this way the pump wavelength can be varied between 250 nm and 375 nm, 
covering most of the 1Lb band in the phenyl halides. All our measurements 
where done at pump wavelengths between 250 nm and 275 nm. In the corre-
sponding region, the TOPAS-white generally performed well at the longer 
wavelengths. But worse, meaning low intensity and poor stability, at shorter 
wavelengths, especially below 510 nm (255 nm pump) it was very difficult 
to operate the laser. 

After choosing the desired pump wavelength, and if necessary adjusting 
its polarization using a Berek compensator, the pump beam is led to the MB 
apparatus. 

 

3.2.8 Short pulse data acquisition system  
In this system, an oscilloscope (Tektronix, TDS 5052B) is used for collect-
ing the PMT-signal. The oscilloscope display all positively charged ions in a 
20 �s TOF-window at resolution of 80 ns. This is a great advantage com-
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pared with using a boxcar integrator in which only one ion fragment can be 
followed in each time scan. The result from a typical time scan using the 
oscilloscope is shown in Figure 18, this can be compared with Figure 16 
where a similar time scan is done using the boxcar. 
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Figure 18. Data collected with the short pulse setup. A TOF-spectrum is recorded at 
each pump-probe delay time, at a sampling rate of 1 kHz. The inset show the time 
resolved ion signal for the main fragment at 21.5 �s. 

3.2.9 External control of the experimental setup 
Both the long pulse setup and the short pulse setup are operated via a com-
puter interface developed in LabVIEW�. The program controls the delay 
line, a mechanical shutter and collects data from either the boxcar or the 
oscilloscope. After each time scan, the signal is stored in the computer for 
further analysis. To capture processes occurring with different time scales, 
the program provides the possibility of using four different step sizes in one 
time scan. 

3.3 Polarization 
The molecules are excited with a polarized laser pulse. In this way molecules 
with transition dipole moments aligned along the polarization direction of 
the pump laser are preferentially excited, and an anisotropic sample is 
thereby created. The probe laser will, in turn, preferentially ionize the ex-
cited molecules with transition dipole moments along its polarization direc-
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tion. As long as the sample is anisotropic, the measured ion signal will be 
dependent on the angle, �� between the polarization of the pump and the 
probe� If, for example, the pump and the probe lasers have the same polari-
zation direction, the measured signal will have a decay component that is 
related to the loss of anisotropy. This, so-called rotational correlation time, is 
in the order of one ps for isolated phenyl halides at room temperature. At 
longer times, the sample will become isotropic and the relative polarization 
between the pump and the probe is no longer important. 

The rotational correlation component can be effectively removed from the 
ion signal by choosing magic angle conditions, i.e. � = 54.7°[57]. Thereby, 
the population kinetics can be resolved even though it occurs on a similar 
time scale as the molecular reorientation.  

3.4 Analyzing the experimental data 
3.4.1 First order kinetics 
To quantify the experimental results, we assumed that the ions where pro-
duced according to the scheme in Figure 11. and that the depopulation of the  
excited state is described by first order kinetics. The measured ion signal, 
Mion(t), will then be  

 
� � � �dion ktAtM �� exp1 .  Eq. 1 

 
In Eq. 1, kd is the rate constant for the depopulation of the excited state, the 
time constant for this process is defined as �d = 1/kd, and the amplitude of the 
signal is described by the pre-exponential term, A1. Accordingly, a single 
exponential decay is expected as long as one electronic state is excited. A bi-
exponential decay will be observed if two electronic states are initially popu-
lated and so on.  

3.4.2 Consecutive kinetics  
A more detailed view on the depopulation mechanism, than presented above, 
is that the population in the initially excited ring-breathing modes, 
|S1(�breath)�, must be redistributed to so-called reactive modes, |S1(�react)�, 
before the depopulation can occur. In order to evaluate how this additional 
step influences the measured kinetics, it is necessary to employ a consecu-
tive kinetic model with two rate constants, kIVR and kd., see Figure 19. 
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Figure 19. The ionization scheme for a consecutive kinetic model in which kIVR is 
the rate for the redistribution of the population from |S1(�breath)� to |S1(�react)�, and kd 
is the depopulation rate. 

Let us assume that only the ring breathing modes are initially excited and 
that the ionization cross section is equal for both |S1(�breath)� and |S1(�react)�. 
The ion signal, Mion(t), will then be the sum of the populations in S1(�breath)� 
and in |S1(�react)�, 
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The two exponential terms in Eq. 2will always have different sign, mean-

ing that there is one exponentially increasing component and one exponen-
tially decreasing component. For visualization of Eq. 2, the ion signal is 
plotted for both rate constants on similar time scales resulting in bi-
exponential curves, see Figure 20.  
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Figure 20. The ion signal for a consecutive kinetic model, plotted for a fixed value 
of kd and different values of kIVR. The inset shows an enlarged view of curves at the 
short times. 

