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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 



 12 

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 μ 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: 

 

hνa – hνf = m(μg, μe) * f(ε, 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 ε 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(ε, n)  =  (ε−1)/(2ε+2) − (n2-1)/(2n2+2) (2) 

 

Although in this approach Δν should depend linearly on  f(ε, 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 π*. 
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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 ℓπ∗ 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 ℓπ∗ 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 ℓπ∗ 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 
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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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The photophysics of 1,8-bis(dimethylamino)naphthalene in 

solution:  internal charge transfer with a twist  
 

 

 

 

 

 

 

 

 

 

Abstract 

The photophysical properties of the excited states of 1,8-(bisdimethylamino)naphthalene have 

been investigated by a combination of experimental spectroscopic methods and 

quantumchemical calculations. The experiments show that vertical excitation occurs to an 
1La-type state from which internal conversion occurs to a state with dominant internal charge 

transfer character. This character gives rise to weak emissive properties, a strong solvent 

dependence of the emission, and transient absorption spectra that carry the signature of the 

steady-state absorption spectra of the naphthalene radical anion. The quantumchemical 

calculations support the interpretation of the experimental studies, and enable us to 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 already observed in 

nonpolar solvents.

                                                 
This chapter has been published as Szemik-Hojniak, A.; Balkowski, G.; Wurpel, G. W. H.; Herbich, J.; van der 
Waals, J. H.; Buma, W. J. J. Phys. Chem. A 2004, 108, 10623-10631. 
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2.1. Introduction 

 

The molecule 1,8-bis (dimethylamino) naphthalene (Figure 1), henceforth called 

DMAN, is the prima donna amongst the class of “proton sponges”, bi-centre nitrogen bases 

that combine a strong basicity with a low nucleophilic character [1,2]. The title compound, 

for example, has a pKa of 12.1 [3] and a gas phase proton affinity of 1030 kJ/mol [4]. The 

properties of proton sponges and their monoprotonated cations have been reviewed in a 

number of publications [1,2,5]. Until recently, the application of the proton sponges has 

mainly been limited to their use as auxiliary bases in various organic syntheses [6]. More 

novel developments include gene therapy [7,8] and their use as model compounds helpful for 

understanding the mechanisms of enzyme-catalyzed reactions [9]. 

 

Steric strain in competition with resonance and repulsive interactions between the 

nitrogen lone pairs determine the geometrical structure of DMAN. In the pioneering X-ray 

study of DMAN by Einspahr et al. [10] it was found that in the solid state the molecule is 

strained with a non-planar naphthalene skeleton. One of the reasons why proton sponges have 

attracted attention is their tendency to form very stable ionic complexes containing 

asymmetric intramolecular [N-H...N]+ hydrogen bonds. Upon protonation substantial changes 

occur in the geometry of the molecule, causing the molecule to become more planar [11,12]. 

While it has often been suggested that the relief of electron repulsion is a major driving force 

for protonation, recent calculations claim that hydrogen bonding is the main contributing 

factor for the enhanced proton sponge basicity [13]. 

Figure 1. Structure and employed atom numbering of the electronic ground state of 1,8-bis-

(dimethylamino)naphthalene in its lowest energy conformation of C2 symmetry . 
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The competition between steric and electronic interactions is borne out by the high-

resolution spectroscopic studies that we performed some time ago on DMAN seeded in 

supersonic expansions [14]. In these studies it was found that the molecule can adopt two 

conformations in the ground state with strikingly different spectroscopic properties. Ab initio 

calculations at the HF/6-31G* level supported this conclusion and revealed that the major 

difference between the two conformations occurs in the relative positions of the methyl 

groups in the two dimethylamino groups. The excited state manifold was investigated in 

subsequent semi-empirical calculations [15], from which it was concluded that the properties 

of the lower excited states are rather susceptible to the molecular geometry as exemplified by 

the reversal of the lower two excited states for the two conformers. 

In the present paper we will be concerned with the photophysical properties of DMAN 

in solution. The ab initio and semi-empirical calculations show that some of the orbitals 

involved in the description of the lower-lying excited states are to a large extent localised on 

either the dimethylamino groups or the naphthalene skeleton, and thus give rise to 

electronically excited states with charge transfer character. In solution such polar states are 

stabilised by solvent-solute interactions and they might thus influence, and possibly even 

determine, the photophysical behaviour of the molecule under such conditions. The excited 

states of the (substituted) 1-aminonaphthalenes, in many respects analogues of DMAN, serve 

in this context as an illuminating example. For these molecules inversion of the naphthalene 

S1(1Lb) and S2(1La) states occurs [16-18]. The fluorescent state of these molecules in solution 

is therefore of 1La parentage and obtains a partial charge transfer character due to the 

presence of the amino group. The difference between the 1La and 1Lb states with respect to 

this partial charge transfer has been used as an argument to explain the polarity and 

temperature dependence of the nonradiative decay processes [19-22]. 

Already for quite some time it appeared that intramolecular charge transfer (ICT) is 

indeed a dominating factor in the spectroscopy of DMAN in solution. For the protonated 

proton sponge a very weak, strongly redshifted emission has been observed and explained in 

terms of an overlap forbidden transition from a strongly lowered and highly polar charge 

transfer state which involves two approximately orthogonal orbitals [23]. The situation is far 

less clear-cut for the neutral molecule. In certain solvents it seemed that one is dealing with a 

mixture of two species [23], but even then it is hard to understand what the origin is of the 

large Stokes shift observed for one of these species. Since the Stokes shift is sensitive to the 

charge reorganization on excitation and the interaction with the solvent, one might take this 

observation as evidence for considerable charge transfer in the excited state.  
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Another explanation involves geometry relaxation in the excited state. Excitation of the 
1La state of the previously mentioned (substituted) 1-aminonaphthalenes is accompanied by 

significant geometry relaxation, primarily a reorientation of the dimethylamino group 

[17,18]. This geometry relaxation is determined essentially by the combination of two 

opposing effects: (i)  the resonance interaction between the dimethylamino groups and the 

aromatic ring and (ii) steric hindrance between the substituents at the peri positions. The 

same interactions are present in DMAN with one important difference, namely the additional 

repulsive interactions between the nitrogen lone pairs. These observations made us suspect 

that the excited states of DMAN might equally well be subject to major geometry changes, 

certainly if they would involve orbitals with contributions from the nitrogen lone pairs. 

Here we present the results of experimental studies on the excited states of DMAN in 

solution with a variety of techniques. On the basis of the solvent dependence of steady-state 

absorption and emission spectra it will be shown that the emissive species in these 

experiments is an excited state with an increased dipole moment with respect to the ground 

state. From the radiative decay rate of DMAN it is concluded that the emissive transition 

from this state is highly forbidden, an observation which can be understood on the basis of 

transient absorption experiments. The latter experiments show that (i) a naphthalene radical 

anion like species is formed upon excitation and (ii) intersystem crossing to the triplet 

manifold is a significant decay pathway. The conclusions drawn from the experimental 

studies are subsequently put into the perspective of quantumchemical calculations performed 

to elucidate the order and specific character of the excited states accessed in the experiments 

and the role of geometry relaxation upon excitation. The calculations confirm the 

experimental conclusions and indicate how the molecular geometry responds to various 

electronic excitations. For the emissive ICT state observed in our experiments they explain 

the observed Stokes shift in terms of an increased twisting of the dimethylamino groups. For 

the 1La-like state, on the other hand, an untwisting motion is predicted. 

 

 

2.2. Experimental 

 

DMAN was purchased from Aldrich. Experiments were performed on samples as 

received, but also on samples sublimed under vacuum prior to use. In all cases the same 

results were obtained. 
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Optical absorption spectroscopy. Electronic absorption spectra were recorded on a Hewlett-

Packard 8453 diode array spectrophotometer or on a Cary 3 (Varian). Molar absorption 

coefficients were determined using concentrations of 10-4-10-5 M. 

Steady state fluorescence spectroscopy. Fluorescence spectra were recorded on a Spex 

Fluorolog 3 emission spectrometer using a spectral bandwidth of ≤ 2 nm for both excitation 

and emission.  Fluorescence was detected using a Peltier-cooled R636-10 (Hamamatsu) 

photomultiplier tube. Emission spectra were corrected for the wavelength dependent response 

of the detection system. Fluorescence quantum yields were determined relative to a reference 

solution of quinine bisulfate in 1 N sulphuric acid  (Φf = 0.546) [24] and corrected for the 

refractive index of the solvent. The samples were made with an absorbance of ca. 0.1 (1 cm 

path length) at the excitation wavelength and degassed by purging with argon for 10-15 

minutes. Commercially available spectrograde solvents were used (Merck, Uvasol) and 

stored over molecular sieves. When the purity of the solvent proved to be insufficient, it was 

purified by standard procedures [25].  

Time-resolved fluorescence spectroscopy. Fluorescence decay curves were measured using 

a picosecond time-correlated single photon counting setup described in detail before [26]. 

Excitation was provided by a mode-locked argon ion laser (Coherent 486 AS Mode Locker 

and Coherent Innova 200 laser) which pumped synchronously a dye laser (Coherent model 

700) operating on DCM. The dye laser, frequency-doubled with a BBO crystal, yielded 310-

320 nm pulses. A Hamamatsu microchannel plate photomultiplier (R3809) was used as 

detector. The response function of the instrument has a FWHM of ≈17 ps. 

Transient absorption spectroscopy. For the measurement of nanosecond transient 

absorption spectra, the third harmonic of a Coherent Infinity Nd:YAG laser (355 nm, 10 Hz) 

was employed as excitation source. This laser system delivers 2 ns pulses, the output of 

which was adjusted to a pulse energy of approximately 2.5 mJ. A pulsed low-pressure Xe 

flash lamp (EG&G, FX504) provided the probe light in a perpendicular geometry. The probe 

light was collected on a Princeton Instruments time-gated (5 ns) intensified CCD camera 

(Princeton Instruments ICCD-576-G/RB-EM) after passing through a spectrograph (Acton 

SpectraPro-150). The detector was gated at 5 ns. Typically 50 spectra were averaged to 

obtain a satisfactory signal-to-noise ratio. Typical absorbance of the samples at the excitation 

wavelength was 1-2 over 1 cm. The time-dependent behaviour of excited triplet species was 

monitored in a separate experiment with a 450W Xe arc (Müller lamp housing LAX1450, 

power supply SVX1450), an electronic pulser (Vincent Associates SP05), an Oriel 
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monochromator, and a photomultiplier (1P28, S5 photocathode) coupled to a Tektronix 

TDS684B oscilloscope as the probe system, and the same laser as the excitation source. The 

transient absorption samples were carefully degassed by at least three freeze-pump-thaw 

cycles using a T-cell. During acquisition, the cell was stirred to minimise build-up of possible 

photodegradation products in the excitation volume. 

 

 

2.3. Results and discussion 

 

A. Experimental studies 

 

In Figure 2 the absorption spectrum of DMAN in n-hexane is displayed. In previous 

studies of DMAN in solution it was tentatively concluded that the molecule exhibits dual 

fluorescence [23], although at that time its nature could not be further clarified. Here we find 

that excitation at the relatively strong absorption band at 330 nm leads to an emission 

spectrum with only one band at 536 nm (Figure 2). This emission band is rather weak - the 

fluorescence quantum yield is only 0.0014 - but the excellent correspondence between the 

fluorescence detected excitation spectrum (Figure 2) and the absorption spectrum strongly 

suggests that the 536 nm band derives from DMAN. The apparent disagreement between the 

previous results, which indicated a dual fluorescence, and the present results, which do not 

give evidence for this phenomenon, is puzzling. We have not gone at full length to find an 
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Figure 2. Absorption (⎯), dispersed emission (---), and fluorescence detected excitation (…) spectra of DMAN 

in n-hexane. The dispersed emission spectrum has been obtained for excitation at 330 nm, the fluorescence 

detected excitation spectrum by monitoring the emission at 540 nm. 
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explanation, but remark that we have noticed that it is imperative to make sure that water is 

removed from samples and solvents. If this is not done carefully, one is able to observe an 

additional emission band around 410 nm. Moreover, experiments in which solutions were 

illuminated with a mercury lamp filtered with a WG320 filter showed changes in the 

emission spectrum in the course of time, indicating that also photochemistry may occur. 

A second issue that needs to be dealt with in these solution studies concerns the role of 

the two conformers observed in our previous gas-phase studies [14]. As will become clear in 

the discussion below, the present study does not give any indication that a second 

conformation needs to be invoked to explain the results. In the gas-phase studies the second 

conformation was only observed at elevated temperature, making it indeed plausible that in 

the present studies performed at room temperature one species is predominantly present. 

