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Chapter 1 

Introduction

1.1. General

The concept of a chemical reaction is one of the most common in chemistry. It would 

only be a slight exaggeration to say that almost all branches of chemistry just study different 

aspects of chemical reactions like synthesis, kinetics, catalysis, etc.. This is shown, for 

example, by the fact that the very first Nobel prize has been awarded for specifically the 

“discovery of laws of chemical dynamics”.

It was postulated by Arrhenius that reactants need extra energy to form an activated 

complex for the reaction to happen. The direct influence of the excited state properties and its 

interactions with the environment on virtually every aspect of a reaction made the scientific 

interest in this area far from being only theoretical. Although some of the chemical dynamics 

laws were formulated quite early, further investigations and their experimental confirmation 

were most of the time impossible. This was because processes like bond breaking and 

formation that constitute a chemical reaction apparently took place with an awesome speed. 

Without appropriate tools to observe these ultrafast processes, the chemical reaction had to 

remain a kind of black box, since even with known input and output (reactants and products, 

employed solvents and catalysts, experimental conditions) one could only hypothesize on the 

processes happening in the meantime.   

However, science has always strived to see smaller and smaller things and faster and 

faster events [1]. The question whether or not all four legs of a horse leave the ground in 

gallop - initially started as a bet by the future university founder Leland Stanford and 

experimentally solved in the late 19th century by Muybridge, who placed dozens of strings 

triggering cameras on racetracks - may be considered as the precursor to time-resolved 

measurements. The subsequent development of a flash lamp made time-resolved studies at a 

microsecond scale possible. The invention of the pulsed ruby laser pushed the technique to 

the picosecond regime. Further developments and improvements in laser technology that 
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enabled femtosecond pulse generation - combined with the replacement of traditional fast 

detection electronic systems with streak cameras and finally with optical gating - gave rise to 

what is now called femtochemistry. It brought to life the possibility to observe in real time 

physical and chemical events like internal conversion, vibrational motion, intramolecular 

energy redistribution, and solvation dynamics. Its impact on science is illustrated by the 

Nobel Prize awarded in 1999 to its founder, Ahmed Zewail “for his studies (…) of chemical 

reactions using femtosecond spectroscopy”.  It thus took like a hundred years from studying a 

horse in gallop to a Nobel Prize in this field for studies of objects infinitively smaller and 

faster - with the struggle to see smaller objects and faster events still continuing! 

1.2. The excited state (re)actions 

The molecule in the excited state is subject to numerous processes that define its 

dynamics and chemical properties. In this thesis we will mainly be concerned with the 

(re)actions of the molecule when it is “activated” by electronic excitation. As the molecule is 

electronically activated, it will act in response to the change in electronic distribution by 

adapting its equilibrium geometry, redistributing internal energy, and so on. At the same time 

it will react to external interactions with solvent molecules, but also with reagents that may in 

fact lead to what we would chemically call a reaction. To understand - and ultimately try to 

externally control in, for example, molecular machinery [2,3] or coherent control [4] 

experiments - the entire (re)action course, it is crucial to obtain a profound insight into these 

processes. The dynamical processes that play a dominant role in the studies performed in this 

thesis will be briefly discussed in the following. 

1.2.1. Geometry relaxation 

The optimal geometry of an excited state can be very different than that of the ground 

state. While the excitation promoting an electron of a molecule to a higher energy orbital is 

instantaneous (for most experimental setups), the following changes regarding atoms 

positions and molecular geometry in general fortunately occur on much slower timescale, 

thus making it possible to observe geometry relaxation by experimental means. The 

relaxation can lead to significant geometry changes, e.g. moving or twisting even relatively 

large groups in the excited molecule (Chapter 3). 
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1.2.2.  Internal conversion from higher excited states 

Although for historical reasons most of the research on organic compounds 

concentrated on the first excited singlet state S1, excitation does not necessarily bring an 

investigated molecule directly to this state. Whether it is the excess of excitation energy or 

other factors like forbidden character of direct excitation to the S1 state, it happens quite often 

that the molecule is initially excited to a higher excited state. Since these higher states usually 

lay close together in energy, the Sn -S1 energy gap is smaller than the S1-S0 gap, leading to 

Franck-Condon factors that are considerably larger for Sn-S1 transitions than for the S1-S0

transition. Higher excited states therefore decay very fast to the first excited state in what is 

called an internal conversion process.  