If on the other hand, there is a large difference between the rate constants, 
an exponential decay will be obtained with either the IVR process or the 
dissociation reaction as the rate determining step. In all our measurements, a 
pure exponential decay signal is obtained, accordingly, the depopulation and 
the IVR must occur on different time scales.  

3.4.3 Data analysis 
At early times the signal related to the kinetics of the reaction is convo-

luted with the instrumental response function. If both signals are on a similar 
time scale, the measured signal must be deconvoluted in order to extract the 
data for the reaction. For a known instrumental response function, deconvo-
lution is straight forward and it is possible to recover the signal for the reac-
tion from the measured signal.  

In our experimental setup the instrumental response time has been esti-
mated using coherent effects. These effects arise when the pump and the 
probe overlap in both space and time, and are clearly visible as a high inten-
sity signal. This signal is fitted with a Gaussian function and the full width at 
half maximum is taken as the instrumental response time and used for de-
convolution whenever necessary. 
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If the kinetics is slow compared to the instrumental response time one can 
ignore the time close to zero in the fit. In those cases the ion signal for a 
certain species can be fitted directly with an exponential decay function,  
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In Eq. 3, the number of exponentials, i, is increased until no significant im-
provement is found in the fit.  

In order to achieve accurate values of the curve parameters, the S/N must 
be low and several measurements must be conducted. The S/N in our ex-
perimental setup is depended on three factors; the performance of the laser 
system, the performance of the MB and the absorption cross section of the 
molecule. To improve the S/N, the ion signal is firstly maximized by opti-
mizing all the parameters in the laser system. Secondly, since the noise is 
caused by randomly distributed fluctuations, the S/N can be increased by 
increasing the measurement time. This is most conveniently done by per-
forming several consecutive time scans and calculating the average of these 
scans. A scan typically consists of 100 data points measured at different 
pump-probe delay times, and each data point is the average of 1000 laser 
shots. The average of 5-10 time scans is referred to as a measurement, and 
depending on the quality of the measurements, up to 15 measurements were 
done for each molecule, or at each wavelength. Curve parameters are ob-
tained for each measurement and the average values are reported.  

Data analysis has been performed using Microcal OriginTM, Wavemeteics 
IgorTM and Mathworks MatlabTM. 
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4 Photochemistry of phenyl halides 

The field, time-resolved photochemistry of aryl halides was initiated 1970-
1980s. Among the pioneers were Bersohn and co-workers[33,58-60], they 
used photo-fragment translational spectroscopy (PTS) to study a series of 
aryl iodides and aryl bromides. The dissociation of the C-Br bond was found 
to be approximately two orders of magnitude slower compared to the disso-
ciation of the C-I bond. Hence, intersystem crossing (ISC) was concluded to 
be of major importance for the reaction. 

The results from Bersohn constitute the fundament that our research 
builds on. The work presented in this chapter exclusively concerns phenyl 
halides, and in particular polyhalide phenyls. These molecules have been 
examined using both experimental and computational methods. Before dis-
cussing our results the previous work on monohalide phenyls will be intro-
duced.  

4.1 Previous work, monohalide phenyls 
The photochemical properties of the 1Lb band in the monohalide phenyls 
have mainly been studied using PTS[32-34,58-65], fs-MPI-MS[27,29,31,55] 
and ab initio methods[10,19,20,66-69]. Some of the important results from 
these studies are summarized below.  

4.1.1 Photolysis of the carbon halogen bond 
The first question to ask is how the excess energy in the excited state is dis-
sipated. After excitation of the 1Lb band, the molecule is in an electronic 
state that is energetically higher than the C-X dissociation energy[10]. 
Photolysis of the C-X bond is thereby important for the dissipation of the 
excess energy.  

For chlorobenzene, Ichimura et al[70] measured the quantum yield for C-
Cl photolysis in the vapour phase to be ~0.4 by irradiation with a mercury 
lamp emitting at 4.89 eV (253.7 nm), a similar yield was also obtained using 
a KrF laser (248 nm)[71]. For bromobenzene, there are to my knowledge no 
measurements of the quantum yield for photolysis in the vapour phase. 
However, in solid solution, the radiative yield is lower for BrPh compared 
with [24]. The quantum yield for C-Br photolysis at 253.7 nm is therefore 
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expected to be higher than 0.4. In iodobenzene a purely repulsive singlet 
state is reached directly after excitation at around 266 nm[10,27,28,55], and 
the quantum yield for dissociation is expected to be close to unity.  

