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Abstract 
 
This thesis focuses on femtosecond studies of relaxation and photo-induced 
dissociation processes in the liquid environment. Measurements are performed using 
both polarization sensitive and magic angle transient absorption spectroscopy with 
excitation wavelengths of 387 nm and 258 nm and a white light continuum probe.  
 
In the first three papers the photodissociation of the trihalides I3

- in acetonitrile and 
methanol as well as I2Br- in acetonitrile solution is investigated. These studies address 
such issues as the time scale for the production of the main photoproduct I2

-, 
rotational dynamics of the formed diatomic anions, the subsequent wavepacket 
dynamics of the coherently excited diiodide anion and vibrational relaxation in, and 
the geminate recombination of, the I2

- fragment. A nearly equal, bent geometry for the 
parent anion at the moment of bond breakage is proposed in all three solutions. 
However, the rotational temperature of the diiodide anion produced in the various 
solutions, reveals that motion along the bending coordinate of the dissociating 
triatomic anions plays an important role. The first signs of I2

- fragments can already 
be observed at delays of approximately 130 – 190 fs which indicates a faster 
dissociation than suggested in earlier publications. The production of I2

- seems fastest 
for I3

- in methanol, followed by I2Br- in acetonitrile and is slowest for I3
- in 

acetonitrile. It appears that vibrational relaxation of newly formed I2
- fragments 

happens on a short time scale of a few hundred femtoseconds from initially excited 
vibrational states centered around v = 60 to v = 20. This fast relaxation was never 
directly observed before in solution. After that it relaxes with a slower time constant 
of approximately 2 ps which is shorter than most former reported values. This 
biexponential behavior agrees well with earlier molecular dynamics simulations. The 
dependence of the dissociation product formation on excitation energy, parent anion 
and solvent is found to be relatively strong. These findings lead us to believe that the 
photo-induced dissociation of the triatomic anions I3

- and I2Br- in solution may very 
well resemble the gas phase process more than previously thought. 
 
In paper IV electronic and vibrational relaxation rates of the cyanine dye Methyl-
DOTCI are determined after excitation to high lying electronic states. The 
measurements are performed with two different excitation wavelengths and in various 
solvents. They reveal a fast electronic relaxation to the second excited electronic state 
which subsequently relaxes to the first excited electronic state with a time constant of 
about 10 ps. This relatively long relaxation time may partly be explained by the badly 
overlapping electronic wavefunctions obtained from theoretical calculations. 
Vibrational relaxation proceeds with a similar time constant of 10 ps but shows a 
marked solvent dependence with faster relaxation rates in alcohol solutions. 
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Chapter 1 
Introduction 
 
Traditionally a chemical reaction is viewed as the passage along the reaction 
coordinate from reactants, via the so-called transition state region, to the products. 
The transition state (Fig. 1) is usually considered the decisive region of the potential 
energy surface where the fate of the reaction is decided. In the past what happened in 
the transition state could not be resolved. For many years researchers had to focus on 
the kinetics of the reaction, i.e. measuring rates only, but with the advent of 
femtosecond lasers it has become possible to zoom in on the transition state region 
and investigate in real time how molecules approach, collide, exchange energy, break 
or form bonds and separate into products. This is the essence of reaction dynamics 
and these subjects are studied in a branch of chemical physics called femtochemistry 
where time-resolved femtosecond spectroscopy forms the main tool. The necessity for 
femtosecond time resolution can be seen as follows. A typical velocity of the atoms 
involved in a chemical reaction is around 1 km/s and the width of the transition state 
is in the order of 1 Å. This makes the time scale for passing the transition state region 
approximately 100 fs and the resolution of the experiment has to be similar, or better, 
in order to be able to resolve the motion.  
 

Reactant Product

Transition state
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Reaction c
 

Fig. 1. Figure illustrating the transition state between the reactant and product of a chemical reaction. 
 
 
In addition to the passage through the transition state region, many other chemical and 
physical molecular processes happen on a fast time scale of pico- or sub picoseconds. 
For example collisions, vibrational motion and dissociation processes typically take 
place on a time scale of ~100 fs and rotational motion 1 - 1000 ps. In order to study 
these fast processes, time resolved measurements using ultrashort laser pulses have 
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become an important method. The resolution is shifted to the time domain compared 
to the perhaps more traditional high resolution spectroscopy (HRS) which focuses on 
accurate frequency measurements. With HRS detailed information about molecular 
structure can be obtained, at least for relatively small molecules. Shifts of spectral 
lines can be used to study coupling strengths in the molecule and the width can be 
used to obtain time constants for relaxation, but it is difficult to separate different 
contributions. Time resolved measurements make this possible. This approach is extra 
important in the liquid phase where strong solute-solvent interactions broaden and 
shift the spectral lines. The broadening may be interpreted as homogeneous (due to 
fast solute-solvent collisions) or as heterogeneous (due to different static surroundings 
seen by the solute). When the line broadening becomes larger than the separation 
between the different spectral lines and a broad continuum arises, the structure is 
blurred. For molecular spectra that have many closely spaced vibrational and 
rotational lines, i.e. for large molecules, this is nearly always the case. Also, 
theoretical simulations become more difficult when there is a liquid environment to 
take into account. Because of this femtosecond spectroscopy is an indispensable tool 
in studying solute-solvent interactions and fast processes in liquids.  
 
 
1.1 Ultrafast spectroscopy  
 
In ultrafast studies the pump-probe technique is commonly utilized, and also by us. In 
this method a pump pulse initiates the process and by delaying an ultrashort probe 
pulse in short time intervals a “motion picture” of the evolving system is obtained e.g. 
from the absorption changes of the probe. In order to accurately define the time zero, 
the pump pulse also needs to be ultrashort. A precise adjustment of the probe delay 
with respect to the pump in small steps is achieved by varying the optical path length 
with a movable mirror. The specific methods employed by us are treated in more 
detail in chapter 3. This chapter gives an introduction to ultrafast spectroscopy 
including the basic physics involved and the principles of techniques related to 
ultrashort pulses.  
 
 
1.1.1 Development 
 
As the development of experimental techniques and tools has been driven forward, 
with the invention of the laser as a highlight, time resolution in experiments has 
increased and the study of faster processes has been made possible. One of the first 
steps in this race against time was taken with the construction of the flow tube in 
1923. This allowed scientists to resolve processes taking place on tens of milliseconds 
by observing a reaction at different distances corresponding to different times.1 The 
microsecond time scale was reached in the mid-1950s2,3 using pump-probe 
spectroscopy with short bursts of light and in 1960 the laser was invented which made 
it possible to produce short intense pulses and further pushed the limit into the nano-, 
pico- and femtosecond regime by 1974.1 1987 the femtosecond time scale, the time 
scale for atoms and molecules in motion, had been reached and pulses of 6 fs were 
achieved.4 The first time resolved observation of a transition state in a chemical 
reaction was demonstrated by Zewail5 this year for which he received the nobel prize. 
Much of the improvement in time resolution had come from the dye lasers, but with 
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the generation of femtosecond pulses with solid state Ti-sapphire lasers, 1991, they 
were rapidly replaced. With these lasers one can presently achieve pulses below 5 fs. 
The development of ultrafast technology has pushed the duration of the laser pulse 
close to its natural limit, the wave cycle, which lasts somewhat longer than a 
femtosecond in the visible spectral range. Although the limit for atomic and molecular 
motion is reached with the femtosecond time scale, there are now also methods of 
creating sub-femtosecond pulses. This attosecond regime is reached using higher 
harmonic generation,6 which allows for the study of ultrafast electron dynamics. This 
method necessarily generates wavelengths in the UV or shorter. Ultrafast pulses in 
this shorter wavelength region (XUV) may also be achieved with the recently 
developed free electron lasers. 
 
 
1.1.2 The ultrashort pulse 
 
Chemists and physicists developed ultrafast lasers in order to study extremely fast 
physical processes such as molecular vibration, chemical reactions, charge transfer 
and molecular conformational changes. These are processes that take place on a 
femto- or picosecond time scale. Although no strict definition exists of how short the 
ultrashort pulse is, their purpose is to resolve processes on these time scales and it 
therefore usually falls below 10 ps. The ultrashort laser pulse has a number of 
characteristic properties such as a broad spectral bandwidth, high peak power and 
short coherence length. However, the most obvious property is its short time duration, 
which makes it possible to capture the action of a fast process with an ultrashort probe 
pulse.  
 
The ultrashort laser pulse necessarily implies a broad spectral bandwidth. This is 
inherent to the Fourier transform which gives the lower limit for the product of the 
temporal width in seconds ∆t, and bandwidth ∆ν in Hertz, according to ∆ν∆t ≥ 0.44. 
The exact limit varies with the shape of the pulse but the factor 0.44 holds for a 
gaussian pulse. In many laser applications a narrow bandwidth is desirable. Scientists 
often wish for a laser that would violate the Fourier transform and produce pulses of 
100 fs or shorter while still retaining the very narrow bandwidth that make them so 
useful for spectroscopic investigations.   
 
 
1.1.3 Coherence 
 
The broad bandwidth of an ultrashort pulse may also be useful. In femtochemistry, 
time resolution is on the time scale of molecular vibrations. The ability to observe 
these motions relies on the concept of coherent wave packets. A superposition of a 
number of separate wave functions ψj(R,t) with appropriate phases can produce a 
spatially (R) localized and moving coherent wave packet: 
 
                                                  ∑=Ψ

j
jj )t,R(ψc)t,R(                                              (1)  

 
where t is time, cj are constants and ψj(R,t) = ψj(R) are stationary states with 
energy E

ht/iE je−

j. For this purpose the ultrashort pulse with its short duration and broad 
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spectral width is suitable since the excitation of molecules with a short pulse creates a 
coherent superposition of the states falling within the bandwidth ∆ν. With 
femtosecond excitation pulses, well-localized wave packets on the atomic scale of 
length can be formed which makes it possible to observe molecular motions in real 
time. The wave packet has a well defined group velocity and position which makes it 
analogous to a classical moving marble in a potential curve. As long as the wave 
packet is narrow enough (typical width 0.05 Å in femtosecond spectroscopy) on the 
scale of the molecule’s motion, a classical treatment of position and momentum is 
appropriate.  
 
In addition to the above described localized wave packet, observation of a real time 
motion in molecules requires synchronization between the millions of molecules 
involved in the measurement. This coherence between the molecules is achieved by 
the instantaneous femtosecond excitation of the molecules, and also by a well defined 
initial configuration insuring a small bond distance range of the molecules.  
 
Unless the coherence within or between the molecules is destroyed by e.g. 
perturbations from collisions, the wave packet motion can be described classically 
making computations and intuitive understanding easier.1
 
 
1.1.4 Nonlinear optics 
 
As the development of ultrashort pulses progressed and the time resolution obtained 
surpassed that of ultrafast detectors, the study of ultrafast chemical dynamics required 
methods of multiple pulses. In these methods one or more pulses are used to initiate 
the reaction and one or more pulses probe its progress. The involvement of multiple 
laser pulses places these methods into the category of nonlinear optical spectroscopy. 
As opposed to linear spectroscopy, which concerns absorption and emission, 
nonlinear spectroscopy involves the coherent interaction between the matter and one 
ore more laser pulses. These techniques rely on the nonlinearity of the polarization. 
 
When the intensity of light is low there is no intensity dependence of the material 
response and linear optics applies. However for short pulse and other high intensity 
lasers the polarization P of the medium must be expanded in higher order terms of the 
electric field E:7,8 

 
           P = PL + PNL = P(1) + P(2) + P(3) +… = ε0(χ(1)E + χ(2)E2 +  χ(3)E3 + …)          (2) 
 
where χ(n) is the n-th order susceptibility tensor and ε0 is the permittivity of vacuum. 
In this expansion the first order term describes linear optics responsible for processes 
like absorption and refraction and the higher order terms account for nonlinear optical 
effects. The peak power of a pulse Qp is approximately related to its energy U and 
duration ∆t by:9 

 
                                                              Qp ≈ U/∆t.                                                      (3) 
 
The peak intensity, Ip, is proportional to |E|2 and is approximately given by Ip ≈ Qp/A, 
where A is the area of the cross section of the beam. Eq. (3) means that extremely 
high peak powers, and thus electric fields, can be generated in femtosecond pulses, 
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even at moderate pulse energies. For this reason ultrashort pulses are sensitive to the 
higher order terms of the nonlinear polarization.  
 
 
1.1.5 Nonlinear techniques 
 
A number of nonlinear techniques have been developed where the most common 
concern multiwave mixing. In these techniques n laser fields of frequency ω1, ω2,… 
and ωn and wave vectors k1, k2,… kn interact with the matter. The signal is detected in 
the phase matched directions with wave vector 
  

                          ks = ± k1± k2…± kn
                                                    (4) 

 
and has the frequency 
 
                                                 ωs = ± ω1± ω2…± ωn.                                                 (5) 
 
Various techniques exist related to the different linear combinations of these wave 
vectors and frequencies. For n = 2 there are three-wave mixing processes which are 
related to the second order polarization P(2). For example P(2) governs the second 
harmonic generation used for the pump beam in our set up in which ks = 2k1 and ωs = 
2ω1. More generally sum frequency generation (ks = k1 + k2, ωs = ω1 + ω2) and 
difference frequency generation (ks = k1 - k2, ωs = ω1 - ω2) are examples of three-wave 
mixing processes. The second order polarization ε0χ(2)E2 requires non 
centrosymmetric materials as χ(2) is zero for media with an inversion center, like gases 
and liquids.10 Hence, the lowest order optical nonlinearity is often related to the third 
order polarization P(3). 
 
There are a number of commonly used techniques which are related to P(3) and for 
which n = 3. These are called four-wave mixing techniques and include third 
harmonic generation, photon echo, transient grating and coherent anti-Stokes Raman 
(CARS). In these examples the signal is generated in a direction (ks) different from 
any of the incoming fields (ki) (Fig. 2a). This so called homodyne detection gives a 
small background, which is an important advantage of wave mixing. However, the 
pump-probe absorption technique (Fig. 2b) used in our experiments employs a 
heterodyne detection scheme where the signal is detected in the direction of one of the 
incoming fields, the probe. Since the nonlinear polarization induced by the pump and 
the probe generates a signal that is proportional to the square of the polarization, it 
may be quite weak. The heterodyne detection has the benefit that the signal becomes 
linear instead of quadratic in the polarization and hence stronger. The signal from our 
set up and other effects, such as self-phase- and cross-phase modulation, which 
involve P(3) and are relevant to our experiment, will be discussed in further detail in 
chapter 3.  
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Fig. 2. Schematic figures of a) the four-wave mixing technique and b) pump-probe absorption. 
 