The conversion often happens on a femtosecond timescale, making the process 

unobservable for a lot of experimental techniques. This may partly explain why after merely 

a basic photochemistry course one might initially be tempted to think that it is mainly the first 

excited state that is somehow important - Kasha’s rule without a good explanation is in this 

respect not of much help -, and that it may take some time before the “discovery” is made 

that the situation is in fact quite the opposite. Higher excited states and the interactions 

between them are actually crucial for a lot of applications, starting with the operating 

principle of three- and four-level lasers as well as numerous nonlinear phenomena (Chapter 

4).

1.2.3. Solvent influence: polarity and (time-dependent) Stokes shift 

Solvent polarity and local environment have profound effects on the molecule in the 

ground as well as in the excited state [5]. The dipole-dipole interaction between polar solvent 

and solute molecules are often crucial for the reaction, as by stabilizing (or destabilizing) 

particular product or transition states one may control the whole reaction. The solvent-solute 

interaction can be also monitored by spectroscopy, giving origin to (time-dependent) Stokes’ 

shift and other phenomena. 

In a first attempt to describe and account for the interactions between solute and 

solvent, including their spectroscopic consequences, one generally applies the Onsager 

solvation model [6]. The model describes the solute molecule as situated in a spherical cavity 

in the solvent, creating a local reaction field that is a function of an electric field of the 

solvent and the dielectric properties of the molecule. The reaction field influences the 

electronic band position in absorption as well as in emission, and the transition moments, and 
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thus also the intensities of the bands. A model describing the reaction field in solution has 

been presented by Liptay [7]. 

An isolated molecule with a dipole moment � induces an electric field. If the molecule 

is dissolved in a polar solvent, the solvent molecules orient their dipoles according to the 

fields induced by the molecule. In this model, the solute is treated as a point dipole 

surrounded by a spherical cage of solvent molecules with Onsager radius a, typically the size 

of the solute molecule. Studying solvent-solute dipole-dipole interactions and the influence of 

the solvent polarity on the spectra in general offers a lot of useful information on the 

character and dynamics of the excited state. 

Typically, the dipole moment of the molecule in the excited state is different from that 

in the electronic ground state, leading to a relative additional stabilization of either the ground 

or the excited state in a polar solvent, and thus to a change in the energy gap between these 

electronic states that is observable in, for example, a shift of the emission band upon 

changing the polarity of the solvent. The energy difference between emission and absorption 

can in general be described as: 

h�a – h�f = m(�g, �e) * f(�, n) * g(a) + constant (1) 

where m is a function describing the change of dipole moment upon electronic transition, f a 

function of the dielectric constant � of the solvent and its refractive index n, and g a 

geometrical function describing the shape of the cavity, here for simplicity parameterized by 

a. The constant factor is independent of the solvent and describes the standard Stokes shift 

between absorption and emission bands. There are different expressions for the function f

possible, depending on what kind of approximations and assumptions are used. One of the 

most commonly used is the one derived by Lippert and Mataga [8-10] that is given by: 

f(�, n)  =  (�����	
��
����	n2-1)/(2n2+2) (2) 