In PTS studies where ClPh, BrPh and IPh are excited at 266 nm, a smaller 
part of the total available energy is partitioned into translational energy in 
ClPh than in BrPh and in IPh [32,65,72]. The interpretation of this is that the 
available energy in ClPh has more time to redistribute prior to the dissocia-
tion compared with in the heavier phenyl halides. Accordingly, the S1-
lifetime is found to be longer in ClPh (1 ns) than in BrPh (28 ps) and IPh 
(0.7 ps1) [27,28,31,55]. This has been taken as evidence for a model of photo 
dissociation of BrPh and IPh that consists of excitation into the 1

* state 
which couples to the energetically lowest repulsive state, 3
�*, leading to 
photolysis of the carbon-halogen bond[2,10,19,20,68]. This mechanism is 
based on a spin-orbit mediated singlet-triplet transition, and will be referred 
to as 1

*/3
�* predissociation. 

For chlorobenzene, two dissociation mechanisms have been suggested in 
the literature, 1

*/3
�* predissociation and a hot molecule mecha-
nism[20,27,32,34]. These will be discussed further paragraph 4.6.  

4.2 Polyhalide phenyls 
The focus of this thesis is to study polyhalide phenyls. These molecules have 
not been studied extensively in the literature [18,19,29,33,48,52,53,61,73-
81]. However, systematic investigations of substituent effects may reveal 
valuable information about the interplay between electronic- , mass- and 
symmetry effects, and how they influence the reaction kinetics.  

4.2.1 Experimental results 
A summary of our experimental results is presented in Table 1. The results 
are also displayed graphically in Figure 21.  

                               
1In addition a second, smaller, time constant was found which is explained by direct excita-
tion to a purely repulsive singlet state. 
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Table 1. Dissociation time constants for various phenyl halides, the amplitudes are 
normalized to unity.  
Molecule pump/nm A1 �1  /ps A2 �2 /ps 
BrC6H5

+ a 266 - 30 ± 2 - 1.1 ± 0.2 a* 
ClC6H5

+ a 266 - 1100 - 0.4 ± 0.1a* 
2-diBrC6H4

+b 270 0.3 7.5 ± 1 0.7 1 ± 0.2 
3-diBrC6H4

+b 270 0.6 13.3 ± 0.6 0.4 2.9 ± 0.4 
4-diBrC6H4

+b 270 1 18.2 ± 0.2 - - 
2-BrClC6H4

+c 270 0.4 18.6 % 1.6 0.6 5.8 % 1.0 
3-BrClC6H4

+c 270 0.6 32.5 % 2.4 0.4 10.6 % 4.7 
4-BrClC6H4

+c 270 1 22.1 % 2.1 - - 
2-BrFC6H4

+d 270 0.5 20.8 ± 3.1 0.5 5.6 ± 2.9 
3-BrFC6H4

+d 270 0.5 44.1 ± 4.0 0.5 15.6 ± 5.1 
4-BrFC6H4

+d 270 1 19.5 ± 2.3   
1,3,5-triBrC6H3

+b 270 1 2.7 % 0.05 - - 
Br-3,5-diClC6H3

+c 270 1 11.4 % 0.9 - - 
Br-3,5-diFC6H3

+d 270 0.8 1.9 ± 0.3 0.2 <1 
Br-2,6-diFC6H3

+d 270 1 <1 - - 
BrC6F5

+d 270 1 <1 - - 
a From ref. [27], unpublished measurements give a time constant of 36 ps when exciting at 

longer wavelength, 270 nm. 
a* This time constant is due to rotational dephasing. 
b Ref. [19,29]. 
c Ref. [82]. 
d Ref. [18]. 

 
On the basis of the number of exponential terms in the fit and the magni-

tude of the time constants, the results can be discussed in terms of three dif-
ferent dissociation channels; 
1. Channel one is characterized by a time constant that decreases log-

linearly with increasing substituent mass, and it is also sensitive to the 
position of the substituents. 

2. In 2- and 3-BrXPh a second ps-time constant is necessary to include in 
order for achieving a good fit. This implies that two electronic states are 
initially populated by the pump-pulse. 

3. A sub ps time constant characterizes the third channel. It is observed 
when having two or more fluorine atoms substituted to BrPh. 
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Figure 21. Time constants for the depopulation of the excited state, reached at 270 
nm, plotted as a function of the molecular mass. The numbers “2-“ and “3-“ repre-
sent the different position of the substituents on the dihalide phenyls, e.g. 2-BrFPh.  

According to the kinetic classification above, Br-3,5-diFPh is clearly an 
outlier. It dissociates too slowly to belong to channel three, but too fast for a 
clear channel one behavior. However, it will be discussed in paragraph, 4.3, 
i.e. as a channel one molecule.  