Table 1 reports the dependence of the spectral properties of DMAN on the solvent 

polarity. We find that the absorption maximum hardly changes, whereas the emission 

maximum is strongly influenced by the solvent polarity. The latter dependence indicates that 

the dipole moment of the electronic ground state and the state from which emission takes 

place is significantly different. In the Onsager cavity approach the solvatochromic shift of the 

emission band is given by [27,28]: 
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where a is the Onsager radius of the solute and Δf is defined by the dielectric constant ε and 
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The fit of the emission maxima to equation (1) is depicted in Figure 3, and results in values 

for the fit parameters )0(~
flν  and 3

0gee hca2)( πε− μμ.μ of 19195±231 cm-1 and 10860±967 

cm-1, respectively. For the ground state of DMAN a dipole moment μg of 1.12 Debye has 

been reported [29]. In order to estimate the dipole moment of the excited state, we assume 

that the Onsager radius a can be determined using the reported molecular density of 1.12 

g/cm3 [10] and Avogadro’s number [30], leading to a value of 4.2 Å. Under the additional, 
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but reasonable assumption that the dipole moments of the molecule in the ground and excited 

states are parallel, a value of 9.5 Debye is calculated for μe 

 
Table 1. Spectral properties of DMAN in various solvents. 

 

Solvent Δf (a) abs
maxλ (nm) 

flu
max

~ν (b) (cm-1) 

n-hexane 0.092 330 18195 

3-methylpentane 0.093 330 18147 

di-n-butylether 0.194 332 16988 

diethylether 0.251 332 16671 

ethylacetate 0.292 333 16344 

tetrahydrofuran 0.308 335 15803 

dichloromethane 0.319 336 15400 

acetonitrile 0.393 337 - (c) 

 

(a) Defined by equation (2); (b) Corrected for λ2 factor;  (c) Not observed. 
  

In what is to follow we will conclude that the observed emission represents the 

radiative decay of an electronic state with a predominant charge-transfer character. 

Anticipating this result, we may employ the dipole moment μe of the emissive state to 
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Figure 3.  Solvent dependence of the emission maximum of DMAN. The line is a fit to equation (1) yielding an 

intercept of 18616±25 cm-1 and a slope of -6803±149 cm-1. 
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estimate the fraction of charge displaced upon excitation. Assuming that the dimethylamino 

groups form the electron donor and the naphthalene ring the electron acceptor, and using the 

structure parameters as determined experimentally [10], we conclude that about 0.7 electron 

is transferred upon excitation from the ground state. 

For a solution of DMAN in n-hexane we find that the emission at 536 nm can be fitted 

satisfactorily in terms of a single exponential with a decay constant of 2.2 ns. In combination 

with the observed fluorescence quantum yield of 0.0014, this would imply that the emissive 

state has a radiative decay rate of 6.4 × 105 s-1. When absorption and emission occur to and 

from the same electronically excited state, one can obtain the radiative transition probability 

from the absorption and emission spectra via the Strickler-Berg relationship [31]. Application 

of this relationship to DMAN in n-hexane leads to incompatible results between observed (on 

the order of 105 s-1) and calculated (on the order of 107 s-1) radiative decay rates. One 

therefore has to conclude that the state that is responsible for the absorption band around 330 

nm is not the emissive state observed in the fluorescence spectrum. 

For 1-aminonaphthalene, 1-(methylamino)naphthalene, and 1-(dimethylamino)-

naphthalene in n-hexane, radiative decay rates of 6.6, 7.4, and 8.3 × 107 s-1 [21] have been 

determined. We recall that in these molecules the emissive state has 1La character, which 

accounts for the relatively large decay rates. In the first instance, one might expect the 

electronic structure of DMAN and these 1-aminonaphthalenes to be similar. The observed 

reduction of the radiative decay rate in DMAN by almost two orders of magnitude, however, 

stands in stark contrast with this notion, and one has to conclude that the character of the 

emissive state in DMAN is fundamentally different, i.e., is not of La parentage. 

Figure 4 displays transient absorption spectra of DMAN up to a delay time of 50 ns.  

From the time dependence of the transient absorption spectrum, one concludes that it contains 

two components: the first component decays within the time resolution of the detection 

system while a second component decays on a much longer time scale. The latter component 

is explicitly monitored in Figure 5 where the decay of the transient absorption signal at 580 

nm is shown for delay times up to 18 μs. 

The susceptibility of the long-lived component towards molecular oxygen indicates that 

the signal derives from transient absorption from the T1 state. It is known that triplet decays 

in solution are in general rarely truly mono-exponential. In line with this experience, we find 

that the triplet decay can only be fitted with a pseudo mono-exponential decay if we restrict 

the analysis to delay times larger than 5 μs. We thus obtain a decay constant 8.0 ± 0.2 μs. The  
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observation of transient absorption in the triplet manifold establishes that one of the 

nonradiative decay pathways in the molecule is intersystem crossing, but at this point it is 

difficult to say whether it is the dominant one since we have not determined absolute triplet 

quantum yields. 

The fast component in the transient absorption spectra of Figure 4 is assigned to 

absorption from the (relaxed) S1 state. In Figure 6a we have reconstructed the associated Sn 

← S1 transient absorption spectrum by subtracting the triplet absorption spectrum (vide infra) 

from a spectrum taken directly after the laser pulse. It shows a narrow absorption band  
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Figure 4. Fluorescence corrected transient absorption spectra of a degassed solution of DMAN in n-hexane 

obtained 0 (solid), 2 (dash), 4 (dot), 10 (dash-dot), and 60 (dash-dot-dot) ns after excitation with a 355 nm laser 

0 5 10 15

0.00

0.01

0.02

0.03

0.04

0.05

0.06

ΔΑ

time (μs)

Figure 5. Decay of the transient absorption spectrum of a degassed solution of DMAN in n-hexane excited at 

355 nm and probed at 580 nm. 
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around ca. 380 nm and a very broad absorption in the 580–400 nm wavelength region that 

might contain some weak structure. These features differ fundamentally from what one 

would expect for transient absorption of a substituted naphthalene species: the Sn ← S1 

spectrum of naphthalene displays a broad peak around ca. 420 nm and a very weak 

absorption in the 700-450 nm region [32], a pattern that has been observed in picosecond 

time-resolved transient absorption spectra of rigidly linked naphthalene-trialkylamine 

compounds in apolar solvents as well [33].The singlet transient absorption spectrum 

compares, on the other hand, favourably with the steady-state absorption spectra of the 

radical anion of naphthalene and 1,8-diaminonaphthalene [34, 35]. For the naphthalene 

radical anion in MTHF one observes (i) a band system with peaks at 775 and 840 nm that 

extends up to 600 nm, (ii) a broad, weakly structured absorption that starts around 550-530 

nm and extends up to 400 nm, and a relatively narrow absorption band around ca. 370 nm. 

All these features are present in the singlet transient absorption spectrum of DMAN. The 

main difference between the two spectra is the relative intensity of the 370 nm band, which is 

larger in absorption spectrum of the naphthalene radical anion. At the same time it should be 

noticed that the relative intensity of this band in Figure 6 is very sensitive to the way in which 

the singlet spectrum in Figure 6 has been constructed. We therefore conclude that the singlet 
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Figure 6. Sn ← S1 absorption (a) and Tn ← T1 absorption (b) of DMAN in n-hexane. The triplet absorption 

spectrum was taken 1 μs after the laser pulse, the singlet absorption was obtained by subtracting the triplet 

spectrum from a spectrum taken directly after the laser pulse. 
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transient absorption spectrum indicates that a naphthalene radical anion-like species is 

formed upon excitation of DMAN.  

The Tn ← T1 transient absorption spectrum, derived from the transient absorption 

spectrum observed for a delay of 1 μs, is given in Figure 6b. This spectrum shows two 

absorption bands: one relatively narrow band at ca. 370 nm and a broad absorption band that 

starts at ca. 580 nm. The latter band extends over a large wavelength range and seems to be 

composed of more than one band, although our present signal-to-noise ratio prevents us from 

making more definite conclusions. The Tn ← T1 transient absorption spectrum of naphthalene 

[32] and rigidly linked naphthalene-trialkylamine species in apolar solvents [33] exhibits only 

a band around 420 nm. The additional band around 580 nm in DMAN might therefore 

indicate that also in the triplet manifold absorption occurs from an excited state with a 

considerable internal charge transfer character. 

 

B. Ab initio and TD-DFT calculations 

From the experimental material discussed above we conclude that the state responsible 

for the highly red-shifted weak emission is a state with major contributions from internal 

charge transfer (ICT) configurations. This state is not directly accessed in our experiments, 

but appears to become populated after internal conversion from a state with a relatively large 

oscillator strength. The electronic structure of DMAN has been investigated in the past by 

semi-empirical calculations, in particular in the context of possible differences between the 

two conformers that had been observed under isolated conditions [15]. At the time it was 

thought that the lower two excited singlet states were the analogues of the naphthalene La and 

Lb states which in DMAN might become quasi-degenerate - and thus very susceptible to 

small changes in the molecular geometry - and contain charge transfer character due to the 

mixed character of the HOMO orbital. This charge transfer character is in line with the 

present experimental findings, but at the same time leaves us with pertinent questions about 

the precise character of the state which is observed in solution, and how to reconcile the 

relatively small dipole moments calculated for the relevant excited states with the dipole 

moment here determined experimentally. 

To elucidate these issues we have extended the previous calculations to the ab initio 

level. Theoretical studies on the excited states of and internal charge transfer phenomena in 

4-(dimethylamino)benzonitrile (DMABN) have demonstrated that the results depend 

critically on the methodology employed [36-38], and that one needs to be cautious in relating 
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their results to experimental data. Levels like CASSCF, CASPT2, and CC2 would be 

recommended, but are prohibited by the size of DMAN. We were therefore restricted - 

bearing the previously mentioned pitfalls in mind - to perform calculations at the CI-Singles 

(CIS) and Time Dependent Density Functional Theory (TD-DFT) levels. These calculations 

have been carried out with the GAUSSIAN 98 suite of programs [39]. In previous 

calculations at the HF/6-31G* level we have established that DMAN can adopt two 

conformations in the ground state, the one of lowest energy having an approximate C2 

symmetry [14]. This conformation is the starting point for the present considerations, 

although we re-optimised its geometrical parameters at the B3LYP/6-31G* level [40-42] and 

imposed C2 symmetry [43]. Since further on we will be interested in the geometry changes 

upon electronic excitation, we report the relevant geometrical parameters of this C2 geometry 

in Table 2. As expected, the differences with the previously reported C1 geometry are minor. 

When a CIS calculation is performed at the C2 ground state geometry, we find that only 

the S1, S2, and S3 excited states are of present interest; the other states are calculated to lie at 

least 2 eV higher than S1. The results obtained for these three states are reported in Table 3. 

Apart from the transition energies, which are systematically overestimated, we find that the 

CIS results are qualitatively in agreement with what was calculated at the semi-empirical 

level: the S1 and S2 states have similar vertical excitation energies and they carry the 

signatures of the 1La and 1Lb
 states of naphthalene (respectively of symmetry A and B in the 

group C2). The three relevant molecular orbitals, 56 (HOMO-2), 57 (HOMO-1), and 58 

(HOMO), from which excitation takes place have significant contributions of the lone pair 

orbitals on the nitrogen atoms of the dimethylamino groups, while the orbitals to which the 

electron is excited, 59 (LUMO) and 60 (LUMO+1), are essentially the *
6π  and *

7π  orbitals of 

naphthalene. 

Comparison of the CIS results with the experimental material gives rise to a number of 

problems. Firstly, the experiments have shown that the radiative decay rate is small, which is 

at odds with a hypothesis that the emission would stem from an 1La-type of state. Secondly, 

the solvent dependence of the emission has demonstrated that the dipole moment of the 

emissive state is significantly larger than the dipole moment of the ground state. This seems 

to rule out the S1 and S2 states since their calculated dipole moment are almost equal to that 

of the ground state. One might argue that the calculations have been performed at the 

equilibrium geometry of the ground state while emission occurs from the equilibrium 

geometry of the emissive state, but the naphthalene-like ππ* character of S1 and S2 makes 
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Table 2. Geometrical parameters (Å and º) of the 11A (S0) neutral ground state, the 12B2 (l-1) and 12A ( 1
5
−π ) 

radical cationic states, and the 13B1 ( *
6πl ) and 13A ( *

65ππ ) triplet states obtained at the (U)B3LYP/6-31G* 

level. 
 