 
1.2 Background to experiments 
 
In the experiments of this thesis, transient absorption pump-probe spectroscopy with 
femtosecond time resolution is employed. The studies consider the photo-induced 
dissociation of the trihalides I3

- and I2Br- and the electronic and vibrational relaxation 
processes of the laser dye Methyl-DOTCI, all in solution. 
 
 
1.2.1 Paper I, II and III  
 
In paper I, II and III ultrafast photodissociation of the trihalides I3

- and I2Br- in 
solution is investigated. Bond breakage of triatomic molecules represents the simplest 
dissociation in which energy partitioning is possible11 and provides an important 
benchmark for the study of condensed phase chemical reactions. The number of 
degrees of freedom is small enough to be able to compare experimental results with 
quantum dynamical simulations, either for an isolated molecule or for the fully 
solvated system. At the same time the system is large enough to be able to extrapolate 
the results to larger molecules.  
 
The articles focus on different aspects of the photodissociation of I3

- and I2Br- such as 
rotational- (paper I) and vibrational dynamics (paper II) of the produced I2

- fragments 
as well as the effect of different excitation energies (paper III). Our experiments 
address such issues as vibrational coherence in and rotational excitation of the 
dissociation fragments, recombination dynamics and the short-time behavior when the 
system is passing through the transition state region. The short excitation pulses used 
in femtosecond spectroscopy make it possible to dissociate the ions in a coherent 
manner. With a transfer of coherence to the dissociated fragments, nuclear motions 
can be observed in real time. Because of rapid loss of coherence induced by the 
solvent in the liquid phase, measurements of the process of bond fission by other 
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methods is limited.12 Only by ultrafast real-time spectroscopic measurements the 
dynamics of the photodissociation process can be studied in detail.  
 
The photodissociation of asymmetric trihalides like I2Br- has not been investigated 
extensively before. In these papers the photodissociation of the symmetric I3

- is 
compared with the photodissociation of the asymmetric I2Br- which may be expected 
to interact more strongly with a polar solvent. This may for example affect the 
geometry of the triatomic molecule and result in differences in the vibrational and 
rotational dynamics. The influence of the solvent on these reactions is studied by 
performing the dissociation in two different polar solvents, methanol and acetonitrile.   
 
 
1.2.2 Paper IV 
  
In Paper IV the electronic and vibrational relaxation processes of the laser dye 
Methyl-DOTCI is investigated. Methyl-DOTCI is a rather large molecule that consists 
of about 50 atoms giving rise to around 150 vibrational modes which may float into 
each other. As a consequence the absorption spectrum only reveals a weak vibrational 
progression with a frequency of 1300-1400 cm-1 which may include several modes. It 
is therefore not very suitable for HRS and as an example the width of the absorption 
bands in Methyl-DOTCI corresponds to shorter life times than the actual ones, 
because of homogeneous and inhomogeneous broadening from the solvent. A lifetime 
of approximately 6 fs is given from the width of the first absorption band which can 
be compared with the nanosecond lifetime given from time resolved measurements.13 

 
Methyl-DOTCI is a near infrared laser dye, which means that its fluorescence band 
lies in the near infrared, with a maximum at 720 nm. Dye lasers are tunable lasers 
where dissolved laser dyes are used as the active medium. Because of the strong 
interaction of dye molecules with the solvent, the close lying rovibronic states are 
collision broadened resulting in a complete overlap of the different fluorescence lines. 
With different dyes, access to a wide spectral range, from 300 nm to 1.2 µm is 
possible.  
 
When the dye molecules are irradiated with deep UV light, vibrational levels in higher 
excited singlet states are populated. In accordance with Kasha´s rule,14 an empirical 
law stating that radiative processes occur from the first excited state of a given spin 
multiplicity, these levels usually relax very fast, on a femto- to picosecond time scale, 
to the vibrational ground state in the first excited electronic state S1, by collision 
induced transfer of energy to the solvent. The spontaneous emission from S1 to the 
ground state S0 consists of transitions to various vibrational levels of S0, leading to a 
fluorescence band that is red shifted compared to the absorption band. The shift 
between the 0-0 absorption and fluorescence bands is known as the Stokes shift. The 
typical fluorescence lifetime is on the order of nanoseconds.  
 
In the experiments performed on Methyl-DOTCI presented here excitation was made 
to high lying electronic states SN. The time constant of electronic relaxation to S1 was 
measured as well as vibrational relaxation in the S1 state for different solutions. 
Vibrational relaxation may happen via intra molecular vibrational relaxation (IVR) to 
other modes in the solute molecule or external vibrational relaxation (EVR) to the 
solvent molecules. For studies of solute-solvent interactions, smaller molecules have 
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the advantage of no (for diatomics) or little IVR interfering with EVR. If however the 
IVR is extremely fast, as has been suggested for similar molecules,15-18 it can be 
separated from the EVR which has typical relaxation times on the picosecond time 
scale. Concerning vibrational relaxation, the focus in the experiments performed on 
Methyl-DOTCI here is on the EVR.    
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Chapter 2 
Chemical dynamics in solution 
 
The ultrafast studies that form the basis of this thesis are performed in solution and 
concern various aspects of chemical dynamics such as photo-induced dissociation and 
energy transfer. In this chapter these processes are discussed as well as the effect that 
the solvent has on a reaction, and on these processes in particular. Also included is a 
description of potential energy surfaces, which are central to the outcome of a 
chemical reaction and its path from reactants to products. 
 
 
2.1 Potential energy surfaces 
 
In chemical reaction dynamics the motion of the atoms in the molecules are driven by 
the potential energy surfaces of the system. Essential to the description of these 
potential surfaces is the Born-Oppenheimer approximation. In this approximation the 
motion of the electrons are assumed to be much faster than that of the nucleus, which 
justifies a separation of their motions. The Schrödinger equation for a molecule: 
 
                                               H(r,R)Ψ(r,R) = EΨ(r,R)                                               (6) 
 
where H(r,R) is the hamiltonian, Ψ(r,R) the wavefunction as a function of electronic 
(r) and nuclear (R) coordinates and E the energy of the system, is useful to explain 
physics and chemistry but is often difficult to solve. An approximate solution is 
provided by the Born-Oppenheimer approximation. It ignores the coupling in H 
between the nuclear and electronic motions and the approximate solutions are written 
as the product of the electronic- (Ψe(r,R)) and nuclear (Ψn(R)) wave function: 
 
                                                 Ψ(r,R) = Ψe(r,R)Ψn(R).                                              (7) 
 
The hamiltonian is expressed as a sum of the electronic hamiltonian He(r,R) and the 
kinetic energy of the nuclei Tn(R): 
 
                                                H(r,R) = He(r,R) + Tn(R).                                             (8) 
 
He(r,R) = Te(r) + Vee(r) + Ven(r,R) + Vnn(R) and Te(r), Vee(r), Ven(r,R) and Vnn(R) are 
the operators for the electron kinetic energy, electron-electron repulsion energy, 
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electron-nuclear attraction energy and nuclear-nuclear repulsion energy. The 
electronic part of the equation:   
 
                                              H e(r,R)Ψe(r,R) = Ee(R)Ψe(r,R)                                     (9) 
 
is solved separately by fixing the nuclear coordinate R and neglecting the contribution 
from the nuclear kinetic energy which includes the derivative of the electronic 
wavefunction with respect to R. This equation gives Ee(R) which forms the potential 
energy in which the nuclei move with kinetic energy Tn(R). The whole potential 
surface is given by solving for different values of R. From Ee(R) the nuclear wave 
function Ψn(R) can also be found as the solution to the equation: 
 

         (Tn(R) +  Ee(R))Ψn(R) = EnΨn(R).                                (10) 
 
When two electronic states come close together the Born-Oppenheimer 
approximation breaks down because of neglected terms in the hamiltonian. For 
instance the derivative, or the change of character in, the electronic wavefunction with 
respect to R becomes large. This means that the neglected Tn(R) operator on the 
electronic wave function must be included.19 There may also be need for a more 
accurate description of the electronic hamiltonian He(r,R) with respect to the electron-
electron interaction Vee(r) or spin-orbit coupling HSO. In order to account for these 
neglected terms two different representations are introduced, the diabatic and the 
adiabatic representation.  
 
In the diabatic representation the neglected terms of He(r,R) are treated as 
perturbations while Tn(R) is diagonalized and thus fully included. In this case the 
starting point is diabatic (crossing) potential curves, which are approximate solutions 
that describe crossing curves where there is an avoided crossing in the exact solution 
between states of the same symmetry. With the perturbation included adiabatic 
(noncrossing) curves are given. For instance spin-orbit coupling may lead to avoided 
crossings between states of different symmetry which cross in its absence. This is 
because the effect of the spin-orbit coupling is to make the symmetry of the states the 
same. 
 
In the adiabatic representation He(r,R) is instead treated exactly and Tn(R) as a 
perturbation. When He(r,R) and the, usually quite small, diagonal terms of 
<Ψe(r,R)|Tn(R)|Ψe(r,R)> are considered the noncrossing, adiabatic potential curves 
are given. The off-diagonal elements are the nonadiabatic coupling terms, which 
couple different states and lead to nonadiabatic transitions between adiabatic curves.  
 
Although diabatic and adiabatic approximations can be useful, this world would have 
been dead if nature would proceed completely diabatically or adiabatically. 
Nonadiabatic processes with zero or unity transition probabilities cause a variety of 
phenomena and almost all chemical processes are dictated by nonadiabatic transitions. 
These transitions are important for the outcome of a reaction and its path on the 
potential surfaces. For instance, the relative yield of reaction products in a 
photodissociation process may be dependent on these couplings. 
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2.2 The liquid phase 
 
Most chemistry occurs in liquids, which makes it an important phase to study. The 
solvent serves as a reservoir accepting the energy released when a bond is formed, or, 
on the contrary, supplying energy to a system when it has to mount a barrier on the 
potential energy surface. It thereby provides a more suitable environment for reactions 
to occur in than e.g. the gas phase. Although there are many similarities between 
chemical reactions in gas phase and solution, which makes comparison useful, there 
are also essential differences. Perhaps the most obvious difference between reactions 
in gas phase and solution may be that the solvent can prevent the reactants from 
colliding. However, the solvent may also influence the passage from reactant to 
product. Fig. 3 illustrates the transition state barrier corresponding to the minimum 
energy required for the system to transform from reactants to products. The central 
idea in transition state theory is that the rate of passage through the transition state 
determines the rate of the reaction. The solvent can influence the reaction rate by 
changing the relative energy of the reactants, products and transition state.  A picture 
in which solvent stabilization of the transition state lowers the barrier and increases 
the reaction rate is common in discussions of solvent effects (Fig. 3). The solvent also 
plays a role in the passage through the transition state, where interactions of the 
reacting species with the solvent influences the rate via solvent friction in the same 
way that viscosity controls bulk diffusion, or via dielectric friction, which originates 
from solvent molecules adjusting to the changing configuration of the solute. 
Examples of the influence from the solvent on processes related to the studies of this 
thesis are given below.  
 

Liquid

Gas

Reactants

Transition state

ProductsEn
er

gy

 
 
 
Fig. 3. Energy diagram which illustrates the transition state barrier of a reaction in gas and liquid 
environment. 
 
In a gas, the molecules move freely between collisions, while in a liquid, diffusion 
controls the encounter rate. Recombination of fragments after dissociation is an 
example of a reaction which may depend on diffusion. However, in liquid solutions 
there is a possibility that the neighboring solvent molecules act as a cage that traps the 
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dissociating fragments before diffusive motion sets in. As a consequence the 
encounter- and recombination rate increases. Different solvents may influence the 
cage effect as e.g. tighter (hydrogen) bonds between the solvent molecules are likely 
to give a stronger cage from which escape is more difficult.    
    
Differences in solution and gas phase chemical reactions may arise from the fact that 
the strong influence the solvent has on the solvated molecule changes the potential 
energy surface compared to the isolated gas molecule. For example the I3

- molecule 
has been suggested to be bent in some liquid surroundings20 compared to the linear 
structure in gas phase. This will affect its dissociation, e.g. for a bent I3

- molecule one 
may anticipate a higher degree of rotational excitation for the I2

- photoproduct. Also, 
the centrosymmetric properties of the triiodide anion (the center atom relative the 
outer ones) may be affected by the solvent21,22 and influence the process of 
dissociation. These aspects of the influence from the solvent are investigated and 
discussed further in paper I, II and III.     
 
Energy transfer is the most extensively studied process of chemical dynamics in 
liquids and is relevant to all other studies. It is important to know how long an 
initially prepared state survives in order to study its chemistry. In solution, vibrational 
relaxation transfers energy from the vibrations of the solute to the vibrations of the 
solvent molecules and to the collective modes of the solvent. This cooling process can 
be highly dependent on the solvent used. For example alcohols like e.g. methanol may 
form hydrogen bonds with the solute molecule which leads to a faster transfer of the 
energy. This was observed in the measurements on Methyl-DOTCI discussed in paper 
IV. 
 
 
2.3 Photodissociation 
 
The study of a photo-induced dissociation provides a unique insight into chemical 
dynamics. In particular details about the excited state surface and its path to reaction 
products can be revealed from excitation and subsequent observation of the fragments 
after dissociation. Zewail and co-workers demonstrated that the act of bond cleavage 
can be studied with femtosecond time resolution in the form of a coherent nuclear 
motion following ultrashort excitation.23 It was also shown that the induced coherence 
can be transferred to the dissociation products for the isolated molecule.24 The time 
resolved measurements on an ultrashort time scale becomes possibly even more 
useful in the condensed phase, where the excess energy is rapidly dissipated, and 
makes frequency resolved measurements similar to those in gas phase difficult or 
impossible. The impulsive photodissociation of triiodide, I3

- + hν → I2
- + I, was the 

first reported example of transfer of vibrational coherence to the photoproducts in 
solution.25 This reaction generates vibrationally excited and coherent I2

- fragments in 
polar solvents revealed by the signal oscillations in the I2

- absorption. Since then its 
generality has been demonstrated in other reactions.26,27 

 
Three requirements must be fulfilled for phase coherent molecular motions to survive 
the dissociation process and solvent collisions, and for it to be detected as oscillations 
in the spectrum of the nascent fragments. First, a compact molecular wave packet 
must be formed on the dissociative potential energy surface, which is achieved by the 
short pulse excitation. Second, the compact wave packet must be preserved during the 
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fragment formation and not be dispersed by the nature of the reactive potential surface 
or due to interactions with the solvent. Finally, the detection of spectral oscillations 
requires that the fragment spectrum is sensitive to motion along the active 
coordinates.   
 