4.2.2 Substituent effects 
The most obvious effect of having additional bromine atoms is that several 
C-Br dissociation channels are open. For example, in dibromobenzene there 
will be two identical C-Br dissociation channels, and even if the PES re-
mains the same, the dissociation rate should be twice as fast as in bromoben-
zene. This will be referred to as a statistical effect. In addition, SOC effects 
might become increasingly important since bromine is a heavy atom. For 
fluorine substituents, the effects of SOC are expected to be very small since 
it has a low mass. Additional C-F dissociation channels will not contribute to 
a decrease in the S1 lifetime, at the employed excitation wavelengths[10].  

Almost all substitutions of halogen atoms will change the molecular 
symmetry. Monohalide phenyls are C2v symmetric and the molecular sym-
metry can be either increased e.g. to D3h as in 1,3,5-triBrPh or, more com-
monly, reduced to Cs upon substitution. The mirror plane that cuts horizon-
tally through the phenyl ring will always be preserved, and thereby Cs sym-
metry is the lowest possible molecular symmetry. 

In addition to these effects, substitution will also affect the vibrational 
frequencies, the density of vibrational states, and the rotational properties 
will change. Many of these effects are entangled; this creates difficulties 
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when investigating which substituent effects that is more or less important 
for the reaction kinetics. 

4.3 Channel one, 2 ps to 40 ps 
This channel is present in almost all investigated molecules, and in bromo-
benzene it has been accounted for by the 1

*/3
�* mechanism. Different 
aspects of this mechanism will be discussed here. 

4.3.1 1,3,5-triBrPh, Br-3,5-diClPh and Br-3,5-diFPh 
The S1-lifetime of 1,3,5-triBrPh is 2.7 ps, which is 13 times shorter than in 
bromobenzene excited at the same wavelength, 270 nm[29]. In qualitative 
terms, the reduction in the S1-lifetime could be explained by two effects; (i) 
according the statistical effect the S1-lifetime could be reduced three times 
compared with bromobenzene, i.e. from 36 ps to 12 ps. (ii) The energy, cal-
culated with out taking SOC effects into account, of the 3
�* state is 0.23 eV 
lower in 1,3,5-triBrPh than in bromobenzene [19]. Thereby the energy of the 
1

*/3
�* crossing point is lowered and the S1-lifetime is reduced. 

At this stage, we do not know how many ps reduction of the S1-lifetime 
these 0.23 eV will translate into. However, we have performed measure-
ments, most of them presently unpublished, that allows for speculation con-
cerning this issue. The S1-lifetime was measured for several excitation wave-
lengths in the range between 270 nm and 250 nm (&E=0.37 eV) for 2-, 3-, 4-
BrFPh, and also for bromobenzene. In this way, the relative energy between 
the initially excited vibrational levels and the dissociation barrier is varied in 
a controlled way. Essentially, increasing the photon energy by 0.23 eV re-
sulted in a decrease in the S1-lifetime by 2 to 5 times depending on the mole-
cule, i.e. the S1-lifetime is very sensitive to the excitation wavelength. 
Hence, the observed decrease in S1-lifetime in 1,3,5-triBrPh compared to 
BrPh, can be explained without explicitly considering any effect of increased 
SOC. 

In Br-3,5-diClPh the S1-lifetime is longer, 11.4 ps[82], compared with 
1,3,5-triBrPh, this is expected from the statistical effect only. However, 
compared with bromobenzene (36 ps at 270 nm), the S1-lifetime is shorter 
for Br-3,5-diClPh. Substituting in chlorine atoms will introduce new C-Cl 
dissociation channels. Two channels out from the S1 state with time con-
stants in the order of say 200 ps each[76], will result in a lowering of the S1-
lifetime from 36 ps to 26 ps. With the addition of an assumed lowering of 
the 1

*/3
�* barriers, these effects could account for the faster kinetics in 
Br-3,5-diClPh compared to BrPh. 

With the same arguments, the S1-lifetime of Br-3,5-diFPh is expected to 
be longer than in Br-3,5-diClPh. Surprisingly, the S1-lifetime was measured 
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to be 1.9 ps[18], that is similar to what was observed for 1,3,5-triBrPh. In 
order to get an understanding of these results, ab initio calculations of the 
PECs along the C-Br bond were performed. However, no significant lower-
ing of the C-Br 1

*/3
�* crossing point compared with bromobenzene was 
observed. This discussion was the starting point to search for a refined disso-
ciation mechanism. 

4.3.2 Out-of-plane bending and spin-orbit effects 
A. Borg investigated an alternative dissociation mechanism for Br-3,5-diFPh 
involving a electronic transition from the 1

* state to the 1n�* state [73]. In 
the planar molecule, the n�*-type repulsive states are too high in energy to 
be considered important for the photochemistry. However, out-of-plane 
bending of the C-Br bond mixes the 
* and �* orbitals, and as a consequence 
the 1

*/1n�* TS comes down in energy. This makes 1

*/1n�* a possible TS 
for the fast predissociation.  