  11A (C2) 12B2 (C2v) 12A (C2) 13B1 (C2v) 13A (C2) 

C1-C2 1.390 1.380 1.425 1.418 1.454 

C2-C3 1.409 1.415 1.388 1.387 1.364 

C3-C4 1.371 1.376 1.391 1.404 1.424 

C4-C10 1.421 1.420 1.414 1.419 1.412 

C9-C10 1.442 1.430 1.442 1.445 1.455 

C1-C9 1.452 1.421 1.446 1.417 1.436 

C1-N1 1.418 1.442 1.369 1.440 1.405 

N1-C11 1.462 1.463 1.463 1.459 1.458 

N1-C12 1.452 1.463 1.468 1.459 1.450 

C9-C1-C2 119.2 120.8 118.2 121.8 119.7 

C1-C2-C3 122.2 120.1 121.4 119.0 121.3 

C2-C3-C4 119.8 120.5 120.1 120.8 119.5 

C3-C4-C10 120.5 120.9 120.4 121.6 121.3 

C4-C10-C9 120.6 118.8 120.2 118.2 120.1 

C10-C9-C1 117.0 119.0 117.0 118.6 116.8 

C1-C9-C8 126.0 122.0 126.0 122.7 126.3 

C4-C10-C5 118.9 122.4 119.5 123.6 119.8 

C9-C1-N1 120.9 118.0 122.7 117.8 121.7 

C1-N1-C11 115.6 116.3 121.8 116.8 119.0 

C1-N1-C12 117.7 116.3 121.2 116.8 120.0 

C1-C2-C3-C4 3.2 0.0 1.8 0.0 0.2 

C3-C4-C10-C9 -1.7 0.0 -1.3 0.0 -0.5 

C4-C10-C9-C1 8.8 0.0 14.5 0.0 9.7 

C10-C9-C1-C2 -9.9 0.0 -19.4 0.0 -14.0 

C10-C9-C1-N1 169.3 180.0 155.9 180.0 163.0 

C9-C1-N1-C11 -64.3 -109.9 -29.1 -109.8 -51.1 

C9-C1-N1-C12 160.5 109.9 169.3 109.8 162.3 

Θ(a) 42.4 -90.0 22.3 -90.0 35.9 

ΣN(b) 344.8 347.5 357.7 347.8 351.9 
(a) Defined by the average of the two dihedral angles C2C1N1C12 and C9C1N1C11. 
(b) Sum of valence angles around nitrogen atom. 
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Table 3. Description and properties of the lower-lying electronic excited singlet states of DMAN and 1-

(dimethylamino)naphthalene at their B3LYP/6-31G* optimised S0 geometries. For clarity the dominant 

contribution to the wavefunction of the various excited states is indicated in bold italic. 

 
 DMAN  

CI-Singles 
DMAN  
TD-DFT 

Excited state Wavefunction 
composition (a) 

ΔE  
(eV) 

Oscillator 
strength f 

μ (b) 

(Debye) 
Wavefunction 
composition(c) 

ΔE  
(eV) 

Oscillator 
strength f 

 
S1 

-0.l7 (56→60) 
-0.22 (57→60) 
+0.62 (58→59) 

(A) 

 
4.95 

 
0.211 

 
1.4 

 
0.68 (57→59) 

(B) 

 
3.84 

 
0.014 

 
S2 

0.28 (56→59) 
+0.28 (57→59) 
+0.57 (58→60) 

(B) 

 
5.15 

 
0.050 

 
1.3 

 
-0.12 (56→60) 
+0.65 (58→59) 

(A) 

 
3.85 

 
0.143 

 
S3 

-0.34 (56→59) 
+0.53 (57→59) 
-0.25 (58→61) 

(B) 

 
6.05 

 
0.086 

 
4.3 

 
0.34 (56→59) 

+0.62 (58→60) 
(B) 

 
4.12 

 
0.053 

 
 1-(dimethylamino)naphthalene 

TD-DFT 

Excited state Wavefunction 
composition (d) 

ΔE  
(eV) 

Oscillator 
strength f 

 
S1 

0.16 (45→47) 
+0.64 (46→47) 

 
3.93 

 
0.100 

 
S2 

0.39 (44→47) 
-0.13 (45→47) 
+0.58 (46→48) 

 
4.34 

 
0.010 

 
S3 

0.12 (44→47) 
0.15 (44→48) 

+0.64 (45→47) 
-0.10 (46→47 

 
4.80 

 
0.011 

 
(a) The Highest Occupied Molecular Orbital (HOMO) in the ground state S0 is MO 58, this orbital contains a 

significant contribution from the 5π  orbital of naphthalene. Orbitals 56 and 57 are mixtures of the 4π  orbital of 

naphthalene and the antisymmetric combination of the lone pair orbitals on the amino groups. Orbitals 59 and 

60 are the quasi-pure *
6π  and *

7π  orbitals of naphthalene. Symmetry of state in C2 is given in parentheses. 
(b) The dipole moment calculated for the ground state S0 is 1.4 Debye. 
(c) Orbital contours are shown in Figure 7. Symmetry of state in C2 is given in parentheses. 
(d) The Highest Occupied Molecular Orbital (HOMO) in the ground state S0 is MO 46. Orbitals are 

approximately be described as: 44= 4π ; 45=l; 46= 5π ; 47= *
6π ; 48= *

7π
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large changes in their dipole moment unlikely. Thirdly, the small oscillator strength and 

relatively large dipole moment of S3 would make this state a more likely candidate for the 

emissive state, but its calculated vertical excitation energy implies that very large internal and 

solvent reorganisation energies would be needed to account for the experimentally observed 

Stokes shift of ~12000 cm-1 in nonpolar solvents. Problems similar to those we encounter 

here for DMAN have been reported for CIS calculations on DMABN [36,37]. We therefore 

conclude that this level of calculation does not suffice for the present study. 

Table 3 shows that the situation changes drastically when calculations are performed 

with the TD-DFT approach. The lowest vertically excited singlet state is now in first order 

described by the (HOMO-1) → LUMO excitation, which, following Kasha and Rawls [44] 

will henceforth be designated as the *
6πl  configuration. This state has become nearly 

degenerate with the excited state dominated by the *
65ππ  configuration, i.e., the analogue of 

the 1La state, while the 1Lb state has become S3. The vertical excitation energy calculated for 

the two lower excited states is in excellent agreement with the maximum of the first 

absorption band in apolar solvents. Although the absolute vertical excitation energies of the 

two ππ* states have changed by more than 1 eV, we notice that the energy gap between them 

has remained more or less the same. It is the lπ* state that is poorly described at the CIS 

level, which makes it clear that one requires the incorporation of the dynamic electron 

correlation intrinsic in the TD-DFT approach. 

Figure 7 shows orbital shapes of the relevant molecular orbitals forming the basis for 

the TD-DFT description of the various excited states. What is evident from these orbitals is 

that the lowest excited singlet state can in first approximation indeed be described as a state 

in which an almost full internal charge transfer has occurred: the l and *
6π  orbitals are highly 

localised on the two dimethylamino groups and the naphthalene ring, respectively. The 

contour plots also show that the 1La state contains charge transfer character as well because of 

the participation of the lone-pair orbitals in the HOMO. Comparison with contour plots of the 

HF/6-31G* orbitals (not shown) employed for the CIS description demonstrates that the 

dimethylamino lone-pair electrons are much more delocalised in the HF approach; in 

particular a significant contribution is found in the π4 orbital. 
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It is interesting to consider the present results on DMAN in the light of what is known 

for 1-(dimethylamino)naphthalene. Above we have concluded that the emissive state in the 

two molecules have fundamentally different properties: the lowest excited singlet state of 1-

(dimethylamino)naphthalene has a dominant La character [16,18,20], which is responsible for 

the relatively large radiative rates, while in DMAN emission occurs from an internal charge 

transfer state with a small electronic transition moment to the ground state. How should we 

understand the differences between the excited states manifolds of the two molecules? To 

answer this question, we have performed TD-DFT calculations on the excited states of 1-

(dimethylamino)naphthalene [45] at the B3LYP/6-31G* optimised geometry of the ground 

state [46]. Before comparing the excited states of the two molecules, it is instructive to 

compare their ground state structures. As expected, the major difference between the two 

molecules occurs in the orientation of the dimethylamino group relative to the naphthalene 

plane. In the ground state of DMAN the twist angle Θ - defined by the average of the two 

dihedral angles C2C1N1C12 and C9C1N1C11 (see Figure 1) - is 42.4°, in 1-

(dimethylamino)naphthalene 49.7°. Another way that the steric strain between the 

dimethylamino groups and the associated lone pair repulsions in DMAN might be minimized 

Figure 7.  Orbital shapes of B3LYP/6-31G* orbitals of DMAN relevant for the description of the lower excited 
states. 

60 (B) LUMO+1 59 (A) LUMO 

56 (B) HOMO-2 58 (A) HOMO 57 (B) HOMO-1 
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is by changing the hybridization of one or both of the nitrogen atoms, as occurs, for example, 

in the other conformer of DMAN observed in the gas phase [14]. From the sum of the 

valence angles of the amino nitrogen atom (344.8° and 342.4° in DMAN and 1-

(dimethylamino)naphthalene, respectively) we conclude, however, that this does not occur, 

i.e., the nitrogen atoms are similarly hybridized in both molecules. 

Table 3 reports the results of the TD-DFT calculations on 1-

(dimethylamino)naphthalene. Orbital contour plots reveal that the 4π , *
6π , and *

7π  orbitals of 

1-(dimethylamino)naphthalene can be compared directly with their counterparts in DMAN. 

The l and 5π orbitals, on the other hand, are slightly more delocalised over the naphthalene 

ring and dimethylamino group, respectively, than the analogous orbitals in DMAN. 

Compared to DMAN we find that the 1La and 1Lb states in 1-(dimethylamino)naphthalene are 

at only slightly higher excitation energies (0.08 and 0.22 eV, respectively), but the excitation 

energy of the *
6πl  state is raised by almost 1 eV. These changes parallel quite nicely the 

differences in orbital energies: the π orbitals are hardly influenced but the l orbital is lowered 

by more than 1.0 eV. We therefore conclude that the vertical excitation energy of the *
6πl  

ICT state is so significantly lowered in DMAN compared to 1-(dimethylamino)naphthalene 

because the steric strain and lone pair repulsion induced by the second dimethylamino group 

raises the energy of the l orbital. 

A final issue that needs to be elucidated is the experimentally observed Stokes shift, 

which is associated with solvent reorganization and relaxation of the geometry of the 

molecule on excitation. The observation that for DMAN a Stokes shift of about 1.4 eV is 

already observed in non-polar solvents - where solvent reorganization effects are only minor - 

implies a dominant contribution of the internal reorganization energy. Considering the nature 

of the ICT state, a significant difference between the geometry of the molecule in the 

vertically excited and the adiabatic ICT state can a priori indeed be expected. After all, 

excitation of an electron from the l orbital into the naphthalene ring reduces the charge 

density in the lone pair orbital of each of the nitrogen atoms, and thereby the repulsion 

between their charge densities. Additionally, one might expect the hybridization of the 

nitrogen atoms to be affected. 

To put these qualitative arguments on a quantitative footing would ideally require 

optimization of the geometry of the molecule in the ICT state, but this poses practical 

problems. Although optimization at the TD-DFT level has recently become possible [47-49], 
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it has not yet been implemented in the GAUSSIAN suite of programs, while geometry 

optimization at the CASSCF level is prohibited by the size of the molecule. In order to assess 

whether the experimentally observed Stokes shift is nevertheless compatible with our ideas, 

we have performed a number of calculations that are inconclusive when considered 

separately, but when taken together support our interpretation of the experimental 

observations.   

The first remark to be made is that the geometry relaxation taking place in the 

dimethylamino groups by internal charge transfer should also occur upon removal of an 

electron from the l orbital by ionization. The associated 12B (l-1) state (in C2 symmetry) may 

therefore serve as a model for the geometry changes of the dimethylamino groups upon 

excitation to the ICT state. Optimization at the UB3LYP/6-31G* level shows that the ion 

adopts a conformation of C2v symmetry - and thus becomes of 2B2 (l-1) symmetry - with 

extended amino-ring bonds and dimethylamino groups which are perpendicular to the 

naphthalene plane (Table 2). Apparently, the reduced charge density in the lone pair orbitals 

permits a reduction of the steric interactions through a rotation of the two dimethylamino 

groups. The internal reorganisation energy upon ionization is obtained from the difference 

between vertical (7.02 eV) and adiabatic ionization energies (6.35 eV) as 0.67 eV. In a simple 

model, in which the Stokes shift of the ICT state is only associated with the geometry 

relaxation of the dimethylamino groups and vibrational coordinates and frequencies remain 

the same in ground and excited state, this would imply a Stokes shift of 1.34 eV, which is 

remarkably close to the experimental number. 

The 1La state also has a partial charge transfer character owing to the contributions from 

the dimethylamino lone pair orbitals to the HOMO. It might therefore undergo significant 

geometry relaxation as well. In view of this observation, it is interesting to see how the 

molecular geometry responds to ionization of an electron from the HOMO. Optimization of 

the molecular geometry in the associated 12A ( 1
5
−π ) ionic state demonstrates that the molecule 

is indeed subject to considerable geometry changes (Table 2), but in just the opposite way as 

was observed for the 12B (l-1) state: instead of an enhanced twisting, an untwisting motion 

occurs by which the dimethylamino lone pair orbitals become nearly parallel with the π-

orbitals of the naphthalene moiety. Concurrently, the amino-ring bonds become shorter and 

the deviation from planarity of the naphthalene skeleton larger. Apparently, it is now the 

enlarged conjugation of the π electron system that is the dominant driving force for the 

geometry relaxation. For the 12A ( 1
5
−π ) state vertical and adiabatic ionization energies of 6.81 
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and 6.03 eV, respectively, are calculated, implying that the internal reorganization energy for 

this state (0.78 eV) is even larger than for the 12B (l-1) state. 