The potential energy surface of the excited state determines the initial motion of the 
dissociating molecule and has a big influence on its outcome. For instance it can be 
intuitively understood that an initial motion along the symmetric stretch of a triatomic 
molecule enhances the probability of three-body dissociation compared to a motion 
along the antisymmetric stretch. In this respect the initial symmetry of the molecule is 
also of importance. For the dissociation of the I3

- anion wavepacket simulations show 
that a wave function that is initiated as an antisymmetric wavefunction falls rapidly 
into the two-body dissociation channel while the initially centrosymmetric 
wavefunction continues longer in the symmetric stretch motion.28 A longer 
progression along the symmetric stretch may in addition to enhancing the three-body 
dissociation channel, disperse the wavepacket and result in smaller amplitude 
coherent oscillations. It may also lead to higher vibrationally excited fragments as the, 
in the case of I3

-, diiodide fragments are stretched far from the equilibrium 
internuclear distance. From this perspective the comparison between 
photodissociation reactions of molecules with different symmetry should be of 
interest. This is one of the motivations for the study of the, in gas phase, symmetric I3

- 
and the asymmetric I2Br- in different solutions, which is discussed in paper I, II and 
III.   
 
The excess energy put into the dissociating molecule may be converted into 
translational, vibrational and rotational energy of the fragments. Rotational excitation 
of the fragments is closely connected to the geometry of the parent molecule and to 
the topology of the dissociative potential energy surface. A bent geometry of a 
triatomic molecule is likely to result in a larger distribution of energy into rotation 
compared to the linear one. The recoil of the dissociation can be thought of as 
inducing a torque on the molecular fragment in the case of a bent parent molecule. 
Torques may also arise from a dissociative potential energy surface which evolves 
along the molecule’s bending coordinate. In this case the rotational excitation mainly 
reflects the topology of the excited state. The rotational excitation is reflected in the 
initial behavior of the anisotropy which is discussed more extensively in chapter 3.3. 
 
As described above, the geometry of the parent molecule is an important factor for the 
outcome of the photodissociation reaction. The geometry of the parent molecule and 
thus the dissociation process may be affected by the presence of a solvent. The 
influence from a solvent can in general substantially affect the photodissociation 
reactions by limiting the separation of the nascent fragments, changing the relative 
energies at various points along the dissociation coordinate or altering the distribution 
of excess energy. In the photodissociation of I3

- and I2Br- studied in the first three 
papers of this thesis, we observed coherent oscillations of the formed I2

- fragments. 
The quantum beats come from coherent superposition of vibrationally excited states 
that result from energy disposal into the products following the impulsive excitation 
of the triatomic anion. Related measurements in the gas phase,24,29 also show the 
coherent oscillations. The energy transfer to the solvent results in a vibrational 
relaxation on a time scale of 2 ps which illustrates the difference between the gas- and 
liquid phase and also the need for a good time resolution in solution. 
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The solvent often influences the dynamics of a dissociating molecule by hindering the 
separating motion of the fragments. Collisions with the solvent may completely 
prevent dissociation, trap the nascent pair within a solvent ”cage” or slow their motion 
down to their thermal equilibrium. Geminate recombination, where the originally 
dissociating fragments recombine together, is unique to the condensed phase because 
there is no mechanism for the fragments from an isolated molecule to encounter each 
other again. Because the excess energy is completely transferred into translational 
energy, the diatomic molecule is especially useful for investigation of the stopping 
power of the solvent and relaxation of the recombining pair.  
 
A schematic illustration of the possible steps in a photodissociation process in 
solution is displayed in Fig. 4. Light absorption by the ground state molecule 
populates a dissociative or a predissociative electronic state, which leads to a 
separation of the fragments along the potential surface. The separating fragments 
encounter solvent molecules which may cause them to recombine, or alternatively 
they may escape. The recombination can occur within a few collisions or on a much 
slower time scale by diffusion after thermalization of the dissociation products. For 
species that initially escape the solvent cage, the distance that the fragments travel 
before they are slowed down to thermal velocities depend on their initial kinetic 
energy and on the ability of the solvent to absorb that energy. The separation distance 
determines the probability for geminate recombination. With a strong solvent cage 
surrounding the decomposing molecule the recombining fraction and recombination 
rate may however increase substantially as the fragments are trapped within the 
solvent cage. The strength of the cage varies with solvent and for instance protic 
solvents like alcohols are more inclined to form solvent cages because of strong 
hydrogen bonds between them.  
 

Excitation

Dissociation

Recombination 
or escape

Trapping and 
detrapping

Vibrational relaxation

 
 

Fig. 4. Processes of photodissociation and geminate recombination in solution. 
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Whether the recombination happens instantly after a solvent cage collision or after 
diffusion, its rate is dependent on the potential surfaces, which affect trapping rates 
and pathways. If the excited state potential surface has a stable potential well, the 
recombined molecule may be formed in an excited electronic state. These trapped 
molecules relax radiatively or nonradiatively to the ground state, which thus is 
reached either directly or via surface hopping from excited states. In either case 
ground state molecules will be formed vibrationally excited and as a last step they will 
vibrationally relax to a thermal equilibrium distribution.      
 
 
2.4 Relaxation processes 
 
When a large molecule, such as Methyl-DOTCI, is excited it ends up in a thermal 
non-equilibrium. The energy can be distributed in a number of different ways which 
are summarized in the Jablonski diagram in Fig. 5. In radiative relaxation the decay of 
an excited state is accompanied by the emission of a photon corresponding to the 
energy difference between the states. There exist two types of radiative relaxation 
processes: fluorescence which is the emission from an excited state with the same 
spin multiplicity as the lower state (usually the ground state), and phosphorescence 
where the emitting state has a different spin multiplicity than the lower state. The 
coupling between the involved levels is governed by the transition dipole moment. 
For radiationless transitions there is no photon emitted and other forms of couplings, 
which are discussed below, are responsible for the interaction.  

Phosphorescence

Fluorescence

S0

S2

S1

T1

T2

IVR

Vibrational 
relaxation

Inter system 
crossing

Internal
conversion

 
Fig. 5. A Jablonski diagram showing the possible relaxation processes in a large molecule. SN denotes 
singlet states and TN triplet states. 
 
 
The vibrational energy put into one or a few optically active modes by the excitation 
pulse can be distributed among the other modes within the molecule. The process is 
called intramolecular vibrational redistribution (IVR) and is driven by anharmonic 
coupling between the vibrational modes. For low vibrational levels the potential 
energy surface (PES) can be approximated by a harmonic potential and therefore the 
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anharmonic coupling is weak. The normal modes are calculated from harmonic 
potentials and in this case vibrational energy placed in a normal mode would stay 
there. However, higher up on the PES the anharmonicity creates a coupling between 
the normal modes leading to faster IVR.30 A large interest in IVR has arisen from the 
hope of achieving selective bond fission of larger molecules. This relies on the 
possibility of vibrational energy being stored in a specific bond for a time longer than 
the reaction time and would be impossible with a fast IVR. 
 
In external vibrational relaxation the energy is transferred to the solvent when the 
solute collides with the surrounding environment. The solvent molecules act as 
acceptor molecules of the energy put into the excited molecule as it relaxes and 
ultimately warms up the solvent. The energy transferred to the acceptors’ vibrational 
modes is then dispersed further into the rotational and translational degrees of 
freedom of the liquid. Since the initial transfer of energy into the vibrational modes of 
the solvent is a consequence of perturbation between the two modes, the energy match 
between the excited state and the acceptor molecule’s vibrational levels is important 
for the rate of energy transfer.31

 
When the solute-solvent coupling is strong, the energy transfer process can be 
considered a two-step process. The energy is first transferred to the first solvent shell 
via a few “active” acceptor molecules that couple to the excited solute molecule and 
create a local heating. After that the energy flows from the first solvent shell into the 
bulk solvent on a slower time scale. For weak coupling the local heating is negligible 
and the temperature decays monoexponentially as opposed to biexponentially in the 
two-step decay.15 

 
A molecule excited to a higher electronic state can relax to lower electronic states of 
the same spin multiplicity. The jump from one electronic state to the other happens 
via conical intersections between the two potential energy surfaces. The probability 
for the transition depends on the electronic coupling strength and the Franck-Condon 
factors. In this electronic relaxation the energy of the higher electronic level is 
converted into higher vibrational energy in the lower electronic state. This process is 
known as internal conversion.  
 
The electronic relaxation can also take place via intersystem crossing, which is the 
radiationless transition from a singlet to a triplet state. The transition probability 
depends on the spin-orbit coupling and the overlap of the vibrational wave functions. 
Emission from the triplet state down to the singlet ground state is only weakly 
allowed by spin orbit mixing. Thus, after the molecule has relaxed vibrationally in the 
triplet state, it will stay at bottom of the potential energy surface for a long time. The 
emission from triplet to singlet is called phosphorescence and usually has a lifetime in 
the order of milliseconds to seconds for large organic molecules.  
 
The relaxation processes described above are all examples of population-changing 
processes where the population decays by e.g. spontaneous emission or inelastic 
collisions. They decrease the intensity of the emitted light from a decaying level with 
the time constant T1. Molecules which collide elastically do not transfer energy 
between them but change the phase of the wave functions. This phase disturbance by 
the environment leads to the washing out of coherence between molecules. In the 
density matrix formalism T1 corresponds to decay of the diagonal terms representing 

 16



the population of a state while T2 corresponds to the decay of the cross terms 
representing the coherence between states.32 Both population relaxation T1 and pure 
dephasing contribute to the linewidth or measured dephasing time T2. For a 
homogeneous line of width 1/(πT2) the dephasing time T2 is given by:33

 

                                                        *
212 T

1
T2
1

T
1

+=                                                   (11) 

 
where T2

* is the pure dephasing time which is only related to the change of the phase 
of the wavefunction and not to the relaxation of the populations of the eigenstates. 
Inelastic collisions with the solvent molecules makes T1 smaller while elastic 
collisions reduces T2

*. In addition there is an inhomogeneous contribution to the 
linewidth in liquids arising from the different surrounding seen by different 
molecules.  
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Chapter 3 
Experiment 
 
The experimental technique used in the measurements is transient absorption pump-
probe spectroscopy. In this chapter the technique itself and the information allowed to 
be extracted from the signal is discussed. The experimental set up is described and 
relevant parts are discussed in more detail.  
   
 
3.1 General about the experimental technique 
 
The general idea of pump-probe spectroscopy is to excite the molecule with a short 
pump pulse which defines the time zero. A probe pulse is delayed with a variable time 
τ with respect to the pump pulse and monitors the evolution of the molecule after 
excitation. With short pump and probe pulses a high time resolution is obtained.  
 
There are various forms of pump-probe techniques used. The excitation with the 
pump pulse to a state A can for example be followed by another excitation with the 
probe pulse to a state B from which the fluorescence is measured. In this way the 
wavepacket motion on potential energy surface A can be followed by recording the 
intensity of the fluorescence as a function of the delay time. Other signals than 
fluorescence e.g. molecular ions or photoelectrons can also be used. In the 
fluorescence up-conversion technique the sample fluorescence beam is focused 
together with the probe pulse in a nonlinear crystal. A beam at the sum frequency is 
generated in the crystal only when the two beams overlap in the crystal. This way the 
fluorescence is gated by the probe beam, which can be set to different delays.    
 
 
 
 
 
 
 
 
 
 
 
 
 

 19



Sample

Spectrograph
and CCD

PumpProbe

Reference

Delay

a)

Pump

A+B(A)

A+B(X)
Probe

b)

 
Fig. 6. Principle of the pump-probe technique used in the measurements illustrated in the set up a) and 
potential curves b). 
 
 
The experimental technique used in our measurements is transient absorption pump-
probe spectroscopy with white light continuum probing. In this method the pump 
induced change of the probe absorption in the form of optical density ∆OD(τ,ω) is 
measured as a function of delay time, τ, and frequency, ω, by dispersion of the probe 
before detection. The white light continuum probe makes simultaneous detection of a 
broad wavelength interval in the visible region possible. A schematic picture of the set 
up and the principle of the technique is shown in Fig. 6.   
 
The exponential decrease of the intensity of an incident beam, I0, on a sample is 
expressed by the Beer-Lambert absorption law: 
 
                            I = I0 10-OD                (12) 
with 
 
                 OD = εcl                    (13) 
 
where ε [l/mol.cm] is the extinction coefficient, c [mol/l] the concentration and l [cm] 
the length of the sample.                 
 
In an ordinary linear absorption experiment a reference beam passing through the pure 
solvent is compared to the beam passing through the solute dissolved in the solvent in 
order to measure the OD of the solute. In our transient absorption pump-probe set up, 
the pump induces a change of concentration of molecules in a specific state when 
exciting the sample which leads to a change in OD. The evolution of the difference in 
OD between the excited and not excited sample by the pump, ∆OD(τ,ω), is given 
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from a measurement of the intensity of the probe Iprobe (spatially overlapping with the 
pump), and reference Iref (not overlapping with the pump) according to:  
 
               ∆OD(τ,ω) = -log( Iprobe(τ,ω)/Iref) ≈ -(1/ln10)(Iprobe(τ,ω) – Iref)/Iref              (14) 
 
where the approximation holds for small signals Iprobe ≈ Iref and is made to give an 
easy connection to the theoretical signal (see chapter 3.2.). The use of a reference 
beam reduces the noise of the signal since laser fluctuations will affect both Iprobe and 
Iref identically. 
 
The contributions to the signal may consist of ground state absorption, excited state 
absorption (ESA), stimulated emission (SE), which arise from photons stimulated 
down to a lower energy level by the probe, and bleaching where the signal comes 
from the fact that the pump excitation makes the population in the ground state, and 
consequently the absorption from the ground state, smaller for the probe compared to 
the reference. 
 
 
3.2 Theory behind the pump-probe transient 
absorption spectroscopy signal 
 
The signal in transient absorption pump-probe spectroscopy is a heterodyne detection 
of the third order polarization field. In a heterodyne detection the pure signal from the 
sample induced by the pump and probe pulse is amplified with the help of a so-called 
local oscillator which, in this case, is just the original probe beam.  
 