The effects of SOC was also investigated in ref [73], it was found that the 
spin character of the predissociative state, 1

*/1n�*, is more or less pure 
singlet until the bond is broken and then it changes to a 50%/50% mix be-
tween S and T. Only a minor energetic change of the TS is obtained when 
including SOC effects, and the energy of the barrier can essentially be cap-
tured in a pure singlet calculation.  

Our interpretation of SOC in phenyl halides is as follows; in the excited 
1

* state, the unpaired electrons are initially in the phenyl 
 and 
* MOs, far 
away from the heavy halogen nucleus. Spin-orbit coupling is mainly medi-
ated by the halogen atom, and thereby this effect is small in the 1

* state. 
Increasing the C-X bond distance eventually causes the unpaired electron in 
the 
* orbital to move into the �* orbital along the C-X bond. The electron 
has thereby come close to the halogen atom, SOC becomes important, and 
the state is changed into a 
�*state with a mixed multiplicity. 

4.3.3 Dihalid phenyls 
We have investigated the substituent effect in the dihalid phenyls experimen-
tally[18,19,29,82]. The variation in S1-lifetime is generally small and it is 
sensitive to the nature of the substituents and their positions. The largest 
decrease in the S1-lifetime compared to BrPh is obtained for the dibromo-
benzenes, and this is expected from the statistical effect. 

It is tempting to search for trends in the variations in S1-lifetimes with re-
spect to the position of the halide atoms. However in studies on the BrFPhs 
where the wavelength dependence of the S1-lifetimes is taken into account, 
we have found that; at wavelengths longer than 260 nm the S1-lifetime de-
creases in the order 3-, 4- and 2-BrFPh and at shorter wavelengths the S1-
lifetime decreases in a different order 4-, 3- and 2-BrFPh. That is, the posi-
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tion dependence of the S1-lifetimes seems to be dependent on the excitation 
wavelength, at least in the bromofluorobenzenes. The only trend that is con-
sistent is that the S1-lifetime is always shorter in 2-position compared to in 
the other positions. 

In order to find an explanation for the variation in the S1-lifetime, C-Br 
PECs were calculated for the three diBrPhs and the three BrFPhs[18,19]. 
Energetically, the PECs turned out to be very similar for all these molecules, 
and no clear correlation between the energy of the 1

*/3
�* crossing point 
and the S1-lifetime was found. It seems like a one dimensional model is too 
crude in order to capture the subtle effects of a secondary halogen atom. 
Also, the errors in our calculations is in the range between 0.1 eV and 0.3 eV 
[10,18], hence it might be necessary to perform more accurate calculations 
methods in order to find an explanation for the observed effects in dihalide 
phenyls. It might also be necessary to include SOC effects, even though they 
might be minor [73], in order to account reproduce the small kinetic effects. 

4.3.4 Photodissociation dynamics of 3-BrFPh 
In paper III the aim was twofold; (i) investigate how the dissociation kinetics 
depends on the distribution of the population in the excited state, by per-
forming measurements at different photon energies. (ii) By the means of 
simulations, evaluate the dynamical properties of the 1

�1
�* predissocia-
tion mechanism to find out whether such a model can capture the features of 
the experimental results. 

In order to mix the 1

*/1
�* states, the molecular symmetry must be re-
duced to C1. Hence, the choice of molecule is very important for simplifying 
the evaluation. For a C2v-symmetric molecule it is necessary to include two 
symmetry breaking coordinates in addition to the C-Br stretch, in order to 
achieve C1 symmetry. In a Cs-symmetric molecule, such as 3-BrFPh, it is 
sufficient with only one symmetry breaking coordinate to obtain C1 symme-
try. There are of course many symmetry breaking coordinates to choose 
from [73,83], but we choose out-of-plane bending of the C-Br bond since it 
is associated with the lowest vibrational frequency and thus the lowest barri-
ers. In order to keep the calculations simple, the ring-breathing modes that 
are initially excited in the experiments were not included.  

In order to evaluate to model, quantum dynamic simulations were per-
formed on diabatic PESs. A two step procedure were employed, (i) one vi-
brational level in the S0 state was coupled with the 1

* (S1) and 1
�* (S2) 
states by a 50 fs long Gaussian shaped laser pulse, and a wavepacket was 
created on each of the excited states. (ii) in the next step, the S0 state was 
omitted, and the wavepackets were propagated in the excited states. The 
simulation time was set to 40 ps, and the population in the S1 and S2 states 
was calculated and stored at each time point in the simulation. In order to 
account for the temperature of the sample, simulations were performed for 
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different vibrational levels in the S0 state and these were added together as-
suming a temperature of 298 K and a Boltzmann distribution. This analysis 
resulted in the time evolution of the population in the excited states, S1(t) and 
S2(t).  