The vertical and adiabatic ionization potentials that we calculate for the 12A ( 1
5
−π ) and 

12B (l-1) states are in good agreement with the He(I) photoelectron spectrum of DMAN [50], 

which shows two bands at 7.05 and 7.45 eV in this energy region. For the first band an 

adiabatic ionization energy of 6.45 eV has been reported, but the width of the bands 

precludes the determination of the adiabatic ionization energy for the second band. In 

agreement with the present results, the He(I) study concluded that for twisted dimethylamino 

groups the two bands are associated with the 12A ( 1
5
−π )  and 12B (l-1)  states, respectively. 

The second remark to be made is that in the excited states of the neutral molecule 

electron density is not removed but redistributed, and we therefore need to determine to what 

extent the geometry relaxations in the ionic states persist in the excited states of the neutral 

molecule. UB3LYP calculations of the *
6

3 πl  and *
65

3 ππ  electronic configurations - which are 

the dominant configurations in the description of the 13B (T2) and 13A (T1) states as shown 

by TD-DFT calculations on the triplet manifold - may serve to investigate this issue. Above, 

the importance of dynamic electron correlation has become clear, which is the principal 

reason why we insist on the DFT quality of the calculation. However, a complete description 

of the two triplet states would obviously require that nondynamical electron correlation as 

well is taken into account. At this point, however, we are merely interested in the effect of the 

electron density redistribution and will continue to consider only the aforementioned 

configurations. Similar to the 12B (l-1) state, we find that the geometry of lowest energy for 

the 13B (T2) state has C2v symmetry (and is thus more appropriately labelled as 13B1) (Table 

2) with geometrical parameters resembling those of the 12B (l-1) state. The main differences 

are found in the bond lengths within the naphthalene skeleton that are changed reflecting the 

(anti)bonding properties of the 
*
6π  orbital. Comparison with the energy of this state at the S0 

equilibrium geometry leads to an internal reorganisation energy of 0.79 eV. This is slightly 

higher than found for the 12B (l-1) state, as might have been anticipated from the decoupled 

nature of the two unpaired electrons at this geometry. Interestingly, we calculate for the 

dipole moment of the molecule at the equilibrium geometry of the excited state a value of 7.7 

Debye, which agrees nicely with the dipole moment of the emissive state inferred from our 

experiment. 
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Optimization of the molecular geometry for the 13A state results in a C2 conformation 

of lowest energy that still has partly untwisted dimethylamino groups, albeit that less 

untwisting occurs than in the corresponding cationic state (Table 2). The non-planarity of the 

naphthalene skeleton, on the other hand, is slightly increased. For this state a geometry 

relaxation energy of 0.41 eV is found, almost half of that in the 12A ( 1
5
−π ) state. Since for this 

geometry the two unpaired electrons are far from decoupled, this result is not so surprising. 

The calculations discussed above lead to a number of conclusions. Firstly, the internal 

reorganisation energies obtained are almost in quantitative agreement with the experimentally 

observed one, thereby supporting the conclusion that geometry relaxation is the dominant 

cause of the observed Stokes shift. Secondly, the calculations suggest that in the emissive 

state monitored by experiment the molecule adopts a conformation in which the 

dimethylamino groups are subject to significant twisting, even to such an extent that the 

dimethylamino lone pair orbitals are decoupled from the naphthalene π-system. This 

conclusion is corroborated by our transient absorption experiments, which show that upon 

excitation a naphthalene radical-anion-like species is formed. Thirdly, owing to its partial 

charge transfer character, the 1La state as well is subject to geometry relaxation involving the 

dimethylamino groups. However, the calculations indicate that the dimethylamino groups are 

now subject to an untwisting motion. Experimental support for this conclusion can be found 

in the high-resolution spectroscopic studies performed on (un)substituted 1-

aminonaphthalenes in the gas phase [17,18]. For these molecules, which have the 1La state as 

the lowest excited singlet state (vide supra), it has been demonstrated that the amino group 

undergoes an untwisting motion upon excitation. 

 

 

2.4. Conclusions 

 

The final picture that emerges from the theoretical calculations compares favourably 

with the experimental results obtained in the present studies. The vertical excitation energy 

for the lower two excited states nicely reproduces the gas-phase results and the maximum of 

the first absorption band in non-polar solvents. Comparison of the observed molecular 

extinction coefficient of this band with the calculated oscillator strengths for the two quasi-

degenerate lπ* and ππ* transitions shows that we are predominantly exciting the 1La-type 

state in our experiments. This state is not responsible for the observed emission as can be 
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inferred from the radiative decay rate, but merely acts as doorway to the electronically 

excited state manifold, after which internal conversion populates the lπ* state. The intrinsic 

internal charge transfer character of this state, which is confirmed by the transient absorption 

spectra that carry the signature of the naphthalene radical anion, explains the relatively large 

dipole moment inferred from the solvent dependence of the emission. Compared to various 1-

amino-substituted naphthalenes the vertical excitation energy of the lπ* state appears to be 

considerably lowered, which is attributed to the steric strain and lone pair repulsion that 

accompanies the introduction of the second dimethylamino group in DMAN. Owing to a 

relief of the repulsive interaction between the nitrogen lone pair orbitals, the lπ* state is 

subject to considerable internal reorganisation effects that are ultimately responsible for the 

large Stokes shift already observed in non-polar solvents. The calculations and transient 

absorption experiments indicate that the geometry relaxation predominantly involves an 

increased twisting of the dimethylamino groups. For the 1La-type state a significant geometry 

relaxation is likewise predicted, albeit in the opposite direction: the dimethylamino groups 

now untwist, a motion by which conjugation is extended. These large-amplitude motions as 

well as the various energy relaxation pathways are subject of a forthcoming publication in 

which studies are reported using femtosecond transient absorption and fluorescence 

upconversion techniques [52]. 
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Chapter 3  

 

 

Femtosecond excited state studies of the two-centre three-electron 

bond driven twisted internal charge transfer dynamics  

in 1,8-bis(dimethylamino)naphthalene  
 

 

 

 

 

Abstract 

Femtosecond fluorescence upconversion and transient absorption experiments have been 

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

dynamics of 1,8-bis(dimethylamino)naphthalene dissolved in methylcyclohexane or n-

hexane, n-dodecane, dichloromethane and acetonitrile. The data have been analysed using a 

sequential global analysis method that gives rise to species associated difference spectra. The 

spectral features in these spectra and their dynamic behaviour enable us to associate them 

with specific processes occurring in the molecule. The experiments show that the internal 

charge transfer lπ* state is populated after internal conversion from the 1La state. In the lπ* 

state the molecule is concluded to be subject to a large-amplitude motion, thereby confirming 

our previous predictions that internal charge transfer in this state is accompanied by the 

formation of a two-center three-electron bond between the two nitrogen atoms. Solvent 

relaxation and vibrational cooling in the lπ* state cannot be separated in polar solvents, but 

in apolar solvents a distinct vibrational cooling process in the lπ* state is discerned. The 

spectral and dynamic characteristics of the final species created in the experiments are shown 

to correspond well with what has been determined before for the relaxed emissive lπ* state.
                                                            
This chapter has been published as Balkowski, G.; Szemik-Hojniak, A.; van Stokkum, I. H. M.; Zhang, H.; 
Buma, W. J. J. Phys. Chem. A 2005, 109, 3535-3541. 
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3.1. Introduction 

 

The target molecule, 1,8-bis(dimethylamino)naphthalene (Figure 1) henceforth 

indicated as DMAN, has attracted attention in various fields since its first synthesis by Alder 

[1], initially due to its unusual physical properties, subsequently because of applications such 

as auxiliary bases in different organic syntheses [2-4], or gene therapy [5,6]. Early 

experiments showed that the molecule exhibits an extremely high basicity [7] - a few orders 

of magnitude more than most of the aromatic amines - and the molecule quite soon became 

the primary example of a new class of organic “proton sponges”, bi-centre nitrogen bases that 

combine a strong basicity with a low nucleophilic character. The exceptional basicity of 

DMAN as well as its geometrical structure were found to be predominantly determined by 

the interactions between two nearby dimethylamino groups, i.e., steric strain in competition 

with resonance and repulsive interactions between the nitrogen lone pairs [8]. 

 

Spectroscopic studies in the gas and solution phase have made clear that the very same 

interactions also determine to a large extent the spectroscopic properties of the molecule. 

Fluorescence excitation and dispersed emission studies performed on DMAN seeded in 

supersonic expansions showed the presence of two species in the ground state, which were 

assigned to two different conformations of the molecule on the basis of ab initio calculations 

at the HF/6-31G* level [9]. These studies were recently complemented by experimental and 

theoretical studies of the photophysical properties of the molecule in solution [10]. Whereas 

similar compounds containing only one amino group (e.g. 1-dimethylaminonaphthalenes) 

have the 1La state as their lowest excited state [11], we showed that the emissive state in 

DMAN is a highly polar lπ* state with a large internal charge transfer (ICT) character. Ab 

initio calculations demonstrated that the steric strain and lone pair repulsion accompanying 

the introduction of the second dimethylamino group in DMAN are primarily responsible for 

this difference in ordering [10]. The solution studies showed that the emission spectrum 

N(CH3)2N(CH3)2

Figure 1. Structure of 1,8-bis-(dimethylamino)naphthalene. 
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exhibits a large Stokes shift even in non-polar solvents. Since in these solvents stabilisation 

of a polar ICT state by solute-solvent interactions is minor, it was concluded that the 

molecular structure changes considerably upon excitation to the emissive state. Ab initio 

calculations and nanosecond transient absorption experiments strongly suggested that this 

geometry relaxation predominantly involves twisting of the dimethylamino groups, even to 

such an extent that a complete decoupling occurs of the dimethylamino lone pair orbitals 

from the naphthalene π-system [10].  

Naively, one might draw parallels with the phenomena that occur in the ICT states of 

other aromatic amines, in particular with the twisted ICT (TICT) model postulated by 

Grabowski et al. some thirty years ago [12]. In this model ICT is accompanied by a twisting 

motion of the amino group from a planar configuration in the locally excited state to an 

electronically decoupled perpendicular geometry in the ICT state. Recently, however, we 

have shown that the geometry relaxation process in DMAN has a fundamentally different 

origin from what is proposed in TICT [13]. In DMAN the driving force for relaxation along 

the twisting motion can unambiguously be identified as the formation of a two-centre three-

electron bond between the two nitrogen atoms, in TICT the driving force is associated with 

the reduction of repulsive interactions between the two unpaired electrons, combined with the 

stabilisation of the highly polar state in polar solvents by solute-solvent interactions. 

Despite the wealth of information that has come forward from the solution and 

quantumchemical studies, there are still several key issues that need to be addressed. One 

question concerns, for example, how the emissive lπ* state is populated. Previously, we have 

postulated from steady-state absorption and emission spectra that vertical excitation occurs to 

the 1La state after which internal conversion takes place to the lπ* state. Real-time 

observation of this process would enable us to confirm this conclusion and establish thereby 

implicitly the order of the lower excited singlet states, and, equally important, allow us to 

determine the properties of the absorbing 1La state and study the internal conversion process. 

Similarly, real-time observation of the nuclear conformational changes accompanying the 

charge transfer process would provide direct proof of the structural mechanism proposed for 

the process, and provide the means to investigate the role of intermolecular interactions and 

vibrational relaxation dynamics.  

In the present paper we have applied femtosecond transient absorption and fluorescence 

upconversion spectroscopy to monitor the dynamic processes - with an emphasis on the 

charge transfer and excitation relaxation dynamics in the electronic excited states - of DMAN 
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in real time. Although the fluorescence upconversion experiments provide some insight into 

the initial dynamics, it turns out that the most complete picture is provided by transient 

absorption spectroscopy. The complex transient absorption spectra have been disentangled by 

a global analysis in combination with a target analysis, which yielded Species Associated 

Difference Spectra (SADS). From the analysis of the spectral features present in the SADS 

and the dynamic behaviour of SADS, the specific processes discussed above could clearly be 

identified and investigated, i.e., internal conversion of the initially excited 1La state to the 

unrelaxed lπ* state (below 300 fs in all solvents), twisting motion of the dimethylamino 

groups (up to 1 ps in acetonitrile and dichloromethane), vibronic cooling (6 to 15 ps, 

observed only in apolar solvents), and decay of the relaxed lπ* state to the ground state 

(ranging from 50 ps in acetonitrile to nanosecond timescale in methylcyclohexane and n-

dodecane). 