The expression for the nonlinear polarization is PNL = P(2) + P(3) +… but χ(2)=0 for 
amorphous media like gases or liquids makes  PNL= P(3). Including the nonlinear 
polarization PNL into the wave equation for the electric field: 
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derived from Maxwell’s equations where P is the polarization P = PL+PNL, gives the 
wave equation: 
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The nonlinear polarization serves as source for generation of a new field. Solving eq. 
(16) gives the signal field ES generated by P(3) which is proportional to P(3).  
 
The total detected intensity is the superposition of the probe field after the sample, 
Eref, which has undergone linear absorption and is equal to the reference beam, and 
the signal field, ES: 
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where the integration over t is necessary because the detector is slow. Usually the 
signal is much weaker than the local oscillator field and the ⏐ES(t,τ)⏐2 term can be  
neglected. According to eq. (14) the reference beam is subtracted and the signal is 
divided by the reference intensity, which gives the signal: 
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or with ES(t,τ) ∝ iP(3)(t,τ):  
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In other words the heterodyne detection of the field generated by P(3) with the probe. 
The advantage of the heterodyne detection scheme is that the signal becomes linear in 
the weak signal field, in stead of quadratic as in homodyne detection, and therefore is 
more sensitive. 
 
In our set up the probe beam is dispersed in order to get out more detailed information 
by looking at the different probe frequencies separately. Using the fourier transform 
relation on eq. (19) results in:8 
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which can also be written as: 
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is the signal between ω and ω+δω. 
   
 
3.3 Measurement types 
 
The measurements can be performed with different settings of the probe polarization. 
When the angle between the pump and the probe polarization is set at the magic angle 
(54.7o) the signal is independent of the orientation of the molecules so there are no 
contributions from molecular rotation. For molecular rotation studies measurements 
with parallel and perpendicular pump and probe polarization are performed. The 
pump pulse excites the molecules with a cos2γ angular distribution,34 where γ is the 
angle between the pump polarization and the pump transition dipole. As the molecule 
rotates, the absorption probability of the parallel and perpendicular polarization, and 
therefore the parallel (∆OD//) and perpendicular (∆OD⊥) signal, varies according to:35

 
                                            ) + )(=∆ α(τ)cos21A(τOD 2

//                                     (23) 
 
                                            ) − )(=∆ ⊥ α(τ)cos2A(τOD 2                   (24) 
           
where A(τ) is proportional to the all isotropic signal, α(τ) is the angle between the 
pump polarization and the probe transition dipole at the delay time τ and the brackets 
indicate that the signals depend on the average of the excited molecules. The 
anisotropy of the molecular distribution is reflected in the difference between ∆OD// 
and ∆OD⊥. For example a purely isotropic distribution of the orientation of the 
molecules would give ∆OD// = ∆OD⊥. The difference ∆OD// - ∆OD⊥ contains isotropic 
contributions, not related to the rotation of the molecule, in addition to the time 
dependent anisotropy. However, the isotropic component of the signal can be 
expressed by:35 

  
                                                 ∆ODiso = ∆OD// + 2∆OD⊥.                                         (25) 
            
Dividing ∆OD// - ∆OD⊥ by the isotropic component, eq. (25), of the signal gives the 
pure anisotropy r(τ) which reflects the rotation of the molecules as a function of delay 
time: 
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The limits of r(τ) is –0.2 ≤ r(τ) ≤ 0.4 if only one contribution to the signal is 
considered, but possible overlapping contributions from absorption, bleach and SE 
signals extends the limits to –∞ ≤ r(τ) ≤ ∞.36 The factor two in front of ∆OD⊥ is given 
from the expressions of the parallel and perpendicular signals, eq. (23) and eq. (24). 
Putting these expressions into eq. (25) gives a signal independent of α(τ) and hence 
independent of rotation. The signal obtained with the probe polarization set at magic 
angle is proportional to ∆ODiso and to the square of the transition dipole moment. At 
this angle any change in the parallel contribution to the magic angle probe signal is 
matched by a corresponding opposite change in the perpendicular contribution.   
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The anisotropy as a function of delay time, τ, and the angle between the pump and 
probe transition dipole moments, θ, is expressed as:33 
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where P2 is the second Legendre polynomial, µpump and µprobe are the transition dipoles 
of the pump and probe transitions respectively and the brackets indicate that the 
expectation value has to be calculated. In liquid environment the collisions between 
solute and solvent molecules lead to a random orientation of molecules making the 
initial anisotropic distribution of the molecules after the pump excitation converge to 
an isotropic distribution. This decrease of anisotropy is reflected in r(τ) as it 
converges to zero. The behavior of the anisotropy as a function of time can be 
expressed as:37-40
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where 2Q  is the mean-square torque imparted to the molecule by other neighboring 
molecules, kB is the Boltzmann constant, T the rotational temperature and I the 
moment of inertia of the molecule. At early delay times the dominant contribution to 

the anisotropy comes from the first terms 2B τ
I

Tk3
1 )(−  which corresponds to a 

gaussian decay. This initial description of the anisotropy depends only on the 
temperature and moment of inertia of the molecule and describes a free rotation of the 
solute molecules. At longer delay times the τ4-term starts to contribute and describes 
the loss of anisotropy from the collisions with the solvent molecules. Usually the 
anisotropy decay is modeled by a gaussian term accounting for the initial free rotation 
in addition to one or more exponential terms for the slower diffusive part.     
 
 
3.4 Experimental set up      
      
The basic idea of the set up (Fig. 7) is to split the beam out of the laser into a pump 
and a probe beam. The frequency of both beams is adjusted to fit the particular 
experiment and their path lengths are adjusted so that they are approximately equal. A 
delay stage is then used to vary the path length of the probe in small steps in order to 
obtain a variable, but accurate, time delay between the pump and the probe. The delay 
stage is able to vary the beam path of the probe down to steps of 1 µm, corresponding 
to 3.3 fs. The maximum delay possible is 800 ns. 
  
Five percent of the 775 nm beam out of the laser is reflected by a beam splitter and 
sent to the diagnostics part where the time and frequency profile of the laser pulse can 
be measured by an autocorrelator and a spectrograph. The 95 % transmitted is raised 
to a convenient level by a periscope and a λ/2 plate rotates the polarization from 
horizontal to vertical. This gives s-polarized light with respect to reflection in the 
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horizontal plane which is what the dielectric mirrors, frequently used in the set up, are 
optimized for. The x2-telescope reduces the beam diameter from ca 8 mm to 4 mm 
and consists of a concave mirror focusing the beam and a convex mirror restoring the 
beam's collimation. The chopper triggers the detector and synchronizes it with the 
chopped light. A second beam splitter divides the beam in a pump (90 %) and probe 
beam (10 %), where the pump beam is converted to 387 nm (second harmonic) or 258 
nm (third harmonic) using sum frequency generation. These are the two wavelengths 
used to excite the molecules in our experiments. The probe pulse can be shifted in 
time by the delay stage and is converted into a white light continuum which is split 
into the probe overlapping with the pump at the sample, and a reference passing 
through the sample unaffected by the pump. The beams cross the sample in a 0.25 
mm thick flow-type cuvette and the sample is pumped around in a system containing 
about 1 liter of liquid with a flow rate high enough to ensure that fresh molecules are 
excited by each new pump pulse arriving every millisecond. A spectrograph disperses 
the probe and reference beams, which are detected by a CCD camera. A computer 
controls the experiment and plots the ∆OD as a function of delay time and frequency.  
 
       

 
 
Fig. 7. Schematic overview of the set up. BS – Beam Splitter, FM – Flip Mirror, λ/2 – half lambda 
plate, DS – Delay Stage, VA – Variable Attenuater, P – Polarizer, L – Lens, WLC plate – fused silica 
plate for white light continuum generation, PM – Parabolic Mirror, FS – Fused Silica plate, SHG THG 
– Second- or Third Harmonic Generation, BC – Berek Compensator, BD – Beam Dump, ⊥ – 
perpendicular-, // – parallel component of the probe polarization,  BG – BG38 filter, GG – GG420 
filter, ND – Neutral density filter. 
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Pump beam 
 
The output wavelength of the laser is 775 nm and has a photon energy that is too 
small for exciting the molecules. In the experiments pump wavelengths of 387 nm or 
258 nm are used which are produced by second- (SHG) and third harmonic generation 
(THG) of the 775 nm fundamental.  
 
The crystal used for sum frequency generation needs to have no absorption for either 
the incident or the generated wavelengths and should have a high nonlinearity (χ(2)). 
A type I phasematching process in a negative birefringent uniaxial BBO crystal was 
used for both the SHG and THG of the pump pulse. The crystal thickness was 0.4 mm 
and for the SHG and 0.2 mm for the THG. In the SHG the crystal is oriented such that 
only the horizontally polarized component of the 775 nm fundamental can be 
converted into the 387 nm vertically polarized second harmonic. The crystal is cut at 
28o. A λ/2 plate is inserted before the BBO crystal with the purpose to be able to 
adjust the pump intensity, which has a maximum yield of 250 µJ per pulse (typically 
40 µJ pump pulse energy is used), by rotating the polarization of the incoming beam.  
 
When producing the third harmonic the fundamental beam is mixed together with the 
second harmonic in a 0.2 mm thick BBO crystal cut at 46o. Sum frequency generation 
of the 387 nm and 775 nm wavelengths creates the 258 nm beam. It is produced with 
a maximum yield of 100 µJ per pulse and in the experiments with a 3rd harmonic 
pump, 40 µJ or lower is used. Since there are two incident pulses involved they need 
to have both a spatial and temporal overlap for an efficient generation of the third 
harmonic. The spatial overlap is adjusted by aligning the mirrors and the temporal 
overlap by varying the path distance for the fundamental pulse, see Fig. 8.  
 
Except for the generated second or third harmonic, the incident beams will also be 
transmitted. These wavelengths are removed using dichroic mirrors optimized for 
reflection of the 2nd or 3rd harmonic respectively, while the others are transmitted. 
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Fig. 8. Set up of the second and third harmonic generation. λ/2 - half lambda plate, BBO - type I Beta 
Barium Borate crystal, SHG - Second Harmonic Generation, THG - Third Harmonic Generation, DBS 
- Dichroic Beam Splitter, DM - Dichroic Mirror, DM THG - Dichroic Mirror (only inserted for THG), 
DS - Delay Stage for time overlap of the 775 nm and 387 nm pulse. 
 
 
Probe beam 
 
A white light continuum as a probe gives access to a broad frequency distribution in 
the probing process. Fig. 9 displays the spectrum of the white light continuum. At the 
lowest wavelengths around 400 nm the intensity of the white light is reduced because 
of the GG 420 filter which is inserted in order to reduce scattered light from the pump 
beam. The continuum is also quite weak in the higher wavelength region around 700 
nm which is partly because of the BG 38 filter which reduces the intensity for the 
wavelengths close to the fundamental at 775 nm, where the intensity is too high and 
saturates the detector. At these parts where the intensity of the continuum is low the 
measured signal becomes slightly noisier due to the lower signal to noise, and also 
because of the more structured characteristics, of the white light. 
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Fig. 9. Spectrum of white light continuum. 
 
 
In these experiments wavelengths from about 420 to 770 nm are used, which makes it 
possible to for example follow a complete vibrational envelope evolving as a function 
of time. This is essential when working with liquids where electronic transitions often 
lead to broad and rather featureless bands. The continuum is generated when a high 
peak power light pulse is focused in a transparent substrate. There are many possible 
suitable media for this purpose, like different liquids or glasses. In our set up the 775 
nm fundamental beam is focused in a 2.5 mm thick rotating fused silica disc. Self-
phase modulation (see chapter 3.8) leads to the spectrally broadened pulse, referred to 
as white light continuum.  
 
Before the generation of the white light the probe pulse is delayed in the delay stage 
which consists of a computer controlled moveable hollow retro reflector. A variable 
attenuater is put in before the white light generation to be able to vary the intensity of 
the beam hitting the fused silica disc since the stability and shape of the white light is 
critically dependent on the intensity. The attenuater consists of a λ/2-plate and two 
sheet polarizers reflecting almost exclusively s-polarized light at an angle of 72o to the 
incident beam. By rotation of the incident polarization with the λ/2-plate, the output 
intensity can be varied. A pinhole after the attenuater blocks any back face reflections 
of the sheet polarizers. The output from the variable attenuator is vertically polarized 
and the polarization is conserved in the white light generation process. The orientation 
of the polarization after the variable attenuater can be adjusted by another λ/2-plate 
placed after the pinhole. In the initial measurements this λ/2-plate was adjusted in 
order to set the polarization at magic angle, 54.7o relative to the vertical pump 
polarization, which gives transient absorption signals that are independent of 
molecular rotation, or at parallel (vertical) or perpendicular (horizontal) polarization 
for anisotropy measurements (see further in chapter 3.3). This set up was used in the 
studies of DOTCI in paper IV, but was subsequently changed to a more efficient, and 
for polarization measurements, more reliable set up. Instead of rotating the probe 
beam the polarization of the pump beam is adjusted with a Berek compensator to an 
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angle of approximately 45o relative to the probe polarization, which is set vertically. 
In this set up the parallel and perpendicular component of the signal are measured by 
separating the probe component polarized parallel and perpendicular with respect to 
the pump using a prism polarizer situated after the sample. The advantage of this set 
up is that it is faster and that the two polarizations can be measured simultaneously 
which allows for the same conditions of the two components. The magic angle signal 
is then given from eq. (25). In paper II magic angle measurements were also 
performed without the polarizer and by rotating the pump beam polarization to 54.7o 
with respect to the probe beam polarization. The two magic angle measurements, with 
and without polarizer, agreed well.   
 
An aluminum coated parabolic mirror after the λ/2-plate focuses the beam slightly 
behind the sample and the beam is divided into the reference and probe beam using 
the back and front reflections respectively of a 10 mm thick fused silica plate. This 
produces almost identical pulses. The reflection has the added benefit that the probe 
beam intensity is reduced in order to obtain approximately the appropriate 0.1-1 % 
intensity compared to the pump intensity. A too high probe intensity would result in 
too few photons absorbed compared to the total number of photons in the probe pulse 
and as a consequence a weak signal. At the sample the probe overlaps with the pump 
beam while the reference passes through the sample without “seeing” the pump. The 
spot size of the probe beam is approximately 0.5 mm compared to the pump beam’s 1 
mm at the sample, and the energy of the pump pulse is usually in the order of 40 µJ. It 
is favorable to have a small probe spot size in the sense that the pump profile is flatter 
in the center than at the edges where the signal is more sensitive to beam fluctuations. 
 