Although in this approach � should depend linearly on  f(�, n), experiments often show 

deviations from linearity. This has given rise to different scales of polarity based purely on 

experimental data – like the ones based on betaine ET
N [11] or on 4-

(dialkylamino)nitrobenzenes �*.
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The interactions between the solute and solvent molecules influence the position, 

intensity, and shape of the spectra. Since the rearrangement of the solvent molecules is not 

instantaneous, these interactions can in fact be visualized as changes in these spectral 

properties, and are observed by time-resolved techniques like femtosecond transient 

absorption and fluorescence up-conversion. From the above description one might get the 

ideas that the interpretation of solvent-dependent absorption and emission spectra is rather 

simple, but the opposite is true; it is actually a very complex topic that has received, and is 

still receiving, considerable attention from experimentalists and theoreticians alike. A second 

point that needs to be made is that so far we have merely considered the influence of dipole-

dipole interactions on absorption and emission spectra. Apart from these interactions, there 

are several other factors that may influence the spectra such as hydrogen-bond formation, 

acid-base chemistry, or charge-transfer interactions.

1.2.4. Vibrational energy relaxation: intramolecular and external relaxation 

Vibrational relaxation is defined as the loss of vibrational excitation energy by a 

molecular entity through energy transfer to the environment until the molecular entity has 

relaxed into vibrational equilibrium with its environment. By environment are usually 

considered neighboring solvent molecules, in which case one speaks of external vibrational 

relaxation (EVR) or also vibrational cooling. One may consider other vibrational modes, 

however, also as the “environment” into which the excess energy stored in one or more 

modes is redistributed. In that case the relaxation process is refereed to as intramolecular 

vibrational relaxation (IVR). 

Since ground and excited states usually have a different equilibrium geometry, one can 

expect that upon excitation from the ground state to an excited state the molecule is excited 

into one or more vibrational modes associated with the geometry changes, and to be 

subsequently subject to vibrational relaxation. The effects of vibrational energy redistribution 

on chemical reactions have been discussed from many different perspectives [12-15]. In the 

condensed phase, the excess energy of the excited vibrational mode is transferred rapidly to 

the kinetic modes in the same molecule or to the surrounding solvent molecules. The relative 

rate for coupling the energy into the reaction coordinate compared to that of energy transfer 

to the solvent may rule the rates, pathways and efficiencies of the reactions, making studies 

of vibrational relaxation processes essential to understand and predict reaction dynamics in 

solution. Initially, experiments usually concentrated on EVR of small molecules since the 

vibrational energy levels are sparse and well separated, reducing the probability of 
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overlapping bands, Fermi resonances and IVR [12]. On the contrary, fast (<10 ps) relaxation 

of large systems is usually explained by IVR through Fermi resonances with other vibrational 

modes or anharmonic coupling [12]. 

1.3 Outline of the thesis

In this thesis detailed studies have been performed on the excited-state dynamics in 

solution of a number of prototypical chromophores that are of interest for applications in 

areas ranging from optoelectronic devices to nanotechnology.

In Chapter 2 we investigate the photophysical properties of the excited states of 1,8-

(bisdimethylamino)naphthalene - the classical example of a proton sponge - by a combination 

of experimental spectroscopic methods and quantum chemical calculations. Those include 

steady-state measurements in different solvents as well as time-resolved fluorescence and 

transient absorption spectroscopy in the nanosecond and picosecond time domain. Steady-

state experiments will show that vertical excitation occurs to an 1La-type state from which 

internal conversion occurs to a state with dominant Internal Charge Transfer (ICT) character. 

Quantum chemical calculations will support the interpretation of the experimental studies, 

and put their results into a broader perspective. They explain the order of the lower excited 

states of 1,8-(bisdimethylamino)naphthalene and related compounds, as well as the role of 

intramolecular relaxation upon excitation, thereby elucidating the large Stokes shift observed 

already in nonpolar solvents. Crucial for the interpretation is the recognition that excitation to 

the lowest excited singlet state of ����character leads to twisted ICT (TICT) that is driven by 

the formation of a two-center three-electron bond between the lone pair orbitals on the 

nitrogen atoms. The molecule is therefore actually the first one in which an unambiguous 

driving force for TICT can be identified, as opposed to the traditional systems such as 

dimethylaminobenzonitrile.