 

 

3.2. Experimental 

 

1,8-bis(dimethylamino)naphthalene (DMAN) was purchased from Aldrich and used 

without further purification. The solvents employed (methylcyclohexane or n-hexane, n-

dodecane, dichloromethane, and acetonitrile) were of spectroscopic grade when purchased 

from Aldrich. Methylcyclohexane, n-hexane, and n-dodecane were used as received, 

dichloromethane and acetonitrile were dried over type 3A molecular sieves prior to use. 

Steady-state absorption and fluorescence spectra were recorded on Cary 3 (Varian) and Spex 

Fluorolog 3 spectrometers, respectively. 

The setup used for the femtosecond transient absorption experiments has been 

described in detail before [14]. Briefly, a 130 fs (FWHM) pulse train at 800 nm with a 

repetition rate of 1 kHz is generated by a Spectra Physics Hurricane regenerative amplifier 

laser system. This pulse train is separated into two parts. One part pumps an Spectra Physics 

OPA 800 system to provide excitation pulses - in the present case at 330 nm - the other part is 

focused on a calcium fluoride crystal to generate a white light continuum from 350 nm to 800 

nm that is used for the probe pulse. The total instrumental response is about 200 fs (FWHM). 

In the present experiments magic angle conditions were used for the pump and probe beam. 

Experiments were performed at ambient temperature on solutions with an optical density of 

ca. 0.5 in a 1 mm cell. To avoid effects resulting from the high transient power radiation, the 
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excitation power was kept as low as ~5 μJ per pulse using a pump spot diameter of about 1 

mm. Apart from lowering the excitation intensity, the influence of thermal effects and 

possible photodegradation of the sample was taken care of by placing the circular cuvette 

containing the solution in a home-made rotating ball bearing (1000 rpm). Absorption and 

emission spectra taken before and after the experiments were under these conditions indeed 

identical. 

Femtosecond upconversion experiments have been performed with the setup described 

extensively in [15]. In this setup a diode-pumped CW Nd:YVO4 laser (Spectra Physics, 

Millennia X) pumps a Ti:sapphire laser (Spectra Physics, Tsunami), providing 60 fs pulses at 

800 nm at a repetition rate of 82 MHz. These pulses are amplified in a regenerative amplifier 

laser system (Quantronix) to about 460 μJ at a repetition rate of 1 kHz, and subsequently split 

into two beams. One of the beams serves to pump an optical parametric amplifier system 

(TOPAS Light Conversion Ltd.) that provides wavelength-tunable pulses to excite the 

sample, the other beam serves as the gating beam for the fluorescence. The system response 

time of this setup as measured from the cross-correlation signal of the excitation and gating 

pulses is estimated to be approximately 280 fs (FWHM). Experiments have been performed 

under magic angle conditions for pump and gating beams on solutions in a quartz cell of 1 

mm thickness. The cell was attached to a sample holder that was driven electrically back and 

forth perpendicular to the excitation beam to prevent heating of the sample. 

 

 

3.3. Results and discussion 

 

The steady-state absorption and emission spectra of DMAN in n-hexane are shown in 

Figure 2. The absorption spectra in the solvents employed in the present experiments are 

essentially the same and all show a lowest absorption band that peaks around 330 nm. TD-

DFT calculations [10,13] show that this band is associated with the 1La state. The emission 

spectrum, on the other hand, is quite sensitive to the polarity of the solvent as has been 

described in detail before [10]. Due to the large change in dipole moment upon excitation to 

the emissive lπ* ICT state (9.3 D compared with 1.12 D in S0 [16]), the emission shifts 

substantially to the red with increasing polarity. The large Stokes shift observed already in an 

apolar environment, where stabilization of the ICT state by solvent molecules is only minor, 
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has been attributed to geometry reorganization mainly connected with the twisting motion of 

the dimethylamino groups (vide supra). 

Our goal is to probe these internal conversion as well as geometry and energy 

relaxation processes directly by applying femtosecond transient absorption and fluorescence 

upconversion spectroscopy. As an aide in understanding and distinguishing the observed 
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Figure 2. The absorption (dotted line) and fluorescence (solid line) spectra of DMAN in n-hexane. The 

fluorescence spectrum has been obtained for excitation at 330 nm. 
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Figure 3. The femtosecond upconversion decay trace of DMAN in n-hexane probed at an emission 

wavelength of 520 nm. The solid line is a fit to a biexponential decay with a dominant (>90%) contribution 

from a 0.3 ps decay.  
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processes, we have varied the environmental conditions of the probe molecules, i.e., polarity 

and viscosity, by performing measurements in methylcyclohexane (or in some cases n-hexane 

[17]), n-dodecane, dichloromethane, and acetonitrile. The transient absorption measurements 

were done for each solution in three separate time windows of 10, 100, and 1000 ps. In the 

femtosecond upconversion experiments the same solvents have been employed [17], but for 

acetonitrile solutions it was found that the signal intensity was too low to obtain useful decay 

traces. 

Figure 3 shows a femtosecond upconversion transient obtained for DMAN dissolved in 

n-hexane excited at 330 nm and detected at 520 nm, i.e., close to the steady-state emission 

maximum. Transients that are qualitatively similar were observed at other detection 

wavelengths and also for DMAN dissolved in other solvents. Fitting of these transients 

reveals that they are dominated by a decay on the sub-picosecond timescale, but definitely 

also require contributions from decays at longer ((sub)nanosecond) timescales. Comparison 

of these latter contributions show that, qualitatively speaking, they are larger for longer 

detection wavelengths. Despite the small amplitude(s), the spectral characteristics of the other 

components are responsible for the appearance of the steady-state emission spectrum because 

of the considerably longer lifetime(s). From the femtosecond upconversion transients we can 

thus draw the important conclusion that after excitation of DMAN an ultrafast process occurs 

that changes dramatically the radiative properties of the emissive state. The transient 

absorption results discussed below will show that this ultrafast process is associated with the 

twisting of the dimethylamino groups. 

Transient absorption spectroscopy turns out to elucidate the relevant dynamical 

processes further. In the frequency domain, we obtain typically spectra such as the ones 

displayed in Figure 4 for DMAN in n-dodecane. The absorption spectrum consists initially of 

one broad band with a distinct maximum at ~380 nm that decays quickly (< 1ps), after which 

a spectrum is formed that can be described as the sum of two bands around 380 nm and 500 

nm. Of particular interest is the observation that for short delay times an emissive feature is 

present around 420 nm. The decay traces shown in Figure 5(a) for a number of selected probe 

wavelengths in the time domain provide an alternative view on these dynamics. From these 

traces it is directly evident that the decay dynamics are rather complex and that an accurate 

description in terms of exponential decays involves at least three or more contributions. 

Qualitatively speaking, we observe at the blue side of the transient absorption spectrum an 

ultrafast decay of the signal followed by an in-growth and subsequent decay on the ps and 

ultimately ns timescales. The contribution of this ultrafast decay becomes increasingly 
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smaller for longer probe wavelengths where, apart from a sub-ps rise, an additional in-growth 

on the ps timescale occurs, followed by ps and ns decays. 

Similar observations can be made for the transient absorption spectra in the other 

solvents, albeit that the signal-to-noise ratio in those spectra was noticeably poorer than 

obtained for n-dodecane solutions, as can, for example, be observed in Figure 5(b) where 

transient absorption decay traces of DMAN in methylcyclohexane are shown. Figures 4 and 5 

indicate that the excited-state absorptions in DMAN are small in a large part of the probe 

region accessible in the present experiments. Moreover, the kinetic curves were found to be 

strongly probe-wavelength dependent and at some wavelengths rather complex. These factors 

made it difficult to interpret the experimental data reliably by fitting decay curves at only a 

limited number of different wavelengths. Global analysis of the transient absorption spectra 

at all investigated probe wavelengths and in all three time windows did, however, lead to a 

consistent picture. More specifically, we employed a sequential global analysis method 

[18,19] in which the excited species assumed to be present at time zero evolves into another 

species with a certain decay rate k1. This species subsequently evolves with rate k2 into a third 

species and so on. The last species n obviously decays to the ground state of the molecule. 

Associated with each species is its own spectrum, the Species Associated Difference 

Spectrum (SADS), Ai(λ). The isotropic decay Iiso(λ,t) is then described by: 

)t(I)t(c)(A)t,(I
n

1i
iiiso ⊗⎥
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⎤
⎢
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= ∑

=

λλ  

where I(t) is the instrument response and ⊗ denotes convolution. The concentrations ci(t) are 

exponential functions of the decay rates k1, k2, …, kn. In this model no back reaction or 

branching is taken into account. For the dynamic processes such as internal conversion and 

large amplitude motions that we consider here substantial branching or back reactions are 

indeed not expected as the energy differences between the states involved are too large and 

because they are unidirectional. 

Global analysis of the data reveals that they can be fitted satisfactorily with a model 

consisting of five species in the case of n-dodecane, four for methylcyclohexane, while only 

three species need to be employed for the polar solvents methylcyclohexane and acetonitrile. 

The SADS and the decay rates obtained from these analyses are given in Figure 6 and Table 

1, respectively.  
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Figure 4. Transient absorption spectra of DMAN in n-dodecane at various delay times (-0.2 - 5 ps) after 

excitation at 330 nm. 
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(a) (b) 

Figure 5. Decay traces of the transient absorption signal of DMAN in (a) n-dodecane and (b) 

methylcyclohexane for various probe wavelengths. Dashed lines indicate fit described in text. Note that the 

time axis is linear from –1 ps to 1ps relative to the maximum of the IRF, and logarithmic afterwards. 
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If we ignore for the moment SADS ι that only appears for n-dodecane, we observe from 

Figure 6 that with the present instrumental response an initial species ϕ is formed upon 

photoexcitation that has a similar absorption spectrum in all solvents, consisting of a broad 

absorption band in the 350-600 nm region with a narrow emissive band in the 410-420 nm 

region. The latter band can nicely be fitted to a Gaussian with the parameters given in Table 

2. 

 

 
Table 1. Lifetimes (ps) of the components of the SADS observed for DMAN in various solvents. errors (1σ) are 

estimated to be 10% (30%) for values above (below) 1 ps. 

 

 methylcyclohexane n-dodecane dichloromethane acetonitrile 

ι -- 0.07 -- -- 

ϕ 0.3 0.3 0.3 0.06 

κ 0.3 0.3 1.0 0.9 

λ 14.7 5.6 -- -- 

μ 1435 1068 168 54 

 

 

 
Table 2. Gaussian fit parameters of emissive band in SADS ϕ in various volvents. 

 

solvent center (cm-1) width (cm-1) 

methylcyclohexane 24500±300 4800±1900 

n-dodecane 24360±130 4100±400 

dichloromethane(a) - - 

acetonitrile 23950±190 4200±1400 
 
(a) Band could not be fitted reliably. 
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Figure 6. Species Associated Difference Spectra (SADS) of DMAN solution in (a) methylcyclohexane, (b) n-

dodecane, (c) dichloromethane, and (d) acetonitrile obtained from a sequential target analysis involving 

species ι (grey) → ϕ  (solid) → κ  (dash) →  λ (dot) →  μ  (dash-dot) for n-dodecane;  ϕ (solid)

→ κ  (dash) → λ  (dot) →  μ  (dash-dot) for methylcyclohexane; and ϕ (solid) →  κ  (dash )→  μ  (dash-

dot) for dichloromethane and acetonitrile. The amplitude of trace ι (purple) in n-dodecane has been divided 

by a factor 4. The spike-like feature near 365 nm observed in ϕ (black) for methylcyclohexane and ι (grey) 

for n-dodecane is associated with Raman scattering from the solvent. 
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 Our previous experimental and theoretical results implied that excitation of DMAN at 

330 nm populates the 1La state [10,13]. The same calculations showed that the Stokes shift for 

the emission from the 1La state should be considerably smaller than for the lπ* state and less 

solvent dependent because the dipole moment of the 1La state is similar to that of the ground 

state [13]. The SADS ϕ observed here provide a direct and straightforward verification of 

these predictions: the stimulated emission band around 410-420 nm is right where emission 

from the 1La state is expected to occur, while the observed dependence of the emission 

maximum on the polarity of the solvent is consistent with a small change in dipole moment 

upon excitation [20]. 

In n-dodecane the global analysis results indicate that species ϕ is not the initial species 

that can be detected but that it is formed from another species ι that decays on a sub-100 fs 

timescale. In view of the discussion above, we associate this species with the Franck-Condon 

excited 1La state, which populates the relaxed 1La state via intramolecular vibrational 

relaxation (IVR). The fact that we can observe this process in n-dodecane does not imply that 

it is not present in the other solvents; in fact, the traces at 355, and to a lesser extent at 379 

and 414 nm, in Figure 5(b) indicate the presence of a similar ultrafast process in 

methylcyclohexane, but the signal-to-noise ratio precludes a reliable determination of the 

SADS and the associated decay rate.  

The decay time of the 1La state varies from 0.06 ps in acetonitrile to 0.3 ps in 

methylcyclohexane, n-dodecane, and dichloromethane. Species that are formed from the 

decay of the 1La state all exhibit SADS in which the stimulated emission feature around 410-

420 nm is absent. This is an unambiguous indication that another electronic state is formed, 

and we thus associate the decay of the initial species with the internal conversion from the 1La 

state to the unrelaxed lπ* state. The latter state has entirely different emissive properties. 