       
Detection 
 
After the sample the pump beam is blocked while the probe and the reference beam 
proceed in the horizontal plane (Fig. 10). The probe beam is separated into its parallel 
and perpendicular polarization component with respect to the pump polarization with 
a prism polarizer. (As mentioned above this polarizer was however not used in the 
studies of Methyl-DOTCI in paper IV. In that case the polarization was set by a λ/2-
plate before the sample.) The pump and probe beams are reflected by separate mirrors 
in order to make them cross at a lens that focuses the beams on the slit to the 
spectrograph. Before the lens a ‘Flipper’ rotates the relative position of the beams to 
being vertical. A set of filters reduces the intensity of the scattered light from the 
pump beam (GG 420 filter for SHG and WG 295 filter for THG) and the intensity of 
the longer wavelengths close to the fundamental (BG 38 filter). To avoid saturation of 
the CCD camera which has a maximum 18 bit capacity corresponding to 218 ≈ 260 
000 counts, a variable neutral density filter wheel is used to adjust the intensity of the 
probe and reference beam. The spectrograph consists of a grating that disperses the 
beams into two spectra that are detected on the CCD camera. Its detector plate 
consists of 512x512 pixels and the different wavelengths are spread to different 
positions. The wavelength calibration is performed with a mercury lamp. The 
resolution of the detection system is about 1nm/pixel, but to reduce cross-phase 
modulation artifacts, 4 pixels in a row were binned together. This gave a 4 times 
lower wavelength resolution but in our measurements this is not crucial. The CCD 
detector plate is divided into 7 tracks where the dispersed probe and reference beams 
are focused onto track 2, 4 and 6. (In the set up used in paper IV, with no polarizer, 
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only 5 tracks are used since there is only one probe component.) The tracks are made 
as small as possible to reduce noise.   
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Fig. 10. Detection part. M - Aluminum mirrors, Par. and Perp. – Parallel and perpendicular component 
of the probe polarization, Flipper - Rotates the plane of the beams to vertical, BG - BG38 filter, GG - 
GG420 filter, ND – Neutral density filter, L - Lens focusing on the slit to the spectrograph, G - Grating, 
CCD - Charged Coupled Device.    
 
 
The CCD camera is connected to a PC and the data is collected with a home made 
macro program in the main software called OMA 4000. When light hits the detector 
plate a charge is building up proportional to the light intensity. Therefore the charge 
on the detector plate must be read when there is no light hitting it. The chopper is 
synchronized with the computer and the detector. This enables the intensity to be 
registered by the computer during the dark periods when the chopper blocks the light 
and a new detection to begin when the light reappears. Since the repetition frequency 
of the laser pulses is fast (1 kHz), the CCD can not resolve them at that rate. The 
chopper allows a bunch of pulses to be detected within one exposure time. A longer 
exposure time with stronger filters was found to give less noise than a short exposure 
time with low filtering in spite of the same amount of photons detected. The exposure 
time was set to approximately 2 seconds. The program also controls the delay stage 
which can be set to a minimum delay step of 3.3 fs. A background measurement is 
performed before each measurement and subtracted from the signal. One 
measurement of 6 scans takes approximately 2 hours. 
 
 
3.5 The laser system 
 
Today ultrafast lasers are most commonly solid-state lasers. The solid-state lasers had 
its breakthrough with the discovery of the Ti:sapphire lase medium in 1986, which 
was the first solid-state medium that was able to produce ultrashort pulses without 
cryogenic cooling.9 These lasers replaced the previously used dye lasers with its high 
power and lower noise.  
 
The laser system used in our set up is a CPA-2001 (Chirped Pulse Amplification) 
Ti:sapphire laser where the crystal is pumped by a 532 nm Nd:YAG laser. It produces 
nearly transform limited 150 fs laser pulses with a wavelength of around 775 nm and 
a spectral bandwidth of about 7 nm FWHM. The repetition rate is 1 kHz with an 
energy of about 850 µJ in each pulse.  
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The laser is built in two levels according to Fig. 11. The bottom level contains a SErF 
fiber laser, which is pumped by a solid state laser diode operating at approximately 
980 nm. The SErF laser uses an Erbium doped fiber as the gain medium and has an 
output of 775 nm after frequency doubling. It generates the ultrashort pulses by 
passive modelocking which relies on passive loss modulation in some type of 
saturable absorber in order to favor the short pulses against other modes such as 
continuous waves. The saturable absorber may consist of either a suitable substance 
that reduces the loss for high intensities or a construction which acts as an artificial 
saturable absorber. For example, the Kerr lens effect, which focuses the beam due to 
the refractive index dependence on the distance from the beam center for high 
intensity pulses, together with a slit, is often used as an artificial saturable absorber. 
The slit is used to filter out the high intensity pulses which do not suffer losses 
because they are focused at the slit in contrast to the cw light. In our laser system the 
saturable absorber relies on intensity dependent polarization from the Kerr effect, 
where a number of wave plates are used for the purpose of transmitting the highest 
intensity pulse. A photodiode registers the output from the fiber laser and makes it 
possible to measure the pulse frequency (~31 MHz) and amplitude of the mode 
locked pulses.  
 
Before entering the top level the pulses are stretched (chirped), using gratings, from 
around 100 fs to about 100 ps in order not to damage the optical components inside 
the amplifier cavity, or introduce non-linear effects, by a too high pulse intensity. This 
chirped pulsed amplification has become a common technique for avoiding nonlinear 
effects and to avoid damaging optics during the amplification. The chirping of the 
pulse is usually accomplished with a pair of gratings which shortens the blue path 
compared to the red.  
 
          Bottom Level                       Top Level 
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Fig. 11. Schematic layout of the laser. 

 
The ultrashort pulse generated with modelocking is usually not very intense but can 
be amplified in an amplifying cavity. Due to the small gain per pass in the amplifier 
for solid-state materials, one must use multiple passes through the amplification 
medium. When all energy is extracted from the amplification medium the pulse is 
ejected from the cavity. The seed beam from the frequency doubled SErF laser is 
injected into the major cavity which uses a Ti:Sapphire crystal as its amplifying 
medium. The crystal is pumped by a Nd:YAG laser that has an output wavelength of 
532 nm and is Q-switched with the repetition frequency of 1 kHz. The YAG Q-switch 
is controlled by the Pockels cell driver unit which is triggered by the repetition 
frequency of the fiber oscillator, divided to get the 1 kHz frequency. It also controls 
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the injection of the seed beam into the cavity and the ejection of a pulse from the 
pulse train. The Pockels cell works by rotating the polarization of the beam by 90 
degrees, leading to either transmission or reflection by the polarizers which 
determines the injection and ejection of the pulse. The YAG laser pulse produces the 
population inversion in the Ti:Sapphire crystal. As the seed pulse travels back and 
forth in the major cavity, it gets amplified every round trip until the population 
inversion becomes too small and the pulse intensity starts to decrease. The Pockels 
cell then controls the ejection of one pulse from the pulse train.  
  
As the pulse amplified in the cavity is stretched it has to be compressed again before 
leaving the laser. This is done with the same technique as for the stretching used 
inversely in order to obtain a pulse free from chirp. The output of the laser should 
after optimal compression be approximately 150 fs broad and is horizontally 
polarized. 
 
 
3.6 Laser pulse characterization 
 
An accurate measurement needs a well characterized laser pulse. Fig. 12 shows the set 
up for the laser diagnostics, where the spectrograph measures the spectral profile and 
the autocorrelator the time profile of the laser pulse. 
 
Since there are no detectors fast enough to measure the time profile on a femtosecond 
time scale, indirect methods are used. In the autocorrelation technique one splits the 
laser pulse into two replicas E(t) and E(t-τ) delayed with respect to each other by τ in 
a Michelson interferometer. Detecting the intensity of the superposition of the two 
pulses with a linear detector would give a signal where contributions from the chirp 
can make the measured signal shorter than it is. Therefore multiphoton processes have 
to be used. This can be accomplished using detectors which are (at least) quadratic in 
the intensity. 
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Fig. 12. a) interferometric and b) background free set up of autocorrelation. 

 
 
In our autocorrelator a KDP (Kalium Dihydrogen Phosphate) is used for generating 
the second harmonic. The autocorrelator can be operated in two different modes, 
either measuring the interferometric or the background free intensity autocorrelation 
(Fig. 12). The interferometric autocorrelation signal has the form:10 
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where E(t) is the amplitude of the electromagnetic wave, ω is the frequency, φ(t) is 
the phase, t is time and τ the delay between the two pulses. In an interferometric 
experiment both pulses from the Michelson interferometer propagate co-linearly 
through the KDP crystal. The interferometric mode is sensitive to the phase φ of the 
pulse but is more difficult to analyze than the background free intensity measurement. 
 
In the background free pulse measurement the two pulses are crossed at a fairly large 
angle. The second harmonic produced is emitted along the bisector and detected while 
the incoming beams are blocked after the sample. The phase of the pulses is averaged 
out giving the background free intensity signal the form:10 
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The background free autocorrelation trace obtained from our set up is shown in 
Fig. 12a. Assuming a Gaussian pulse shape, the width of 215 fs (FWHM) can be 
divided by 2 in order to obtain a pulse width of approximately 150 fs. 
 
The spectrograph uses a CCD camera for detection of the incoming beam which is 
dispersed by a 1200 g/mm or a 600 g/mm grating for resolution of 0.07 nm/pixel and 
0.14 nm/pixel respectively. The spectral profile of the fundamental beam out from the 
laser is shown in Fig. 12b. The beam wavelength is centered at around 775 nm with a 
FWHM of 7 nm.  
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Fig. 13. a) Background free autocorrelation trace and b) spectral profile of the 775 nm fundamental 
pulse. 
 
 
The time-bandwidth product, ∆t∆ν, where ∆t is the pulse time width and ∆ν is the 
frequency width, gives an indication of whether the pulse is transform limited or if it 
can be compressed. For a transform limited Gaussian ∆t∆ν = 0.44 and in our case it is 
approximately 0.52. 
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3.7 Sum frequency generation 
 
Sum frequency generation is used in the production of the second harmonic (387 nm) 
and third harmonic (258 nm) pump pulses in our set up. It is a nonlinear optical 
mixing technique based on the second order polarization P(2)= ε0χ(2)E2 and generates 
beams with a frequency corresponding to the sum of the incident frequencies.  
 
If one considers two beams with frequencies ω1 and ω2 incident on a medium with a 
non zero χ(2), for example a BBO crystal, the electromagnetic wave can be written as: 
 
                                  E = E1cos(ω1t – k1z) + E2cos(ω2t – k2z)             (31)
          
where E1 and E2 are the amplitudes of the two beams, ω1 and ω2 are the frequencies 
and k1 and k2 are the wave vectors in the z direction with ki = 2πn(λi)/λi. The 
contribution from the second order polarization becomes:4  
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which includes components of the doubled frequencies 2ω1, 2ω2 and at the sum and 
difference frequencies ω1 ± ω2. For an efficient sum- or difference-frequency 
generation the incoming and generated beams must fulfill the phase matching 
condition: 
 
                                                    k(ω1±ω2) = k1 ± k2               (33)
              
Since ki = 2πn(λi)/λi  the phase matching condition can be fulfilled by changing the 
refractive index n(λ) of one beam with respect to the others. In practice, this can be 
provided by uniaxial birefringent crystals that have two different refractive indexes no 
and ne(θ) for the ordinary and the extraordinary beams, where θ is the angle between 
the optical axis and the wave vector. The ordinary beam is polarized perpendicular to 
and the extraordinary beam parallel to the plane defined by the propagation direction 
and the optical axis. In our set up Type I phase matching in a negative BBO crystal is 
used both for the second and third harmonic generation, corresponding to (o + o → e) 
as the generated beam has a perpendicular polarization to the incoming and 
propagates as the extraordinary beam. With one of the three waves propagating as 
extraordinary wave, phase matching can be achieved with the crystal oriented 
correctly. 
 
 
3.8 Self-phase modulation 
 
Self-phase modulation (SPM) is the process in which a laser beam interacts with the 
medium it is propagating in and creates a phase modulation on itself. For a laser pulse 
which has a varying intensity I(t) in time (Fig. 14a), the SPM becomes time 
dependent. Since the angular frequency of the wave is the time derivative of the phase 
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the SPM leads to a frequency broadening of the pulse. This frequency broadening 
produces the white light continuum used for the probe in our set up. 
 
SPM originates from the intensity dependence of the refractive index (n) induced by 
strong fields in intense laser beams: 
 
                                                    n(t) = n0 + n2⏐E(t)⏐2                           (34)
              
where n0 is the linear refractive index, n2 is the nonlinear refractive index and E(t) is 
the electric field of the beam. 
 
Putting the expression for the nonlinear refractive index, eq. (34), into the linear wave 
equation:41  
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derived from Maxwell’s equations, where c is the light velocity and n the refractive 
index, gives rise to the nonlinear term on the right side of the nonlinear wave 
equation: 
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neglected and n2 and χ(3) are assumed to be instantaneous. 
 
 
Expressing E as a plane wave propagating in the z-direction with frequency ω0 and 
wave vector k, )  and putting it into eq. (36) gives the 
following equation for the amplitude A(t):

tkz(i)tkz(i 00 e)t(Ae)t(AE ω−−∗ω− +=
42

 

                                               AAAA 2
2

0

g

n
c2

i
tv

1
z

ω
=

∂
∂

+
∂
∂                                     (37) 

 
where vg is the group velocity and group velocity dispersion, self-steepening and 
linear absorption have been neglected. 
 
Solving eq. (37) with respect to the phase reveals a time dependence of the phase 

. The instantaneous frequency is the time derivative of the phase and can be 
written as:
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The frequency shift (Fig. 14b) is:  
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where I(t) is the intensity ))t(cn2)t(I( 2
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Fig. 14. a) Intensity as a function of time for a gaussian laser pulse. b) Time dependence of the 
frequency for a positive nonlinear index of refraction, n2. 
  