S1(t) was fitted with an exponential decay function, and in this way, simu-
lated time constants were obtained. The model was then evaluated by com-
paring the time constants but also by comparing S1(t) directly with the time 
resolved ion signal, see Figure 22.  
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Figure 22. The circles represent pump-probe data and what appears as a solid line is 
the simulated population in the S1 state. The pump-probe data contains a sub-ps time 
constant that arise from a process which is not included in the simulations, therefore 
the first time point in the comparison is at t > 0. 

There are two fundamental differences between the fit of the simulated 
data fit and the fit of the experimental data; (i) S1(t) is best described with a 
bi-exponential decay function with both time constants in the ps-range, 
whereas one ps-time constant is sufficient for fitting the measured ion signal, 
generated from the S1 state. (ii) In the simulated data a constant term is nec-
essary in order to fit S1(t), i.e. bound vibrational states are populated, but in 
the experiments no such bound population is detected and the ion signal goes 
to zero within the time scale of the measurement. 

The presence of a bound population in the simulations follows from the 
simplification that only the reactive coordinate is included. The wavepacket 
in the reactive coordinate is created by laser induced coupling with the 
ground state. The first few vibrational levels in the S1 state, which are essen-
tially bound, will be extensively populated due to large Fanck Condon over-
lap. In the experiments, the wavepacket in the reactive modes will have a 
slightly different composition since it is created by transferring of population 
from the initially excited ring-breathing modes. The energy of these ring-
breathing modes is sufficiently large to ensure that the bound vibrational 



 44 

levels of the reactive modes will not be extensively populated, and hence no 
bound population is obtained. 

Despite the simplified model, there is a relatively good agreement be-
tween experiments and simulations, especially at shorter wavelengths. This 
implies that the reactive coordinate can be described employing only singlet 
states, i.e. without having spin-orbit corrections in the model. 

4.4 Channel two, 1 ps to 15 ps 
In all dihalide phenyls investigated here, see Figure 23, we obtain two time 
constants in 2-BrXPh and 3-BrXPh whereas only one in 4-BrXPh 
[18,29,82]. Two time constants imply that two electronic states are initially 
populated. One of those is the S1 state, associated with the channel one dis-
sociation. The only other states available at the employed excitation energies 
are the three triplet states, T1, T2 and T3, see Figure 24, this is according to 
our ab initio calculations of the C-Br PECs in the diBrPhs and the BrFPhs. 
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Figure 23. The investigated di-halobenzenes, Z = Cl or F and the ground state mo-
lecular symmetry is also noted. 

The two energetically highest triplet states, T2 and T3, are slightly differ-
ent in 2-, and 3-position compared with in 4-position in terms of energy, 
symmetry and shape. In 2-, 3-BrFPh and in 2-, 3-diBrPh, one of these triplets 
is predissociative and could be responsible for the second ps dissociation 
channel. In 4-BrFPh and 4-diBrPh the triplet state that is most likely to be 
initially populated is either bound or has a too high barrier for dissociation, 
this is illustrated for the bromofluorobenzenes in Figure 24. 
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Figure 24. The triplet states (dashed lines) that can be excited according to symme-
try selection rules are drawn with thick lines. In 2-BrFPh (left), the triplet states 
close to the bound singlet state (solid line) are most likely to be excited, one of these 
is predissociative in CS symmetry, whereas the triplet state in 4-BrFPh (right) that is 
most likely to be excited is bound. 

The above mentioned explanation relies on the possibility of populating 
the T2 and T3 states, this can be questioned since it is difficult to excite the T1 
state [84-90]. However, on one hand, the T2 and T3 states are energetically 
closer to the S1 state and should thereby be easier to populate compared with 
the T1 state [55,91]. On the other hand, according to our calculations the spin 
character of the states is pure around the equilibrium geometry and thereby 
the probability of a singlet to triplet excitation is expected to be small. 
Clearly there is some work left that needs to be done in order to unambigu-
ously resolve this issue.  

4.5 Channel three, subpicosecond 
After excitation at 270 nm, the S1 state in bromopentafluorobenzene was 
found to decay with a sub-ps time constant[18]. This time scale is expected 
for a reaction that involves excitation into a purely repulsive state. For ex-
ample, ~0.4 ps was obtained for the direct dissociation in iodoben-
zene[27,28], and thereby such a mechanism must be prevalent in BrF5C6 as 
well. This interpretation is consistent with both the absorption spectrum and 
the ab initio calculations. 
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For most of the phenyl halides, the 1Lb band shows a clear vibrational 
structure. However, in BrF5C6 no such vibrational structure is observed. This 
is an indication of the repulsive nature of the excited state. In the ab initio 
calculations of PECs along the C-Br bond, the repulsive 
�* states are found 
to come down in energy as a function of the number of fluorine atoms at-
tached to the ring, this was also observed earlier for fluorobenzenes [92,93]. 
This effect is largest in BrF5C6, and the energy of the 3
�* state was ~0.6 eV 
lower compared with in the BrFPhs. 