Firstly, emission from the lπ* state occurs far more to the red (vide supra); secondly, the 

oscillator strength of the transition from this state to the ground state is at least ten times 

smaller [10,21]. In many organic molecules the internal conversion process proceeds on a 

time scale much shorter than any vibrational relaxation time [22] and is often found to be 

ultrafast (less than picoseconds). For example, for various bridged and unbridged luminescent 

styrile dyes the typical IC time was found in the range up to 300 fs [23] with essentially no 

influence of the energy gap between the S2 and S1 states on the rate constant. The same 

conclusion is now drawn from the present results on DMAN, where the energy gap between 

the quasi-degenerate excited states involved is even much smaller. 
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The excited-state absorption spectrum of the unrelaxed lπ* state is represented by the 

SADS κ in Figure 6. The spectrum of this component consists of a broad absorption with a 

distinct maximum around 400 nm and extends to ca. 600 nm, with possibly an unresolved 

shoulder at about 500 nm. In order to assign the process associated with its decay and identify 

the species that is formed, we first notice that subsequent SADS exhibit essentially the same 

characteristics as SADS κ, albeit that the excited-state absorption around 400 nm shifts to the 

blue and sharpens up. These features indicate that we are observing relaxation processes that 

take place in one and the same electronic state. Furthermore, we recall that previous work 

showed that geometry relaxation of the molecule - involving mainly twisting of the 

dimethylamino groups - was crucial to understand the large Stokes shift observed already in 

apolar solvents [10]. In its electronic ground state the molecule adopts an equilibrium 

conformation in which the dimethylamino groups are twisted with an angle of about 42°. This 

geometry is far from optimal for either of the lower two excited 1La and lπ* states. In the 1La 

state the molecule adopts a partially untwisted configuration, for the lπ* state the formation 

of a two-center three-electron bond twists the dimethylamino groups to maximise the overlap 

between the lone pair orbitals.  

After internal conversion from the photoexcited 1La state the molecule will thus find 

itself in the lπ* state in a conformation that is far from optimal and will be subject to 

geometry relaxation. The process associated with the decay of SADS κ is therefore assigned 

to the twisting motion of the dimethylamino groups. Because of the large-amplitude motion 

character of the twisting process, one might hope to find further support for this conclusion 

by considering the influence of the viscosity on the decay time, i.e., when comparing two 

solvents of about the same polarity, one expects the decay time to increase for the more 

viscous solvent. The accuracy with which the decay time can be determined in 

methylcyclohexane and n-dodecane does not allow us to make such a reliable comparison; 

for both solvents a decay time of about 0.3 ps is found. For the polar solvents 

dichloromethane and acetonitrile a different situation is encountered; here values are obtained 

of 0.9 ps for acetonitrile and 1.0 ps for dichloromethane, which are comparable with the 

diffusive solvent reorganization times [24].  

For a polar solute molecule dissolved in polar solvents the solvation dynamics is often 

found to play a critical role in the excitation relaxation processes [25]. Hynes et al. proposed 

a two-dimensional reaction approach to explain the dynamics of TICT processes in polar 

solvents [26]. In this approach both twisting and solvation are taken into account. As can be 
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expected, the reaction path on the potential energy surface constituted by the twisting and 

solvent coordinates does in general not show pure twisting or solvation character, albeit that 

in some extreme cases one of the two might appear to be dominating. Whether the kinetics of 

the process show viscosity or solvation dependence relies on the twisting motions being 

“slow” or “fast” with respect to the solvation [27,28]. For Michler’s ketone in alcoholic 

solvents, for example, the “slow” solvation limit was reached [29]. This approach was also 

applied to explain the spectroscopic behaviour of DMAN-like molecules such as 4-(9-

anthranyl)-N,N’-dimethylaniline [30]. For DMAN in polar solvents we find in the present 

study that the reaction and solvent reorganization times are comparable, i.e., we have to 

conclude that the solvation dynamics is dominant in the TICT process.  

The SADS λ is only observed for the apolar solvents methylcyclohexane and n-

dodecane. It exhibits a narrow excited-state absorption around 380 nm, superimposed on a 

broad background that extends up to beyond 600 nm. The decay time of this species is 15 ps 

in methylcyclohexane and 6 ps in n-dodecane. Since the reorganization energy associated 

with geometry relaxation of the lπ* state is quite large, the DMAN molecule still has a 

considerable amount of energy stored in the vibrational degrees of freedom after internal 

conversion and twisting of the dimethylamino groups. Dissipation of this energy to the 

surrounding solvent molecules occurs via vibrational cooling on the picosecond time range 

[31-36]. The species that is associated with the SADS λ is therefore most logically associated 

with the vibrationally-hot lπ* state, and the decay process with vibrational cooling. One 

might argue that in the SADS λ and μ the difference in the width of the band around 380 nm 

is minimal. For large molecules the cooling process often involves many vibrational modes as 

opposed to a few modes in small molecules. As a result, the shape of the spectrum, which 

reflects the vibrational population density, does not show significant changes upon 

vibrational cooling. Similar observations have been made, for example, in the case of 

Coumarine 153 in polar solutions [24].  

Comparison of the SADS λ and μ shows that during the vibrational cooling process the 

380 nm band loses a significant part of its intensity. Since no branching occurs in the 

sequential scheme assumed here, this implies that the transition moment of the excited-state 

absorption is reduced. This is at odds with expectations within the Born-Oppenheimer 

approximation where the electronic transition moment is independent of the vibrational 

content of an electronic state. We therefore have to conclude that the transition is vibronically 
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induced, i.e., instead of vibrational relaxation, we are in fact observing a vibronic cooling 

process. 

In previous studies it was concluded that the cooling process can often be divided into 

two parts [35]. The first part is associated with the energy transfer from the solute to the 

closest molecules and is determined by solute-solvent interaction. The second, slower, part 

concerns heat conduction to the outer-sphere solvent molecules and depends largely on the 

solvent properties. It has been observed that the vibrational cooling rates are proportional to 

the thermal diffusivity of the solvent if the cooling process is dominated by the second part 

[35-37]. In line with this observation we observe in the present study that the vibrational 

cooling rate increases substantially in going from methylcyclohexane (thermal diffusivity 

7.60x10-8 m2s-1 [38]) to n-dodecane (thermal diffusivity 8.41x10-8 m2s-1 [38]). Since 

dichloromethane and, in particular, acetonitrile have higher thermal diffusivities [36], higher 

vibrational cooling rates would be expected, which might explain at least in part why 

vibrational cooling was not observed in these two solvents. Predictions using the observed 

cooling rates of methylcyclohexane and n-dodecane show at the same time, however, that the 

thermal diffusivity argument cannot fully account for the absence of a distinct vibrational 

cooling process since on this basis vibrational cooling times of about 4 and 2 ps in 

dichloromethane and acetonitrile, respectively, would have been expected. Since in 

dichloromethane and acetonitrile solute-solvent interactions are considerably larger than in 

the apolar solvents, our data suggest that vibrational cooling of DMAN in dichloromethane 

and acetonitrile is dominated by the solute-solvent interactions responsible for the initial part 

of vibrational cooling in the model of [35]. 

The last species that can be identified in the present experiments gives rise to the SADS 

μ in Figure 6. This spectrum agrees very well with the nanosecond transient absorption 

spectrum determined for the emissive state of DMAN in n-hexane [10]. Moreover, the decay 

times determined here by femtosecond transient absorption are in good agreement with those 

obtained by picosecond time-correlated single-photon-counting measurements. We therefore 

conclude that the species associated with the SADS μ is the relaxed lπ* state. This species 

decays to one or more states that do not further evolve on the timescale of the present 

experiments. Our previous studies have shown that not only the electronic ground state is 

involved in this decay, but that also intersystem crossing to the triplet manifold should be 

taken into account. Interestingly, we find that the lifetime of the relaxed lπ* state is rather 

dependent on the polarity of the solvent. Bagchi, Fleming and Oxtoby (BFO) have considered 
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the twisting angle dependence of the nonradiative relaxation rate in the dynamics of the 

twisting processes in triphenylmethane [39,40]. They used a non-local sink function as an 

input function to solve the population density in the excited state from the Smoluchowski 

diffusion equation while keeping the radiative transition moment unchanged, and showed that 

this approach leads to a decrease of the lifetime of the excited state with increasing twisting 

angle. Within this model, the decrease in lifetime of the relaxed lπ* state of DMAN would 

imply that in polar solvents the average twisting angle of the dimethylamino groups is larger 

than in apolar solvents.  

 

 

3.4. Conclusions 

 
The energy and geometry relaxation processes occurring after photoexcitation of 

DMAN in various solvents has been studied using femtosecond fluorescence upconversion 

and transient absorption techniques. The fluorescence upconversion experiments have shown 

that after excitation the molecule is subject to an ultrafast process that changes the radiative 

properties of the state from which emission is monitored considerably. More detailed 

information could be obtained from the transient absorption experiments. Global fitting of 

these data to a cascade model has yielded three components for polar solvents 

(dichloromethane and acetonitrile), and four and five components for the apolar solvents 

methylcyclohexane and n-dodecane, respectively. Analysis of the spectral features present in 

the SADS has enabled a clear identification of the species associated with each of the 

components and their primary decay mechanism. We have thus established that upon 

photoexcitation the 1La state is populated, which undergoes rapid internal conversion to the 

lπ* state. In previous studies it was concluded that this lπ* state has significant charge-

transfer character and should be subject to major geometry changes driven by the formation 

of a two-centre three-electron bond between the lone pair orbitals of the dimethylamino 

groups. The evolution of the SADS has in the present study provided direct evidence for such 

large-amplitude motions, which - in case of polar solvents - are accompanied by solvent 

relaxation. In apolar solvents a distinct vibronic cooling process of the geometrically relaxed 

lπ* state could be observed that is absent in polar solvents. The absorption spectrum of the 

final species that is formed has been shown to be in excellent agreement with previous 
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nanosecond transient absorption studies. Its decay routes involve internal conversion to the 

ground state and intersystem crossing to the triplet manifold. 
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Chapter 4 

 

Femtosecond spectroscopic studies 

of the one- and two-photon excited state dynamics 

of 2,2,17,17-tetramethylooctadeca-5,9,13-trien-3,7,11,15-tetrayne, 

a trimeric oligodiacetylene  
 

 

 

 

 

 

 

 

 

 

Abstract 

The excited state dynamics of an oligomer of polydiacetylene, 2,2,17,17-

tetramethylooctadeca-5,9,13-trien-3,7,11,15-tetrayne, dissolved in n-hexane have been 

studied by femtosecond fluorescence upconversion and polarized transient absorption 

experiments under one- and two-photon excitation conditions. Spectroscopically monitoring 

the population relaxation in the excited states in real time results in a distinct time separation 

of the dynamics. It has been concluded that the observed dynamics can be fully accounted for 

on the basis of the two lower excited states of the target molecule. The S1 (21Ag) state, which 

cannot be excited from the ground state with one-photon absorption, is verified to be 

populated via internal conversion in 200±40 fs from the strongly dipole-allowed S2 (11Bu) 

state. The population in the “hot” S1 state subsequently cools down with a time constant of 

6±1 ps, and decays back to the ground state with a lifetime of  790±12 ps. 

                                                            
This chapter has been published as Balkowski, G.; Groeneveld, M.; Zhang, H.; Hendrikx, C. J. J.; Polhuis, M.; 
Zuilhof, H.; Buma, W. J. J. Phys. Chem. A 2006, 110, 114335-11439. 



 68 

4.1. Introduction  

 

Due to their opto-electronic characteristics, molecules with extensive π-conjugation are 

considered as high-potential candidates for applications such as field-effect transistors (FETs) 

[1-3], light-emitting diodes (LEDs) [4,5] and other devices [6,7]. Polydiacetylenes (PDAs) 

form in this respect a unique class of materials that couple conjugated backbones with 

tailorable pendant side-groups and terminal functionalities, and exhibit dramatic chromogenic 

transitions that can be activated optically, thermally, chemically, and mechanically [8-11]. 

The opto-electronic application of PDAs [8,12,13] is related to their high nonlinearities 

[14,15] and conducting properties [16]. PDAs have been studied extensively over the years, 

as evidenced, for example, by a recent review [17]. It is therefore even more remarkable that 

- despite the very large attention this class of polymers has received - still very basic 

questions remain on the nature and dynamics of their lower-lying electronically excited 

states. In view of the role of such states in opto-electronic applications, studies addressing 

such questions would be most welcome. 