 
3.9 Cross-phase modulation 
 
In the same way that the pulse phase is time modulated by the pulse itself, leading to a 
frequency broadening in self-phase modulation, a phase modulation can also be 
generated by a co-propagating pulse. This process is called cross-phase modulation 
(xpm) and for the pump-probe experiment it has the effect of shifting the probe 
spectrum as a function of delay time (Fig. 15). When the leading edge of the pump 
pulse overlaps with the probe pulse the probe spectrum is shifted to the red and to the 
blue when the trailing edge is overlapping. For a transform limited probe pulse this 
gives a signal according to Fig. 16a, while the chirped probe pulse as in our case has 
the typical shape of Fig. 16b.43
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Fig. 15.  Illustration of the shifting of the probe spectrum generated by the pump pulse. 
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Fig. 16. Typical cross-phase modulation signal for a) a transform limited probe pulse and b) a linearly 
chirped pulse.  
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xpm only arises when the probe is dispersed spectrally after the sample since there is 
no transfer of energy to or from the probe pulse, just a redistribution among different 
frequencies. The xpm signal is generated even for mediums that are completely 
transparent for both the pump and probe. This means that the signal may arise from 
either the solvent or the fused silica cuvette windows. Since the cuvette windows 
usually are thicker than the liquid layer they are the main contributors to the signal. 
Clearly, the xpm-induced signal is an artifact in the sense that it is not arising from the 
molecules investigated. At early delay times, when the pump- and probe pulses are 
overlapping, the xpm-induced signal limits the possibility of obtaining meaningful 
pump-probe data. They can however be useful in determining the exact zero delay 
time for the measurement, which should be put at the center of the xpm signal. 
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Chapter 4 
Analysis 
 
In this chapter the analysis of the experimental results are discussed more thoroughly 
than in the articles. The chapter is meant to give a deeper understanding of the 
underlying physics behind the signals and the methods used to extract the desired 
information. The description of the analysis is divided up in the study of 
photodissociation of I3

- and I2Br- and the relaxation processes in Methyl-DOTCI.  
 
The experimental signal consists of contributions from excited state absorption (ESA) 
or ground state absorption, stimulated emission (SE) and bleaching. In the magic 
angle configuration the signals from these components are for example used to 
monitor the build up of population in an electronic state, vibrational relaxation of a 
band or study coherent vibrations of a molecule, while the analysis of the anisotropy 
mainly gives insight into the rotational aspects of the molecule. In the experiments 
performed on relaxation processes of the laser dye Methyl-DOTCI in paper IV, the 
major focus of the analysis was devoted to the magic angle signals. Mostly because 
the rotation of these large molecules is very slow and thus little is revealed by the 
anisotropy on a short time scale. More information was extracted from the anisotropy 
curves of the photodissociation experiments on the smaller trihalides.  
 
 
4.1 Photodissociation of I3

- and I2Br- (paper I, II and 
III) 
 
4.1.1 Anisotropy measurements 
 
In paper I and III the photo-induced dissociation of I3

- in acetonitrile and methanol 
and I2Br- in acetonitrile is discussed with respect to the anisotropy. It considers the 
initial value and dynamics of the anisotropy as well as its long-time evolution. 
Because of the large mass of the atoms in I3

-, I2Br- and the produced I2
- anions, spin-

orbit mixing becomes important in the definition of their electronic states. As will be 
discussed below this is of relevance in particular to the analysis of the initial value of 
the anisotropy.  
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Spin-orbit coupling 
 
Spin-orbit interaction originates from the magnetic field B generated at the electron 
due to its orbital motion around the positive nucleus of an atom or molecule. The 
magnetic field exerts a torque on the spinning electron which tends to align its 
magnetic moment µ along the direction of the field. The energy E of the interaction is:  
 
                                                              E=-µ.B.                                                         (40) 
 
µ is proportional to the electron spin s, and B is proportional to the orbital angular 
momentum l. The energy E is thus proportional to l.s and the spin-orbit coupling 
hamiltonian for the total spin S and orbital angular momentum L, which is the sum of 
the one electron terms (ΣAilisi), can be written as:32 

 
                                                           HSO = AL.S                                     (41) 
 
where A is the spin-orbit coupling constant. The inclusion of HSO in the total 
Hamiltonian of a (linear) molecule leads to an energy separation with respect to the 
different Ω, the projection of the total angular momentum J = L+S on the molecular 
axis. For example the 2Πg state (2S+1Λ) of I2

-, defined by S = 1/2 and the projection of 
L on the molecular axis (Λ=1), is split up into 2Πg,1/2 and 2Πg,3/2. (The subscript g 
denotes inversion symmetry of the orbital.) In the form (HSO) HSO is determined by L 
and S. It is however only applicable within a state and assumes that there are no 
interactions with other states. As A increases the various states of the molecule begins 
to interact with each other which results in spin-orbit mixing of states. The selection 
rules for this spin-orbit mixing are:19

 
      ∆J = 0  ∆Ω = 0  g ↔ g  u ↔ u  e ↔ e  f ↔ f   Σ+ ↔ Σ-

 
                                   ∆S = 0, ±1  ∆Λ = ∆Σ = 0  or  ∆Λ = -∆Σ = ±1 
   
The spin-orbit coupling is divided into different cases defined as32,44 

 
Hund’s case (b): Very small spin-orbit coupling (AΛ<<BJ where B is the rotational 
constant and J the rotational quantum number). Ω and Σ are not defined in case (b). 
Typically Σ-states belong here since they often have a weak or zero coupling of S to 
the internuclear axis which is characteristic of Hund’s case (b).   
 
Hund’s case (a): The spin-orbit coupling is larger than in case (b) (AΛ>>BJ, spin-
orbit splitting is large compared to the rotational separation). It is still small enough so 
that it is useful to define states by S, Λ and Ω, (2S+1ΛΩ). 
 
Hund’s case (c): The coupling of L and S is so strong that only J and Ω are good 
quantum numbers that define the electronic states. Since L, S, Λ and Σ no longer have 
any meaning the Hund’s case (c) notation of states is just Ω. For example the 2Πg,1/2 
state of I2

- should be labeled as 1/2g. 
 
Hund’s case (d): is not treated by us but is appropriate for high-n and l≠0 Rydberg 
states where the electron is far removed from the core. 
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4.1.1.1 Initial anisotropy value 
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Fig. 17. Initial dynamics of the transient anisotropy for the three solutions with 387 nm excitation and a 
probe wavelength of 600 nm. 
 
 
Fig. 17 displays the initial dynamics of the transient anisotropy for the three solutions 
with 387 nm excitation and with a probe wavelength of 600 nm. The initial value of 
the anisotropy after I2

- has been formed, r0, is used to gain information about the 
geometry of the parent anion from the expression eq. (27), which gives the angle θ 
between the pump- and probe transition dipole. Since r0 is sensitive to the orientation 
of the transition dipoles, nm ΨΨ µ , where µ is the dipole moment, it is also sensitive 
to the symmetry of the states Ψm, Ψn involved in the transitions. The pump pulse 
excites the parent molecule from its ground state to an excited dissociative state and 
the formed I2

- fragment is probed from its ground state. Thus the ground and excited 
states of the parent triatomic anions as well as the nascent fragments need to be well 
characterized. For a dissociating linear molecule where both the pump and the probe 
transitions are parallel transitions, meaning that the transition dipole is oriented along 
the molecular axis (e.g. Σ Σ, Π← ← Π transitions in Hund’s case (a)), r0 is expected to 
be 0.4 for the dissociating fragment. This is because θ is zero degrees. A bent 
molecule would however change the orientation of the transition dipole of the I2

- 
fragment with respect to the pump transition dipole and result in a lower value of r0. 
In the case of a linear molecule where one transition is parallel and the other is 
perpendicular (Π ← Σ), r0 is instead -0.2.  
 
I3

- has a pure 1Σg
+ ground state. The transition to the excited state, which corresponds 

to the pump pulse of 387 nm, is of mainly 3Πu character (~84 %), but is mixed by 
spin-orbit coupling with a 1Σu

+ state (~16 %). For the pump wavelength of 258 nm 
also used in our measurements the ratio between the states is reversed. Since the 3Πu 

 ← 1Σg
+  transition is forbidden (singlet-triplet) the contribution to the intensity mainly 
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comes from 1Σu
+ ←  1Σg

+. Thus the pump transition is expected to be parallel for I3
- 

and the same is assumed for the similar I2Br- anion.  
 
The bands of the probed transitions of I2

- are 2Σg,1/2 ←  2Σu,1/2 and 2Πg,1/2 ←  
2Σu,1/2 transitions centered at approximately 395 nm and 740 nm respectively 
(Fig. 18). Although the 2Πg,1/2  ← 2Σu,1/2 transition is perpendicular in the case of small 
spin-orbit coupling (Hund’s case (a)), there is strong spin-orbit mixing between the 
2Σg,1/2 and 2Πg,1/2 states. This leads to a parallel transition due to the mixed in Σ-
character, which is expected to contribute with almost all intensity. Since both the 
pump and probe transition dipoles are parallel, r0 is expected to be 0.4 at wavelengths 
where only these transitions contribute. It was however found to be approximately 0.2 
in the wavelength region of no bleaching, which indicates a bent geometry of the 
parent anion. Assuming a pump transition dipole oriented along the long axis of the 
parent triatomic anion, the bend angle, φ, of the parent anion can be estimated by 
φ = 180o - 2θ.  
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Fig. 18. Absorption spectra of I3
-, I2Br-, I2 in acetonitrile and I2

- in methanol. The two main 2Σg,1/2 ← 
2Σu,1/2 and 2Πg,1/2 ← 2Σu,1/2 transitions in I2

- have been indicated. 
 
 
4.1.1.2 Initial dynamics 
 
The initial dynamics of the anisotropy of the I2

- fragments are analyzed using the 
expression for its short-time behavior, eq. (28). A fit of the initial anisotropy to the 
first two terms in this expression, which correspond to a free rotating molecule, yields 
the rotational temperature of the formed fragments. Equation (28) assumes a 
boltzmann distribution of the rotational quantum numbers j which can be related to 
the rotational temperature. The assignment of a rotational temperature T to the I2

- 
fragments just after the bond breakage is not entirely correct since they may be 
formed in other distributions. However, the rotational temperature gives an estimate 
of the rotational excitation of the I2

- anions after dissociation. The difference found in 
rotational temperature between the solutions is likely to arise from different 
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geometries of the parent anions as a bent geometry is expected to induce a larger 
torque on the fragments from the recoil at dissociation.     
 
A calculation of the bend angle of the molecule was also performed using the 
rotational temperature T given from the initial rotational dynamics. From T the mean 
rotational energy <EROT> was calculated according to:  
 
                                               <EROT> = ΣjBj(j+1)P(j)                                               (42) 
 
where B is the rotational constant and P(j) is the distribution of population among 
rotational states:  
 

                                          ⎟
⎠
⎞

⎜
⎝
⎛ +
−+=

kT
)1Bj(jexp)1j2(P(j)                                          (43) 

 
From an estimation of the available energy EAVL, which is the energy available for 
rotation i.e. the photon energy minus the asymptotic electronic energy of the products 
minus the vibrational energy of the diatomic fragment, the molecular bend angle φ 
may be extracted from:45

 

                                  
φ−++

φ
= 2

313221

2
AVL31

ROT cosmm)m)(mm(m
sinEmmE                              (44) 

 
where mi is the mass of the ith atom, with atom 2 being the central atom and atom 3 
the departing atom. 
 
 
4.1.1.3 Long-time dynamics 
 
The progression of the anisotropy on a longer time scale is fit with an exponential 
function. It reveals the time constant for collision induced loss of anisotropy which is 
described by the last terms (τ4 and orders above) of eq. (28).   
 
 
4.1.2 Magic angle measurements 
 
The measurements with the magic angle setting of the polarization (chapter 3.3) are 
discussed in paper II and III. They are analyzed both with respect to the whole 
spectrum at various delays and by investigating the behavior at individual 
wavelengths as a function of delay time. For instance the vibrational relaxation of the 
formed I2

- anions are analyzed from the spectrum with band integrals as described in 
chapter 4.2, while coherent oscillations can be studied at a specific wavelength. The 
magic angle data of the trihalide photodissociation are also used to study e.g. the 
dissociation time, recombination rate and branching ratio of produced species.     
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4.1.2.1 Dissociation time 
  
The definition of the dissociation time of the trihalides is a little bit arbitrary. The 
initial motion of the dissociation is assumed to proceed along the symmetric stretch 
according quantum dynamical wavepacket simulations on isolated I3

- anions.28,46,47 
After the initial motion along the symmetric stretch the anion breaks into the 
antisymmetric stretch and finally collapses into the exit channel that leads to the 
production of I2

-. We define the time of dissociation at this point where the I2
- is 

initially stretched and moves towards compression. Depending on which of the 2 
bands of I2

- one probes, either the first compression or stretch of the newly formed 
fragment is measured. The difference potential of I2

- (see Fig. 5b in paper II) reveals 
that the red edge of the blue (2Σg,1/2 ←  2Σu,1/2 ) band measures the stretched molecule 
while the blue edge of the red (2Πg,1/2 ←  2Σu,1/2) band measures the compressed 
molecule. In Fig. 19 the initial dynamics for the three solutions is displayed for 387 
nm excitation and a probe wavelength of 520 nm. At this wavelength I2

- is probed at 
the stretched configuration and the first peak, which corresponds to the point of 
dissociation, is indicated by the vertical arrows. 
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Fig. 19. Short-time transient absorption signal for the three solutions at a probe wavelength of 520 nm. 
The curves are normalized to each other at 2 ps and offset for clarity. The peak between 100 and 200 fs 
is the first sign of initially stretched I2

-. 
 
 
4.1.2.2 Coherent oscillations 
 
Fig. 20 shows the oscillating behavior of the signal from the 387 nm photo-induced 
dissociation of I3

- in methanol The photodissociation of the trihalides investigated 
yields coherent oscillations of the produced I2

- fragments. In addition oscillations 
appear from Resonant Induced Stimulated Raman Scattering (RISRS). These signals 
arise from the “coherent hole” created in the ground state of the triatomic anion, 
produced by the pump pulse. A hole that is created off-center in the ground state 
potential well results in a linear combination of states that forms a wavepacket which 
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moves on the ground state potential surface.48 It therefore generates signal oscillations 
that appear in the spectral region of parent anion absorption. Hence, as seen from the 
absorption spectra in Fig. 18, below approximately 500 nm there is possible 
contribution from both I2

- and RISRS oscillations. Above 500 nm there should 
however be a pure I2

- signal. The amplitude of the oscillations was found to be 
strongly solvent- as well as excitation wavelength dependent.  
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Fig. 20. Transient absorption signal at several probe wavelengths for I3
- in methanol. 