In Br-2,6-diFPh the repulsive states lies higher in energy and it is not ob-
vious that a 270 nm laserpulse reach these states. However a sub ps time 
constant is observed experimentally, which can be taken as evidence for that 
a purely repulsive state is reached. Also, in Br-3,5-diFPh a sub ps time con-
stant is present in addition to that of 1.9 ps. This suggests that the one di-
mensional PECs are not capturing all of the important factors for the photo-
chemistry of these molecules.  

4.6 Reinvestigating the photochemistry of 
chlorobenzene 

In previous studies comparing the S1-lifetimes of BrPh (30 ps) and ClPh (1.1 
ns) [27,31], the same excitation wavelength was employed. The difference 
between the photon energy and the energy of the dissociation barrier was 
thereby different. This might be the factor that causes the observed differ-
ence in S1-lifetime between BrPh and ClPh. 

In Paper V, the aim was to excite ClPh to vibrational states that have es-
sentially the same energy difference to the 1

*/3
�* crossing as in BrPh 
excited at 266 nm. This is achieved by exciting ClPh at 250 nm. At this 
wavelength the S1-lifetime in ClPh was 0.19 ± 0.04 ns, which is shorter than 
the S1-lifetime at 266 nm[27,31], but still longer than in BrPh at 266 nm. 
Again, one can question if the 1

*/3
�* channel is open or not. 

First we confirm that the effects of SOC are small in the bound state. But 
increase to about 12-20% when moving the electron from the phenyl 
*-MO 
into C-Cl �*-MO. Hence, the probability of going out on the 3
�* state must 
be very small. 

Approximately 0.2 eV above the 1

*/3
�* crossing point is the 1

*/1
�* 
ditto. Upon reduction of the molecular symmetry to C1, employing C-C-Cl 
out-of-plane bending and C-C-Cl in-plane bending, the 1

*/1
�* crossing 
point turns into an adiabatic barrier. The 1

*/1
�* mechanism is thereby 
associated with the lowest barrier for dissociation via a repulsive state in 
ClPh. 

In PTS studies, the number of dissociation channels and the translational 
energy can be extracted. The translational energy can be indirectly related to 
the kinetics of the dissociation. For example, if there are two dissociation 
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channels out from the S1 state with different kinetics, two peaks will be ob-
tained. In such a case, a mono exponential decay will still be the result in an 
fs-MPI-MS measurement.  

Using the PTS technique, Ichimura et al[34] observed two dissociation 
channels in ClPh after excitation at 248 nm (5.0 eV). This was interpreted as 
one channel via vibrationally hot triplet levels with a relatively high amount 
of translational energy and a second channel via highly excited vibrational 
levels of the ground electronic state (hot molecule mechanism) with less 
translational energy. Whereas Wang et al[32] only observed one dissociation 
channel after excitation at 266 nm using the PTS technique. They interpreted 
it as a hot molecule channel. The hot molecule mechanism is expected to be 
much slower compared with dissociation on the 1
�* surface [83]. 

Taking our experimental results into account, my interpretation of the ex-
cited state kinetics of ClPh is as follows; when exciting at 270 nm, i.e. into 
the lower vibrational states, the proposed hot molecule mechanism is domi-
nating resulting in a slow dissociation (1 ns). Increasing the photon energy to 
250 nm, the 1

*/1
�* mechanism with a significantly higher rate becomes 
more important, and this accounts for the observation that the S1-lifetime 
decreases to 0.19 ns. This interpretation is more or less consistent with the 
PTS studies, with the only difference that the fast dissociation channel is 
now interpreted as a 1

*/1
�* channel instead of a channel via vibrationally 
hot triplet levels. 
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5 Concluding remarks 

We have studied photoinduced intra molecular reaction kinetics in a series of 
phenyl halides. By combining experimental methods with ab initio calcula-
tions we have been able to get a deeper understanding of the dissociation 
dynamics. The lifetime of the initially excited S1 state (1

*) has been deter-
mined by femtosecond pump-probe spectroscopy and it is dependent on both 
the excitation wavelength and the nature of the leaving halogen atom. The S1 
lifetime increases from ~30 of ps in bromobenzene to ~1 ns in chloroben-
zene, exciting at around 270 nm. The depopulation of the S1 state has previ-
ously been interpreted in terms of a spin-orbit mediated dissociation mecha-
nism in which a bound 1

* state is coupled to a repulsive triplet 3
�* state. 
However, the difference in the time constants can be explained by a lowering 
of the repulsive C-X �* orbital. This is essentially captured in one dimen-
sional PECs along the C-X bond, calculated without including spin-orbit 
effects. 