 

In the present study we have chosen to approach this subject not from the polymer side, 

but study instead the lower-lying excited states of well-defined sub-units of PDAs, 

oligodiacetylenes, and, in particular, the trimeric unit 2,2,17,17-tetramethylooctadeca-5,9,13-

trien-3,7,11,15-tetrayne (Figure 1) henceforth indicated as ODA3. This molecule has in the 

past already been subject of some experimental and theoretical spectroscopic studies. One-

and two-photon fluorescence excitation studies at low temperatures [18] showed 

convincingly that the lowest excited singlet state S1 is not the strongly-allowed 11Bu state, 

described in zero-order by the one-electron HOMO-LUMO excitation, but should instead be 

assigned to the strongly correlated 21Ag state that has significant double excitation character. 

Figure 1. Structure of 2,2,17,17-tetramethylooctadeca-5,9,13-trien-3,7,11,15-tetrayne 

(ODA3). 
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The energy gap between the two states was found to be ~1700 cm-1, which was somewhat 

larger than the gap between presumably analogous ungerade and gerade states determined 

from the frequency dependency of third harmonic generation in Langmuir-Blodget films of 

PDAs [19]. The assignment of Kohler and Schilke [18] received further support from a 

theoretical study [20] that was capable to simulate the vibrational structure in the 

experimental absorption and emission spectra assuming that the absorption spectrum is 

associated with the S2 (11Bu) ← S0 (11Ag) transition and the emission spectrum with the S1 

(21Ag) → S0 (11Ag) transition. The same study showed that in the 11Bu state the electronic 

excitation is more or less localized on the center of the chain, while in the 21Ag state the 

excitation is delocalized over all three butadienic fragments. 

Recently, the spectroscopic properties of ODA3 have been investigated at room 

temperature in various solvents and incorporated into polymer films as part of a study to 

elucidate the effects of substituents and extended conjugation on the absorption and emission 

behavior [21]. In this study the same conclusions on the identity of absorbing and emitting 

states were reached. Although the lifetime of the emissive state could be determined using 

time-correlated single photon counting techniques, the study could not observe the primary 

dynamic process(es) that happen directly after excitation of S2. In the present study we aim to 

elucidate precisely these processes. To this purpose we have employed femtosecond 

fluorescence upconversion and transient absorption techniques, in combination with studies 

of the decay of the polarization anisotropy. The comparison of these results with those of 

additionally performed two-photon excitation these studies have enabled us to obtain a 

comprehensive view on the dynamics of the relevant excited states of ODA3. 

 

 

4.2. Experimental details. 

 

 The synthesis of 2,2,17,17-tetramethylooctadeca-5,9,13-trien-3,7,11,15-tetrayne 

(ODA3) has been reported elsewhere [22]. ODA3 was dissolved in n-hexane (spectroscopic 

grade) purchased from Aldrich and used without further purification. Steady-state absorption 

and emission spectra were recorded on a Cary 3 (Varian) and Spex Fluorolog 3 spectrometer, 

respectively.  

The femtosecond transient absorption setup has been described in detail previously 

[23]. Briefly, a ~100 fs (FWHM) pulse train at 800 nm with a repetition rate of 1 kHz is 
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generated by a regenerative amplifier (Spectra Physics Hurricane). The pulse train is 

separated into two parts. One part is employed to pump a Spectra Physics OPA 800 that 

provides the excitation pulses - in the present case at 350 or 380 nm in one-photon 

experiments and 760 nm in two-photon experiments. The other part is focused on a calcium 

fluoride crystal to generate a white light continuum from ca. 350 nm to 800 nm that is used as 

the probe pulse. The total instrumental response is about 200 fs (FWHM). Unless stated 

otherwise, the time-resolved experiments were performed under magic-angle conditions and 

at ambient temperature on solutions with an optical density of ca. 1.0 in a 2 mm quartz cuvet. 

To avoid effects resulting from the high transient power radiation, the excitation power was 

kept as low as ~5 μJ per pulse with a spot area of ca. 0.5 mm2. The influence of possible 

photodegradation of the sample was taken care of by stirring the solution as well. Absorption 

and emission spectra taken before and after time-resolved experiments were indeed identical, 

also in the case of the two-photon experiments in which the excitation energy was much 

higher. 

The femtosecond fluorescence upconversion setup has been described in detail 

previously as well [24]. Briefly, 500 μJ laser pulses (~100 fs) at 800 nm with a repetition rate 

of 1 KHz were split into two beams. The main beam, with 90% of the total energy, serves to 

pump an optical parametric amplifier system (TOPAS Light Conversion Ltd.) that provides 

wavelength-tunable pulses from 310-390 nm to excite the sample, the other (weaker) beam 

serves as the gating beam for the detection. The fluorescence emitted from the sample is 

focused together with the gating beam on a 1 mm thick BBO crystal under type I phase 

matching conditions. The generated upconversion signal is filtered out by an UG 11 filter, 

focused onto the entrance slit of a monochromator, and detected using a photomultiplier that 

was connected to a lock-in amplifier system. The instrumental response time as determined 

by the cross-correlation signal of the excitation and gating pulses is approximately 280 fs 

(FWHM). Experiments have been performed under magic-angle conditions for pump and 

gating beams on solutions in a quartz cell of 1 mm thickness. The cell was attached to a 

sample holder that was moving perpendicularly to the excitation beam to prevent possible 

heating of the sample. 
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Figure 2. Steady-state absorption (solid) and emission (dot) spectra of ODA3 in n-hexane. 

4.3. Results and discussion.  

 

The steady-state absorption and emission spectra of ODA3 dissolved in n-hexane are 

depicted in Figure 2. The absorption spectrum shows two bands in the 200-400 nm region. A 

weaker band is located at 240 nm, while a stronger absorption occurs between 300 and 400 

nm where a band with two sharp maxima at 350 nm and 380 nm is observed. Previous 

steady-state experiments performed at 77 K in 3-methylpentane [18] and at room temperature 

in n-hexane [21]  associate this band with the strongly allowed absorption to the lowest 

singlet state of u symmetry (11Bu). The emission spectrum has its maximum at about 455 nm 

with possibly unresolved shoulders around 425 nm and 465 nm. This is consistent with 

previous observations [18,21].  

 

 

Fluorescence upconversion transients observed after one-photon excitation at 350 nm - 

the maximum of the absorption spectrum - have been recorded at various wavelengths as 

illustrated in Figure 3. At all detection wavelengths the signal contains two components - one 

being ultrafast (decay of 200±40 fs), the other relatively slow (ca. 6 ps) - with relative 

contributions that are strongly wavelength dependent. On the blue side of the emission band, 

e.g., 454 nm, the decay is dominated by the ultrafast component. However, the contribution 

of this ultrafast component decreases significantly when the detection wavelength shifts to 
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the red part of the emission band as illustrated by the transient observed at 533 nm where 

only the slow component appears. 

 

We assign the observed ~200 fs decay to the internal conversion process from S2 to S1. 

Emission from S2 occurs at slightly higher energies than emission from S1. This implies that 

the shorter the detection wavelength in the fluorescence upconversion experiments, the larger 

the contribution of the S2→S0 transition is expected, and thus a more apparent ~200 fs decay 

component in the overall decay. On the other hand, increasing the detection wavelength 

should result in a smaller contribution from the S2→S0 transition, up to the point that for 

detection wavelengths larger than 530 nm the emission is only associated with the S1→S0 

transition. For those wavelengths the signal is expected to show an in-growth with a time 

constant of 200±40 fs. Indeed, the relative amplitude of the decaying component has been 

found to decrease with increasing detection wavelength, but a rise component has not been 

observed. We attribute this to the fact that fluorescence upconversion was only possible near 

the maximum of the emission. The red tail of the emission, where the pure S1 emission is 

located and the rise should be the most apparent, could not be detected due to its weakness. 

The transient absorption results to be discussed further on confirm this explanation. 

A complementary view of the excited state dynamics in ODA3 is provided by transient 

absorption experiments. In these experiments one-photon excitation wavelengths of 350 or 

380 nm have been used. Since no differences could be observed between the transients 

obtained at these two wavelengths, we will in the following merely present and discuss the 

results obtained for excitation at 350 nm. The dynamics are observed to cover the time range 

from hundreds of femtoseconds to one nanosecond. For clarity we will therefore show the  

Figure 3. Fluorescence up-conversion transients of ODA3 dissolved in n-hexane. Excitation is at 350 nm. 

The black and grey traces have been obtained for emission wavelengths of 454 and 533 nm, respectively. 
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Figure 5. (a) Transient absorption spectrum at –200, -100, 0, 200,, and 800 fs; (b) Transients in the red 

transient absorption bands at 600 (1), 650 (2), 700 (3), and 750 (4) nm; (c) Transients in the blue transient 

absorption band at 550 (1), 500 (1), and 450 (3)  nm. For comparison the transient at 700 (4) nm is shown 

as well. The solid lines in (b) and (c) are fits to a tri-exponential function ∑
=

τ−
3,1i

ii )/texp(a with τ1=200 fs, 

τ2=6 ps, and τ3=790 ps convoluted with the instrumental response. 
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Figure 4. (a) Scaled transient absorption spectra of ODA3 in n-hexane taken at 20 ps (black) and 1000 ps 

(grey) showing the absence of spectral evolution in this time period; (b) Scaled transient absorption spectra 

at 2 ps (grey) and 40 ps (grey) showing vibrational cooling in S1; (c) Observed (black) transient absorption 

decay at 470 nm. The red line is a monoexponential fit to this decay with a time constant of 790±12 ps. 

Δ
O

D
 x

 1
03  

Δ
O

D
  



 74 

results in two separate time windows, a long time window of about 1 nanosecond (Figure 4), 

and a short time window that covers the first ten picoseconds after photoexcitation and that 

has been recorded with a time step of 20 fs (Figure 5). 

The transient absorption spectrum taken 20 ps after photoexcitation at 350 nm is shown 

in the black trace of Figure 4a. Comparison with the transient absorption spectrum obtained 

for a delay of 1 ns (grey trace in Figure 4a) shows that the shape of the spectrum basically 

remains the same, and thus that after about 20 ps no evolution of the spectrum occurs. On this 

timescale, as illustrated in Figure 4c, decay traces at all wavelengths can be satisfactorily 

fitted with a monoexponential function with a decay time of 790±12 ps. This decay time 

matches very well the fluorescence lifetime of ODA3 in n-hexane reported previously and is 

thus ascribed to the lifetime of the equilibrated S1 state [21]. From these results we can thus 

conclude that the excited-state absorption spectrum of S1 of ODA3 shows two absorption 

bands in the 350-750 nm region: a strong band at 471 nm, and a weaker one at 613 nm.   

More complicated dynamics are revealed when the evolution of the absorption 

spectrum within the first picoseconds after excitation is considered. Transient absorption 

spectra collected at different delay times within the first picosecond are shown in Figure 5a. 

In the spectrum taken at a pump-probe delay of -200 fs, absorption bands appear with 

maxima at about 475 nm, 650 nm, and 720 nm, respectively, together with a ground state 

bleaching signal below 400 nm. The intensity of the transient absorption increases with time 

and reaches a maximum at 0 fs for the 650 nm and 720 nm bands, and 800 fs for the 475 nm 

band. The sharp, negative peak at ~390 nm visible in some of these spectra is attributed to 

Raman scattering of the solvent. Another view on these ultrafast dynamics is provided by the 

transients obtained at 600, 650, 700, and 750 nm depicted in Figure 5b. All these transients 

exhibit an ultrafast component with a decay time of 200±40 fs, but its relative amplitude is 

strongly wavelength dependent; for longer detection wavelengths its contribution increases. 

Transients obtained at the shorter wavelength band of the spectrum are given in Figure 5c for 

detection wavelengths of 550, 500, and 450 nm. These transients show evidence of the 

ultrafast component as well, which manifest itself now as an in-growth of the signal. In 

particular, the transient at 450 nm - where the contribution from absorption from the S2 state 

is relatively small - shows a clear rise of the transient absorption from S1. 

The fluorescence upconversion experiments have shown that after excitation of S2 an 

ultrafast internal conversion process to S1 occurs. In the transient absorption experiments a 

~200 fs process is observed as well. Relating the changes in the transient absorption spectrum 
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that occur on this time scale to this internal conversion process then leads to the conclusion 

that the absorptions at 650 and 720 nm are associated with excited-state absorption from the 

S2 state, and confirm our previous conclusion that the band at 475 nm derives from S1 

excited-state absorption. The S2→S1 internal conversion process can thus be directly traced in 

Figures 5b and 5c, where the ~200 fs ultrafast decay appears in the 700 and 750 nm traces, 

and a corresponding rise is visible in the traces related to the 475 nm band. For some organic 

dyes, e.g., Nile Blue, Cresyl Violet, oxazine, and rhodamine compounds it has been proposed 

that intramolecular redistribution of energy is responsible for the dynamics occurring on the 

timescale of several hundred femtoseconds. The rise of the 475 nm band and the concurrent 

decay of the 650 and 720 nm bands are clearly not compatible with such a scenario. 