 
 
The analysis of the oscillations was performed with respect to their amplitude (A), 
frequency (ω), dephasing time (T’) and phase (φ). From these parameters one may 
gain information about the strength of solute-solvent interaction from T’, how the 
frequency and phase varies with probe wavelength and investigate the dependence of 
the amplitude of the oscillations on the parent anion symmetry. In the region above 
500 nm only I2

- contributes. But the RISRS oscillations at lower wavelengths also 
give access to the vibrations of the triatomic parent anion, which may give an 
indication of the initial motion on the excited state surface. For the purpose of 
resolving possible different vibrational frequencies with as high resolution as 
possible, a program was constructed in matlab to fit the oscillatory spectral behavior 
with the method of linear prediction singular value decomposition (LPSVD).49 

 
 
LPSVD 
 
An easy and often used method for spectral analysis is the fast Fourier transformation 
(FFT). One fundamental limitation of the FFT is that the smallest observable splitting 
is approximately equal to the inverse of the duration of the signal. The resolution can 
however be enhanced by model fitting of the signal, which involves nonlinear least 
square techniques. In LPSVD the fitting is carried out with a linear least squares (LS) 
procedure by invoking the principle of linear prediction. This eliminates the need for 
starting values and iterative procedures inherent to nonlinear techniques. Further, the  
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LS procedure is based on singular value decomposition, which enhances the 
numerical stability of the mathematical process and also the analysis of the singular 
values enables one to distinguish between signal and noise.  
 
The signal sampled at regular times n∆τ is fitted with an expression of the form: 
 

                                                   (45)        ∑
=

τ− +φ+τ=τ=
K

1k
nkk

T'/n∆
kn w)n∆(ωcoseA)x(n∆x k

 
where wn represents the noise, K is the number of oscillatory components and the rest 
of the parameters are defined above. A fit of eq. (45), as it stands, to the data requires 
a nonlinear LS procedure. The nonlinearity and its related complications can be 
avoided by the applying the principle of linear prediction (LP). In this one assumes 
that each data point can be expressed as a linear combination of M previous ones 
according to: 
 
                                         xn = a1xn-1 + a2xn-2 + … + aMxn-M                                      (46) 
 
or in matrix form: 
 
                                                              x = Xa                                                          (47) 
 
The LP coefficients am can now be determined with a linear LS procedure which is 
performed using singular value decomposition (SVD). am are functions of the singular 
values generated in SVD, which, as long as the signal to noise ratio is reasonably 
good, can be used to separate the noise from the pure signals. This is done by omitting 
the small singular values in the calculation of am, which can be shown to originate 
from noise. From the LP coefficients am the sought parameters in eq. (45) can be 
extracted. It can be shown50,51 that the quantities exp{[(-1/T’k) ± iωk]∆τ)} for k = 
1,…,K are equal to the roots of:
 
                                                z2K – a1z2K-1 - … - a2K = 0                                         (48) 
 
This yields the frequencies ω and dephasing time T’ which can be inserted into eq. 
(45) in order to extract the amplitude A and phase φ by another linear LS calculation. 
 
The analysis with LPSVD resulted in no other strong amplitude oscillation from the 
parent anion than from the symmetric stretch vibration. Also the parameters from the 
diiodide vibrations were extracted. In the region below 500 nm, where there are 
contributions from both these components, they were not separable because of very 
similar vibrational frequencies. A normal nonlinear LS fit of the model function 

 was also performed and resulted in similar values for 
the parameters.  

)τcos(Ae∆OD(τ) T'/τ φ+ω= −

 
 
4.1.2.3 Branching ratio 
 
Although the bleaching in some cases may be an unwanted disturbance to pure SE- or 
absorption signals that needs to be subtracted, it can also be an asset. In paper II and 
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III one of the main results from the analysis is the fraction of I2
- formed from the 

photodissociation of I3
- and I2Br-. In addition to I2

- + I, the other possible product 
channels are I2 + I- and three-body dissociation, which leads to I + I + I-, from I3

-. 
These products contribute nothing, or in the case of I2 very little, to the signal 
compared to the dominant I2

- absorption (see Fig. 18). Since the bleaching signal 
originates from the draining of population in the ground state of the parent molecule, 
all dissociating molecules contribute to the bleaching, irrespective of formed products. 
Hence, the larger the contribution from the channels of three body dissociation and I2 
+ I- formation, the larger is the relative contribution of the negative bleaching signal 
compared to the positive signal from I2

-. The fraction of I2
- produced can thus be 

extracted from the spectral region that contains both bleaching and I2
- absorption. This 

analysis critically depends on the absorption spectrum of the parent anion, which 
defines the bleaching contribution, and the spectrum of I2

-. 
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Fig. 21. Spectral evolution at various delays with 387 nm excitation of I3
- in acetonitrile. The arrows 

indicate the direction of increasing delay. 
 
 
The concentration of I2

- at 11 ps (at the overlap of pump and probe in the sample), 
, is initially calculated from the expression for the signal = 

, where l is the length of the sample and  is the extinction 

coefficient for I

)ps11(c
2I − )ps11(∆OD740

I2
−

ps)11(cε
22 I

740
I −−l 740

I2
ε −

2
- at 740 nm. The experimental signal  is taken at 740 

nm where the only contribution comes from I

)ps11(∆OD740
I2

−

2
-, and at long delays (11 ps) when the 

anions are vibrationally relaxed (Fig. 21).  
 
The concentration associated with the bleaching signal, cbl, corresponds to the total 
concentration of dissociating molecules. cbl(11 ps) is calculated according to: 
 

                                 =)ps11(cbl l420

420
exp

420
2I

bl

)ps11(OD)ps11(OD
ε

∆−∆ −
                                  (49) 
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where  is the extinction coefficient of I420
blε 3

-,  and (11 ps) are 

the experimental signal and the signal contribution from I

)ps11(OD420
exp∆ 420

I2
OD −∆

2
- respectively at 420 nm and 

at 11 ps. The latter is given by .  ps)11(cε
22 I

420
I −−l

 
The difference  corresponds to the concentration of molecules 

dissociating into other channels than that producing I

)ps11(c)ps11(c
2Ibl −−

2
-. If one neglects other 

recombination reactions than that of I2
- + I→ I3

-, this concentration is constant in time. 
Thus the yield, Y, of other channels than the I2

- channel is given by:  
 

                                                )ps0(c
)ps11(c)ps11(c

bl

2IblY
−−

=                                              (50) 

 
where cbl(0 ps) is the total concentration of dissociating molecules. Because of an 
initially vibrationally excited I2

- molecule the spectrum is very different from the 
vibrationally relaxed one. This makes it impossible to calculate cbl(0 ps) from the 
experimental signal. However, using previously published I3

- recombination rates,52 
one may obtain the concentration, crec, of recombined I3

- anions between 0 and 11 ps. 
Hence, cbl(0 ps) = cbl(11 ps) + crec.  
 
It should be noted that these calculations of Y neglect the contributions of other 
recombination channels than I2

- + I→ I3
-. However 1-Y gives an upper limit for the 

yield of I2
-.    

 
 
4.1.2.4 Recombination 
 
Recombination of I2

- and I to give I3
- results in a decrease of I2

- concentration and 
consequently of the signal. Hence, the recombination dynamics is optimally 
investigated by monitoring the decay of one whole band of I2

-. The analysis of the 
recombination is however made more difficult due to the simultaneous vibrational 
relaxation of unrecombined I2

- anions in combination with the fact that our probe 
region only covers part of its bands. The recombination dynamics is studied by 
investigating the integrated signal of the accessible region of the low energy (2Πg,1/2 

 ← 2Σu,1/2) band, from approximately 590 – 770 nm. In this region there should be 
contribution from only I2

-. Although its vibrational relaxation has a clear influence on 
the integrated part of this signal in the early stages (vibrational relaxation time 
constant ~ 2 ps), the amplitude of the signal decrease on longer time scales can be 
used to learn about the relative probability of cage escape between the solutions 
studied.      
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4.2 Relaxation studies of Methyl-DOTCI (paper IV) 
 
In the study of relaxation processes of the laser dye Methyl-DOTCI in paper IV, SE- 
and ESA-bands from the S1 state are observed (Fig. 22). From the joint build up of 
these bands, the electronic relaxation from the higher excited states populated by the 
pump pulse, to S1, is investigated, as well as the vibrational relaxation from the 
evolving SE-band shape. Before the analysis of these bands with respect to the 
electronic and vibrational relaxation was performed, the signals had to be 
compensated for a slight photodegradation as a function of time.  
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Fig. 22. Transient spectra of Methyl-DOTCI in methanol with 387 nm excitation. The arrows indicate 
the direction of increasing delays. 
 
 
The photodegradation of the sample leads to a decrease of signal with delay time due 
to a reduction of molecules in the ground state. It arises from the fact that part of the 
excited molecules end up in a state which does not relax back to the ground state, 
possibly an isomere or a triplet state. The signal including the photodegradation as a 
function of delay time τ can be expressed as: 
 
                                                                             (51)  −+= −− PD1S τ/Tτ/T

bl ))ee1B((A∆OD
 
where Abl is constant and corresponds to the bleach signal,  describes the 
exponential build up of the SE- and ESA bands from relaxation to S

)e1(B 1ST/τ−−
1, B is a constant, 

and  corresponds to the exponential decrease of the signal due to 
photodegradation. A derivation of eq. (51) is found in the appendix. From the 
expression it can be seen that the signal has a double exponential behavior and hence 
a double exponential fit to the original signal provides the photodegradation time 
constant T

PDT/e τ−

PD and the electronic relaxation time . These time constants are easy to 
separate due to their different time scales of 200 ps and 10 ps respectively. In order to 

1ST
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increase the signal to noise ratio and to be insensitive to temperature changes, the 
build up of the whole band is analyzed, as opposed to just looking at an individual 
wavelength which may have additional contributions from vibrational relaxation. For 
this purpose the integral intensity of the band, or the band integral, is introduced:53 

 

                                                                                (52) )/d(),OD(),;(BI
b

a

ba λλ⋅λτ∆=λλτ ∫
λ

λ

 
where τ is the delay time, and λa and λb defines the wavelength limits of the band. BI 
as a function of time thus gives the double exponential behavior corresponding to the 
build up of the total signal of a band. The double exponential fit was performed on 
both the ESA and SE bands and yielded similar results. By dividing the signal with    

, the photodegradation contributions are removed.      PDT/e τ−

 
The analysis of the vibrational relaxation required a subtraction of the bleaching 
subsequent to the compensation for photodegradation. Since the bleaching arises from 
the fact that the ground state population is decreased by the pump, its contribution 
spectrally corresponds to the absorption spectrum of the ground state molecule. The 
absorption spectrum overlaps that of the SE spectrum and hence the bleaching Abl is 
subtracted in the analysis of these experiments in order to extract the pure SE band, on 
which the vibrational analysis is performed. The amplitude of the bleaching is 
determined from the spectrum at the earliest delays when the SE band has not started 
to contribute. Because the ESA signals appear to consist of contributions from more 
than one band, a vibrational analysis is more complicated and thus only the SE band is 
considered. The procedure for the analysis of the vibrational relaxation is described in 
the paper. In short though, the SE band changes shape during the vibrational 
relaxation and displays a transient blue shift. By normalizing the band at its different 
delay times and subsequently subtracting the normalized band at the latest delay time 
from the bands at earlier delays, the differential spectra are obtained. These spectra 
display the shift of band intensity from the red to the blue side of the spectrum as 
decreasing lobes on each side of the band (see Fig. 8b paper IV). An exponential fit to 
the decrease of these lobes thus yields the vibrational relaxation time.   
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Chapter 5 
Summary and outlook 
 
5.1 Summary paper I, II and III 
 
Paper I, II and III considers photo-induced dissociation of the trihalide anions I3

- and 
I2Br-: 
 
                                                     I3

- + hν → I2
- + I                    (53)

                       
 
                                          I2Br- + hν → I2

- + Br  (IBr- + I)                                    (54) 
 
Studies of reactions with triatomic molecules in liquid environment are important in 
order to gain insight into condensed phase reaction dynamics. They are simple enough 
to be accessible by advanced (quantum) dynamical calculations but also sufficiently 
complex so that the results can be extrapolated to more complicated polyatomic 
systems. The comparison between the photodissociation reaction of the anions I3

- and 
I2Br- is of interest because of their different structures. The non-centrosymmetric 
geometry of I2Br- may for example lead to a faster dissociation and thus affect the 
transfer of coherence to the formed fragments. It is also likely to have a stronger 
interaction with a polar solvent which may result in a more bent geometry and 
produce I2

- fragments with higher rotational excitation. Different solvents may also 
affect the dissociation and these experiments are performed in the polar, protic 
methanol and the polar, non-protic acetonitrile. 
            
The three papers on the photodissociation of I3

- and I2Br- are divided up in anisotropy 
studies (paper I), magic angle measurements (paper II), both with 387 nm excitation, 
while paper III is performed with a pump wavelength of 258 nm and includes both 
anisotropy and magic angle data. In all experiments a white light continuum is used as 
probe. The measurements are performed in three solutions: I3

- in methanol and 
acetonitrile and I2Br- in acetonitrile.  
 
 
Paper I 
 
In paper I the photodissociation reactions (53) and (54) are investigated with respect 
to the anisotropy as a function of time with an excitation wavelength of 387 nm. It 
considers the initial value r0 and dynamics of the anisotropy as well as its long-time 
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evolution. The initial value of the anisotropy is found to be approximately the same in 
all three solutions which indicates a similar bend angle at the time of dissociation. The 
absolute value corresponds to a bend angle of approximately 120 degrees for the 
parent triatomic anions. However, the initial dynamics of the anisotropy reveals that 
the I2

- fragments produced from I3
- in methanol are formed with a higher rotational 

excitation compared to the solutions of I3
- and I2Br- in acetonitrile. This would be in 

conflict with the similar value of r0 between the solutions in case the triatomic anion 
bend angle is stationary on the dissociative surface and suggests that motion along the 
bending coordinate of the parent anion should be involved in the dissociation. This is 
confirmed by calculations of the bend angle from the rotational energy.       
 
On a longer time scale the anisotropy, which starts at different values for different 
wavelengths, converges to a common decay at approximately 3 ps. This decay 
proceeds with a time constant of 3 ps which is related to the collision induced 
scrambling of the molecular orientation. The converging behavior before 3 ps is 
explained with contributions to the measured anisotropy from either recombined hot 
I3

- (or I2Br-) or from an additional dissociation channel associated with the production 
of a spin-orbit excited iodine (or bromine) atom. 
 