In mixed BrXPhs, the S1 lifetime turns out to be dependent on the nature, 
the number and the position of the substituents. The effect of having addi-
tional Br or Cl atoms could be accounted for by a combination of additional 
dissociation channels and a lowering of the repulsive states. A surprisingly 
large effect is observed when having two or more fluorine atoms. For exam-
ple, in bromopentafluorobenzene a sub ps time constant is observed. The 
reason is a significant lowering of the repulsive potential energy curves 
along the C-Br bond, which is observed in both ab initio calculations and 
UV absorption spectra. However, several of the experimental results can not 
be understood from a one dimensional potential energy representation.  

To account for this, we suggest a refined model for the dissociation, in 
which the 1

* state is coupled to the 1
�* state by reducing the molecular 
symmetry to C1. This model was explicitly evaluated by quantum dynamics 
simulations and it seems to be capable of capturing the main features of the 
wavelength dependence in the measured kinetics. 

Our results points toward that the photochemistry in phenyl halides can be 
quantitatively described using 3-4 key-modes. This is a positive result for the 
possibility of controlling chemical reactions. 
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Sammanfattning på svenska 

En viktig uppgift för kemister är att tillverka molekyler med någon viss 
funcktion, det kan vara läkemedel, färg eller kanske en hårvårdsprodukt. 
Man vet ofta vilka molekyler som behövs för att lösa en viss uppgift, men 
det kan vara svårt att producera precis den molekyl man vill och dessutom 
undvika att biprodukter bildas. Det är därför önskvärt att kunna styra exakt 
vilka produkter som bildas i en kemisk reaktion. Ett möjligt tillvägagångssätt 
är att försöka gynna den eftertraktade reaktionsvägen genom att belysa reak-
tionskärlet med laserljus av viss karaktär. För att möjliggöra detta krävs in-
ledelsevis en detaljerad förståelse för vad som händer när energi i form av 
ljus tillförs molekyler. 

Efter att molekylen absorberat ljus befinner den sig i ett instabilt tillstånd 
och kommer därför att göra sig av med överskottsenergin. Det kan ske på 
flertalet sätt, men för de molekyler som jag studerat sker det genom att en 
kemisk bindning mellan två atomer bryts, och molekylen delas upp i två 
delar, se Figur 25. 

Detta kan låta som en enkel process, men vill man skapa sig en detaljerad 
bild av hur detta sker blir det komplicerat. Reaktionen är dels väldigt snabb, 
sker på ungefär 10-11 s. Dels har även små molekyler många frihetsgrader, 
d.v.s. sätt för atomerna att röra sig som möjliggör olika reaktionsvägar. Även 
interaktioner med andra molekyler är ofta en viktig faktor för reaktionsförlo-
pet. För att förenkla tolkningen av mätdata har vi studerat relativt små mole-
kyler, bestående av tolv atomer, som har varit isolierade från kollisioner med 
andra molekyler. 
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Figur 25. En kort lasrpuls för molekylen till ett energetiskt instabilt tillstånd. För att 
göra sig av med överskottsenergin så bryts bindningen mellan kolet i ringen och 
bromatomen (röd). Reaktionstiden bär med sig information om hur reaktionen sker. 

Snabba kemiska reaktioner studeras ofta med den så kallade pump-prob 
metoden som utvecklades under 1980-talet. En extremt kort laserpuls (10-15 
s), pump-pulsen, överför molekylen till ett energetiskt exciterat tillstånd. En 
andra laserpuls som kommer något senare, prob-pulsen, används för att un-
dersöka hur långt reaktionen har gått. Med denna metod kan man ta reda på 
hur snabbt en reaktion sker, vilket i sin tur säger något om på vilket sätt den 
sker, den s.k. reaktionsmekanismen. När reaktionsmekanismen är känd vet 
kemisten i stor utsträckning vilka trådar man kan dra i för att styra reaktio-
nen. 

För att tolka mätdata och ge förslag på reaktionsmekanism har vi använt 
oss av kvantkemiska beräkningar. Dessa ger oss komplementär information 
om molekylen som kan vara svår att utläsa ur tillgängliga experiment. Även 
om molekylerna som studerats har varit relativt små måste grova förenkling-
ar införas för att möjliggöra beräkningarna. Detta är inte enbart av ondo. 
Lyckas man beskriva en reaktion med en förenklad modell där antalet fri-
hetsgrader är starkt reducerat, innebär det att de flesta frihetsgrader inte är 
viktiga för reaktionen. Kan man också kontrollera de viktiga frihetsgraderna 
bör det i princip gå att styra reaktionen dit man vill. I de molekyler som vi 
studerat finns trettio frihetsgrader, men det verkar som om tre till fyra styck-
en är viktiga för utfallet.  
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