In Chapter 3 the studies on the dynamic processes in the excited states of this molecule 

will be continued in the femtosecond time regime, revealing the processes in the first 

picosecond(s). Femtosecond fluorescence upconversion and transient absorption experiments 

are performed to monitor the photoinduced electronic, geometry, and solvent relaxation 

dynamics of the molecule dissolved in different solvents. The data will be analyzed using a 

sequential global analysis method that gives rise to species associated difference spectra. The 
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experiments will show that the internal charge transfer ����state is populated after internal 

conversion from the 1La state. In this state we observe that the molecule is subject to a large-

amplitude motion, which confirms the conclusions drawn from the steady-state 

measurements and quantum chemical calculations in Chapter 2 that  the molecule adopts a 

drastically different geometry in this state because of the formation of a bond between the 

nitrogen atoms. Solvent relaxation and vibrational cooling in the ����state cannot be separated 

in polar solvents, but in apolar solvents we conclude that a distinct vibrational cooling 

process can be discerned.

Polydiacetylenes (PDAs) and its oligomers form a group of compounds whose unusual 

photophysical properties continue to draw scientific interests. Those properties make them 

potentially useful materials for optoelectronic devices like field-effect transistors, light-

emitting diodes and other devices. Despite the large number of studies of PDAs, there is not 

much known about the nature of its excited states. Chapter 4 will fill in this gap. 

Femtosecond fluorescence upconversion and transient absorption studies have been 

performed on a trimeric oligodiacetylene and reveal that the dominantly absorbing state under 

one-photon excitation conditions is actually the S2 state. This state will be shown to be 

subject to an ultrafast (below 200 fs) internal conversion process to a lower-lying state, which 

we assign to the dipole-forbidden S1 state. In the S1 state the molecule undergoes vibrational 

cooling, and ultimately decays on a sub-nanosecond timescale to the ground state. Further 

support for the conclusions drawn on the electronic character of the S1 state will be obtained 

in two-photon excitation pump-probe experiments. Under such conditions we will show that 

we are able to populate the S1 state directly without interference from the S2 state. The 

photophysical properties of this trimeric oligodiacetylene are therefore in many aspects 

reminiscent of those of polyenes.

Mechanically interlocked molecular systems like rotaxanes and catenanes are nowadays 

considered as potential building blocks for artificial molecular machinery. Many of the 

rotaxane- and catenane-based devices synthesized and investigated so far use a benzylic 

amide macrocycle. The time-resolved optical properties of this macrocycle are thus of 

considerable interest because they can provide a means of probing externally triggered 

structural changes, but also because its excited singlet and triplet states are located at such 

energies that they can influence the efficiency of systems relying on the photochemical 

response of functional groups with excited states at similar energies. It is interesting to notice 

that - even though benzamide is one of these fundamentally organic compounds that is 



16

ubiquitously employed - the excited-state manifold of N-alkyl-substituted benzamide 

derivatives, the most logical starting point for studies on the photophysics and 

photochemistry of the macrocycle, has remained largely unexplored. This will be resolved in 

Chapter 5 where studies will be reported of the ultrafast excited-state dynamics of a 

[2]rotaxane that contains succinamide in the thread as a binding motif for a benzylic amide 

macrocycle that provides the chromophore with the lowest excitation energy, using a series of 

non-interlocked model compounds as controls. In combination with Time Dependent - 

Density Functional Theory (TD-DFT) calculations on the nature and spectroscopic properties 

of the excited states of benzamide, the spectroscopy results suggest that cleavage of the 

amide bond followed by radical recombination in the solvent cage is an important relaxation 

channel. In addition to providing the first spectroscopic characterization of femtosecond 

dynamics in a mechanically interlocked molecule, the experiments will provide a unique 

spectroscopic fingerprint for the macrocycle that can be employed in future time-resolved 

experiments on energy relaxation dynamics in rotaxanes and catenanes.
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