 
Paper II  
 
In this paper experiments are performed with the perhaps more conventional magic 
angle configuration. Hence, in contrast to the anisotropy data, these results are free 
from contributions of rotational dynamics. We focused on the time scale for the 
production of the main photoproduct I2

-, the subsequent wavepacket dynamics of the 
newly formed diiodide anion, and we discussed the vibrational relaxation in and the 
geminate recombination of the I2

- fragment.  
 
From the short-time dynamics we clearly see that the I2

- anion is produced initially 
with an extended bond length, in agreement with wavepacket simulations performed 
on the I3

- potential energy surface. The first spectroscopic evidence of the I2
- anion 

appears at a delay time of ca. 130 fs – 190 fs and is associated with the 2Σg,1/2 ← 2Σu,1/2 
transition at an internuclear separation of about 4 Å. The production of I2

- seems 
fastest for I3

- in methanol, followed by I2Br- in acetonitrile and is slowest for I3
- in 

acetonitrile.   
 
We showed that the transient absorption spectra at early times (less than ca. 3 ps) can 
only be interpreted correctly when one considers the 2Σg,1/2 ← 2Σu,1/2 and the 2Πg,1/2 ← 
2Σu,1/2 bands of the diiodide anion. At such early times these bands are very broad and 
overlap strongly over almost the entire probe region from 420 nm to 770 nm. The 
observed oscillatory patterns in the transient absorption signal are deceptively simple 
and should be analyzed by including contributions from both the 2Σg,1/2 ← 2Σu,1/2 and 
the 2Πg,1/2 ← 2Σu,1/2 bands from I2

- for wavelengths between 580 nm and 770 nm (in 
methanol). For wavelengths between 420 nm and 480 nm one should consider 
contributions from the 2Σg,1/2 ← 2Σu,1/2 band of I2

- and the lowest energy band of the 
parent anion. Analysis of the oscillatory patterns in methanol showed that the I2

- anion 
is produced with a very large amount of vibrational excitation. From the first 
oscillation period we found a vibrational quantum number of about 60, in good 
agreement with gas phase measurements but much higher than earlier liquid phase 
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measurements. The I2
- fragment relaxes vibrationally within a few hundred 

femtoseconds to a vibrational quantum nmber of about 20. From there on the 
relaxation is much slower and proceeds with a time constant of ca. 2 ps. 
 
Geminate recombination seems more important in methanol than in acetonitrile, at 
least on a time scale of a few tens of picoseconds. This may be related to a more rigid 
solvent cage in methanol solution due to solvent-solvent hydrogen bonds. Finally, our 
data indicate that a substantial fraction of the excited parent anions decay into 
channels other than those producing the diiodide anion. In summary, the photo-
induced dissociation of the triatomic anions I3

- and I2Br- in solution may very well 
resemble the gas phase process more than previously thought. 
 
 
Paper III 
 
In paper III the sample is excited with a wavelength of 258 nm. Both magic angle and 
transient anisotropy measurements are performed and compared with previous results 
at various excitation energies. 
 
The results with magic angle configuration give evidence for the dissociation channel 
producing IBr- + I from the photodissociation of I2Br-, which has not been observed 
previously at lower energies.54,55 This channel appears to be the dominant one 
although the absence of absorption coefficients for IBr- prohibits an accurate 
determination of the fractional yield. In the case of photodissociation of I3

-, the 
fragment yield of I2

- was determined to be approximately 65 % in methanol solution 
which is similar to what we previously obtained with 387 nm excitation in paper II. 
However, for I3

- in acetonitrile solution the I2
- yield significantly decreases from 65 % 

with 387 nm to 45 % with 258 nm excitation. This dependence of the fragment 
formation on the excitation energy and solvent is a manifestation of the complex 
nature of the excited state surfaces of I3

- and I2Br-.  
 
As expected, the formed I2

- fragments from the photodissociation of I3
- vibrationally 

relaxes with a similar time constant of 2 ps as with lower energy (387 nm) 
excitation.54 The IBr- anions formed from I2Br- appear to relax slightly faster with a 
time constant of approximately 1.5 ps. No coherent oscillations associated with either 
nascent I2

- or IBr- anions are observed which is in agreement with previous studies 
that has suggested a decrease of oscillation amplitude when exciting with higher 
energy.47  However, RISRS oscillations are generated in I3

-, but not in I2Br-. Further, 
our data indicates an enhanced probability for cage escape of I2

- and I produced from 
I3

- in methanol solution with the higher excitation energy used here, compared to what 
was found with 387 nm.54 This points to a higher translational energy transferred to 
the formed fragments in the former case. 
 
The results of the transient anisotropy measurements performed in this study are 
similar to those with 387 nm excitation in paper I and suggest a similar bend angle at 
dissociation of 120 o for the parent anions. 
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5.2 Summary paper IV 
 
Relaxation processes in the near infrared laser dye Methyl-DOTCI were studied after 
excitation to higher lying electronic states (Fig. 23). Two different excitation 
wavelengths, 258 nm and 387 nm were used and the subsequent spectral evolution 
was probed with a white light continuum in the range of 420-770 nm.  
 
 

          
S0

S1

Sn

Pump
Probe

 
Fig. 23. Schematic energy level diagram for Methyl-DOTCI. 

 
 
Methyl-DOTCI (Fig. 24) is a carbocyanine dye with a long conjugated chain in 
between the terminal rings including four double bonds. Usually the longer the chain 
is, the more the first absorption band is shifted to longer wavelengths28 for this type of 
molecules. It is therefore suited for our measurements where we want to excite with a 
lot of excess energy.    
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Fig. 24. Structure of Methyl-DOTCI. 

 
 
The influence on the relaxation process from different solvents and the two excitation 
wavelengths was investigated on a time scale of ~50 ps. The results showed that the 
electronic relaxation proceeds with a time constant of approximately 10 ps for both 
excitation wavelengths. This indicates a fast relaxation from the state excited with 258 
nm to the state excited with 387 nm. Computational calculations performed to 
calculate the energy levels of the molecule revealed that the states excited are the 
second excited singlet S2 with 387 nm and approximately S10 with 258 nm. The 10 ps 
relaxation time for both excitation energies suggests a bottleneck for the relaxation at 
S2. This relatively slow electronic relaxation may be explained with the badly 
overlapping electronic wavefunctions between the S2 and S1 state which was obtained 
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from theoretical calculations. The time scale of electronic relaxation is also consistent 
with the energy gap law for radiationless transitions that predicts an exponential 
increase of electronic relaxation times with larger energy gaps. From the small 
viscosity dependence of the electronic relaxation it is concluded that there are no large 
amplitude motions, e.g. isomerization, involved in the relaxation.  
 
The vibrational relaxation of the S1 state is found to be solvent dependent showing a 
faster relaxation for the solvents methanol and ethylene glycol than for acetonitrile 
and acetone. The difference in relaxation time originates from the OH-group of the 
first two solvents, which has the possibility of creating hydrogen bonds with the 
Methyl-DOTCI molecule and thereby making the transfer of energy to the solvent 
easier. Slower relaxation rates were found when exciting with the higher energy 258 
nm pulse compared to 387 nm which is in agreement with a model where heat is built 
up in the first solvent shell and slowing down the cooling process. 
 
Measurements on a short time scale of 1 ps were performed to gain insight into the 
really fast processes just after excitation. In order to reduce cross-phase modulation 
(xpm) signals produced by interactions from the pump and probe, which are amplified 
by the windows of a cuvette, a jet was used which allows for a measurement on the 
free flowing liquid. However, the signals excited with 387 nm were not significantly 
different from those of the pure solvent and could to a large extent be attributed to 
cross-phase modulation artifacts. This led us to not further investigate the short-time 
dynamics. The strong contribution from the cross-phase modulation signal compared 
to the signal is to a large degree related to the low extinction coefficient at the 
excitation wavelengths which required the use of a high pump intensity.   
 
 
5.3 Outlook 
 
The studies performed on the photo-induced dissociation of I3

- and I2Br- by us have 
revealed several interesting features of this process and have opened doors to further 
investigations. For instance we have gained more insight into the initial behavior of 
the wavepacket on the I3

- (and I2Br-) excited potential energy surface. The results of 
paper I indicated that this involves motion along the bending coordinate in addition to 
the motion along the symmetric and asymmetric stretch. This is an important result, 
which should be considered in future simulations of the trihalide photo-induced 
dissociation. 
 
Most previous studies of the photodissociation of I3

- in solution have been measured 
in ethanol solution. A close look at the early stages (first 300 fs) of the process in 
methanol and acetonitrile shows a clearer, more easily interpreted signal behavior in 
the latter case compared to in ethanol and methanol. This makes I3

- in acetonitrile a 
more suitable solution for studies of the actual break up and transition state region of 
the molecule for future experiments. Also, our measurements were performed with 
150 fs resolution and investigations on this short time scale would benefit from a 
higher time resolution. The fact that the signal in acetonitrile is more easily 
interpreted is most likely a consequence of a slower dissociation in this solvent, which 
results in a more separated second peak following the first peak in the Franck Condon 
region. The second peak originates from the first stretch of the formed I2

- fragment 
and is pronounced in acetonitrile but only weakly observed as a shoulder in methanol. 
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Thus, an increased time resolution would make the determination of the dissociation 
time more accurate. This is also relevant for the dissociation of the asymmetric I2Br-, 
which we found to be slightly faster than that of I3

- in acetonitrile. As a consequence 
the first sign of the I2

- fragments is less pronounced in the former case and more 
difficult to observe.  
 
The comparison between I3

- and I2Br- also shows the need for further studies of the 
photodissociation of other asymmetric triatomic anions and the influence from the 
solvent on these reactions. It has previously been assumed, based on experimental 
results and simulations, that the asymmetric parent anion leads to a shorter 
dissociation time and thus larger diiodide oscillations in the signal.28,55 Our 
measurements however point to a quite similar behavior of the two parent anions but a 
strong dependence on the solvent.  
      
Experiments on the photodissociation of I3

- and I2Br- were performed with the two 
excitation wavelengths 387 nm and 258 nm. A clear excitation energy dependence is 
observed in the case of I2Br-, which produces different dissociation products with the 
two excitation energies. With the higher energy excitation (258 nm) IBr- is formed, 
but not with 387 nm excitation. It also appears that the yield of I2

- from the I3
- parent 

anion is lower when exciting with the higher energy. The other dissociation channels 
may be associated with either three-body breakup and/or the production of I2 and I-. 
Clearly there is a strong dependence of the formed products on the excitation energy. 
Thus, it would be of interest to study the excitation energy dependence of the 
fragment yield in more detail, using a number of different excitation energies, and 
more thoroughly investigate the dissociation channel branching ratios.   
 
With respect to the studies of Methyl-DOTCI future experiments with a higher time 
resolution may reveal coherent oscillations (RISRS signals) which have been 
observed for similar molecules using a shorter pulse length.56 These signals were not 
observed in our experiments but may bring out additional information about the 
ground- and excited state potential energy surfaces. 
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Appendix 
 
Derivation of eq. (52) in chapter 4.2 which describes the measured signal as a 
function of the photodecomposition rate and electronic relaxation in the study of 
Methyl-DOTCI (paper IV):  
 
The signal measured is the pump induced change in optical density as a function of 
time τ and frequency ω, which is expressed by: 
 
                                                   ∆OD(τ,ω) = -log(Ipr/Iref)                                          (55) 
 
where Ipr and Iref is the intensity of the probe and the reference beam respectively. For 
the stimulated emission band Ipr and Iref can be written: 
 

                                                                                        (56) 1SSEex0Sbl cε)c(cε10II 0
prpr

ll +−−=
 

                                                                                                       (57) 0Sbl cε10II 0
refref

l−=
 
where I0

pr and I0
ref are the intensities of the probe and reference beam before the 

sample, l is the sample thickness, εbl and εSE are the absorption coefficients for the S0-
S1 transition responsible for the bleaching and the absorption coefficient of stimulated 
emission respectively, cex, cS1 and cS0 are the concentrations of excited molecules, 
molecules in the S1 state and molecules in the S0 state before excitation respectively. 
cex can be expressed by: 
 

    

0S0Spump

A
0
pumpirrA

ex

cB10lncAε)101A(
V

)N)/(hν101(IA
V

)/Nexcited molecules of umbern(c

0Spump

0Spump

cε

cε

⋅=⋅≈−=

=
−

==

−

−

ll

l

 
(58) 

 
where I0

pump, the intensity of the pump beam before the sample, is assumed to have a 
constant value over the area Airr and zero intensity outside this area (AirrI0

pump = 
energy of the pump pulse). A and B are constants, εpump is the absorption coefficient 
of the pump wavelength, h is Planck´s constant, ν is the frequency of the pump pulse, 
NA is avogadro's number and V is the volume irradiated by the pump (V=Airrl). The 
approximation step is legitimate because εpumplcS0 is a small number in this case. cS1 
increases as the molecules relax down to the S1 state according to: 
 
                                                                     (59)  0S

)τ/T(
ex

)τ/T(
1S )ce1B()ce1(c 1S1S −− −=−=
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where ΤS1 is the time constant of relaxation down to S1 after excitation. Eqs. (58) and 
(59) put into eq. (56) gives: 
 

                                         .                               (60) 0S
1S

SEblbl )]c)τ/T(e1B(εBεε[10II 0
prpr

−−++−= lll

 
Eq. (60) is put into eq. (55) to give the form of the signal as a function of 
concentration cS0:  
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where C and D are constants. 
 
Since the signal depends on the concentration c, the time dependence of c when there 
is photodegradation, needs to be established. The decrease rate of the concentration is 
proportional to the concentration: 
 

         cE)10lnc(εI)101(I)I(I
d
dc

pump
0
pump

0
pumppump

0
pump

cεpump ⋅−=⋅−≈−−=−−∝
τ

− ll    (62) 

 
where E is a constant and I0

pump and Ipump are the intensities of the pump before and 
after the sample respectively. Hence, an exponential decrease of the concentration is 
expected. 
 
If an exponential decrease of the concentration is included in the expression for the 
signal in eq. (61), the final form of the signal becomes: 
 
                                                                              (63)              PD1S τ/Tτ/T

bl ))ee1B((A∆OD −−−+=
 
where Abl and B are constants and TPD is the time constant for the decrease of 
concentration from photodecomposition. Naturally, -εESA can be exchanged for εSE to 
give the same expression for the build up of absorption in S1. If the excited state 
absorption (ESA) and stimulated emission (SE) bands' major contributions are 
assumed to be transitions from S1, eq. (63) describes the behavior of the total signal of 
the bands. 
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