Figure 5c shows that the 475 nm band is subject to another dynamic process occurring 

in the picosecond time regime. This is most clear from the transients at 550 and 500 nm that 

display on this time scale an exponential decay and corresponding rise, respectively. The 

more subtle details of the spectral evolution that occurs on this timescale of a few ps become 

clear from Figure 4b. Here it is observed that the blue side of the spectrum (λ<470 nm) does 

not change from 2 to 40 ps, while the red shoulder from 550 to 700 nm narrows with time in 

the same time period. Fitting such transients reveals that the time constant associated with 

this process is 6±1 ps. In view of the fact that it is the long wavelength side of the spectrum 

that narrows during this process, we assign this component to vibrational cooling in the S1 

state. Such processes have been topic of a large number of studies on solvated organic 

molecules [27-30]. 

 

The polarization dependence of the transient absorption signals of ODA3 in n-hexane 

was studied by recording spectra for parallel and perpendicular configurations of the pump 
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Figure 6. (left) Anisotropy decay of the transient absorption of the blue (~450 nm) band. Experimental data 

are indicated as circles, the drawn line is a mono-exponential fit to these data with a time constant of 90±5 

ps; (right) Anisotropy decay of the transient absorption at 650 nm. 
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and probe beams. In these experiments it was found that for probe wavelengths in the blue 

absorption band around 475 nm the anisotropy has an initial value r0 between 0.13 and 0.15, 

and a decay that can be fitted satisfactorily with a monoexponential function, yielding a 

depolarization time constant of 90±5 ps (Figure 6 (left)). In the previous time-correlated 

single-photon counting measurements significantly longer decay times were found. We 

attribute the observed differences to the higher laser powers employed in the present 

experiments, which will inevitably lead to local heating of the solution, and thus to a 

shortening of the rotational diffusion time. A completely different picture is obtained for the 

red band (Figure 6 (right)). Here r0 is roughly twice as large (0.34) and the anisotropy decays 

on a much faster time scale of ~200 fs. These observations are completely in line with the 

conclusions reached above on the S2→S1 internal conversion process and in fact provide 

further support for them. The initial anisotropy of 0.34 for the red band indicates that the 

transition moments of the S2←S0 and Sn←S2 transitions make an angle of about 18°, and are 

thus reasonably parallel. Similarly we can conclude from the anisotropy of the blue band that 

the transition moments of the S2←S0 and Sm←S1 transitions are somewhat less parallel (41°), 

which comes as no surprise since completely different transitions are involved. 

As yet, we have employed the one-photon strongly allowed 11Bu (S2) state as our 

doorway state to enter the excited-state manifold of ODA3. Previous studies have established 

that the S1 state is the 21Ag state [18,20]. Excitation of this state is formally one-photon 

forbidden, and only becomes partly allowed if the state would be vibronically coupled to a 

state of u symmetry. Under two-photon excitation conditions the 21Ag state becomes, 

however, fully allowed, while excitation of the 11Bu state is forbidden. It is therefore of 

interest to observe the transient absorption behavior of the molecule under such conditions, as 

it would confirm the ordering of states and possibly provide a different viewpoint on the 

excited state dynamics. Figure 7 shows the transient absorption spectrum after two-photon 

excitation at 760 nm for a delay of 160 fs between pump and probe. Because of the high 

intensities employed for excitation, it was not possible to employ smaller delays. Although 

the signal-to-noise ratio in this spectrum is rather low, the comparison with the spectrum 

obtained with one-photon (380 nm) excitation at the same pump-probe delay shows distinct 

differences. In particular, we notice under two-photon excitation conditions the absence of 

the bands in the 550-800 nm region that are clearly present using one-photon excitation. 

These results therefore confirm once more the presence of a state of different parity at lower 

excitation energies than the state that is responsible for the dominant absorption, and 
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unambiguously demonstrate that two-photon excitation is able to populate exclusively the S1 

state without interference from the S2 state [31]. The presently employed two-photon 

excitation is also of interest to be employed to probe higher excitation energies. Here one 

might expect other gerade states such as the so-called m1Ag state [32] that cannot be observed 

in the steady-state absorption spectrum, but are important for the non-linear optical properties 

of this class of molecules. 

 

The present study has shown that in ODA3 internal conversion from S2 to S1 occurs 

with a time constant of ~200 fs. It is interesting to notice that this decay time matches rather 

closely the lifetime of the photoexcited 11Bu free exciton in blue-phase PDAs, which was 

concluded to relax to the 21Ag exciton [33]. This might suggest that - as far as Bu internal 

conversion dynamics is concerned - ODA3 could be considered as a prototypical example for 

the longer chains in PDAs. We are presently investigating the validity of such a conclusion 

by studies of the dependence of the excited state dynamics on the number of repeating enynic 

units in the oligodiacetylene by similar studies as discussed here for the trimeric species on 

the monomeric, dimeric, and higher species up to n=8. 

The excited state ordering and dynamics determined in the present study for ODA3 

track very closely those observed for linear polyenes [34-37]. For the smaller polyenes 

hexatriene and octatetraene it has been found that internal conversion from the S2 to the S1 

state takes place with time constants of about 50 and 400 fs, respectively [38,39]. It has been 

suggested that the large difference between the two could be attributed to difference in S2-S1 

vibronic coupling strength, and that internal conversion takes place along totally-symmetric 
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Figure 7. The absorption spectrum under two-photon excitation at 760 nm (1) at a pump-probe delay of 160 

fs. The spectrum obtained for the same delay under one-photon excitation conditions at 380 nm is shown in 

trace 2. 
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deformation coordinates [39,40]. It would be interesting to study at a theoretical level 

whether the same mechanisms are responsible for the S2→S1 internal conversion in 

oligodiacetylenes as well. 

 

 

4.4. Conclusions  

 

Femtosecond fluorescence upconversion and transient absorption spectroscopic studies 

have been used to elucidate the energy relaxation mechanisms occurring after excitation of a 

prototypical polydiacetylene oligomer, 2,2,17,17-tetramethylooctadeca-5,9,13-trien-

3,7,11,15-tetrayne, in a solution of n-hexane. The studies show that the primary deactivation 

channel of the one-photon strongly allowed 11Bu state is internal conversion to a lower-lying 

state occurring on a timescale of 200±40 fs. On the basis of previous studies we associate this 

state with the 21Ag state. The same conclusion is reached from measurements of the decay of 

the polarization anisotropy of the various bands observed in the transient absorption 

spectrum. Upon internal conversion a “hot” S1 state is created that is subject to vibrational 

cooling with a time constant of 6±1 ps to reach the vibrationless S1 state that has a lifetime of 

790±12  ps. Further support for the conclusion that internal conversion populates the 21Ag 

state has been obtained in transient absorption experiments with two-photon excitation that 

lead to the same transient absorption spectrum as observed after the internal conversion 

process following one-photon excitation. Since under two-photon excitation conditions the 

one-photon strongly allowed states are apparently invisible, this approach open up the door to 

detailed studies of the excited-state dynamics of other, higher-lying gerade states. 
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Excited-state dynamics of a [2]rotaxane  
 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract 

Femtosecond UV/Vis transient absorption spectroscopy is used to study the excited-state 

dynamics of a [2]rotaxane composed of a succinamide thread and a benzylic amide 

macrocycle using a series of non-interlocked model compounds as controls. In combination 

with 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 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.

                                                 

A slightly adapted version of this chapter will be submitted for publication as Balkowski, G.; Haraszkiewicz, 
N.; Groeneveld, M.; Zhang, H.; Brouwer, A. M.; van Stokkum, I. H. M., Hannam, J. S., Leigh, D. A.; Buma, 
W. J., (2008) 
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5.1. Introduction 

 

Recent years have witnessed an explosion of efforts directed at the synthetic 

development of molecular systems aimed for use as nanoscale mechanical devices [1]. 

Mechanically interlocked molecules such as catenanes and rotaxanes are particularly 

appealing in this respect, because it has been shown that specific rotational and translational 

degrees of freedom associated with the relative positions of the interlocked components can 

be addressed - and ultimately controlled - with external stimuli [1]. We are particularly 

interested in amide-based catenanes and rotaxanes in which the hydrogen bonding 

interactions between the interlocked parts can be modulated, thereby influencing the 

equilibrium between the various possible co-conformers [2,3]. In some of these systems [4], 

optical stimuli can then be used to trigger translational and rotational motion of the 

macrocycle with respect to the thread. Detailed understanding of the physics and chemistry of 

such optically triggered molecular devices requires experiments that probe their motions on 

an ultrafast timescale, and that determine how the energy put into the system in the form of a 

photon is dissipated. The insights obtained from such experiments are essential for potential 

applications. Femtosecond 2D-IR spectroscopy is an excellent means to observe the 

elementary mechanical motions of molecular devices in real time [5]. Here we investigate for 

the first time energy relaxation in rotaxanes occurring after optical excitation. We employ 

femtosecond UV/Vis transient absorption spectroscopy to elucidate these processes.  

In rotaxanes and catenanes steric and electronic interactions between the interlocked 

parts determine largely the conformation of the macrocycle and are also expected to affect 

their excited-state dynamics. We therefore chose to perform femtosecond transient absorption 

studies on rotaxane 5 (Chart 1), a rotaxane in which the benzylic amide macrocycle 6 

provides the chromophore with the lowest excitation energy, but is mechanically interlocked 

onto a linear thread with a succinamide binding motif and held in position by a network of 

hydrogen bonds. To understand and rationalize the observed dynamics, we studied by the 

same methods benzamide (1) and its N-alkyl-substituted analogues 2 and 3, as well as N,N′-

dibenzylisophthalic diamide (4) (Chart 1), which can be considered as roughly three-quarters 

of the macrocycle. As a further input for the interpretation of our experimental results, we 

performed TD-DFT calculations to establish the nature and spectroscopic properties of the 

vertically as well as adiabatically excited states of benzamide. We will show that the excited-

state dynamics in the rotaxane 5 closely resemble those observed in the (substituted) 
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benzamide(s) and the model system for the macrocycle (4), dissociation of an amide bond in 

the excited state being one of the prominent features in the relaxation pathway. 

  

 

 

5.2. Experimental and theoretical details 

 

A. Experimental procedures 

Steady state absorption spectra were recorded on a Cary 3 (Varian) spectrometer. The 

details of the setup employed for the femtosecond transient absorption experiments have been 

reported before [6]. Briefly, a Hurricane (Spectra Physics) laser/amplifier system generated a 

pulse train (130 fs FWHM, 800 nm center wavelength, 1 kHz repetition rate) that was 

separated into two parts. One part was employed to pump an OPA, which generated pump 

pulses at 270 nm, the other part was focused on a calcium fluoride crystal to generate a white 

light continuum from 350 nm to 800 nm used for the probe pulse. The polarizations of the 

two beams were set at the magic angle. The probe beam was coupled into a 400 μm optical 
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Chart 1. Molecules investigated in the present study. 
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fiber after passing the sample and was detected with a CCD spectrometer (Ocean Optics, PC 

2000). A chopper (Rofin Ltd., 83Hz) placed in the excitation beam provided I and I0 

depending on the status of the chopper (open or closed). The total instrumental response was 

about 200 fs (FWHM). 

The excitation power was kept as low as ~5 μJ per pulse using a pump spot diameter of 

about 1 mm. Apart from using a relatively low excitation intensity, thermal effects and 

photodegradation were also taken care of by stirring the solution. Photodegradation was not 

substantial as shown by comparing absorption spectra taken before and after the transient 

absorption experiment. All experiments were performed at ambient temperature. 

Benzamide, N-methylbenzamide and N,N-dimethylbenzamide were purchased from 

Aldrich and used without further purification. N,N′-dibenzylisophthalic diamide and the 

succinamide rotaxane were synthesized according to procedures described elsewhere [3b,7]. 

All solvents (n-hexane and dichloromethane) were of spectroscopic grade when purchased 

from Aldrich and employed as received. The benzamide solutions were prepared with an 

optical density of about 1.0 at the excitation wavelength in a 2 mm quartz cuvet. 

 

B. Data analysis 

The transient absorption traces of benzamides 1-3 had a relatively large signal-to-noise 

ratio that would in principle allow for an analysis of the kinetic traces at a limited number of 

probe wavelengths. For the larger molecules the poorer signal-to-noise ratio prevented such a 

simple approach. To derive reliable information from these data, we therefore chose to 

employ a global analysis approach [8] for all investigated molecules. The subsequent target 

analysis led to the conclusion that the results were in good agreement with a sequential 

scheme. In this cascade model the excited species assumed to be present at time zero evolves 

into another species with a certain decay rate k1. This species subsequently evolves with rate 

k2 into a third species and so on. The last species n decays to the ground state of the 

molecule. Associated with each species is its own spectrum, the Species Associated 

Difference Spectrum (SADS), Ai(λ). The isotropic decay Iiso(λ,t) is then described by: 

)t(I)t(c)(A)t,(I
n

1i
iiiso ⊗⎥

⎦

⎤
⎢
⎣

⎡
= ∑

=

λλ  

where I(t) is the instrument response and ⊗ denotes convolution. The concentrations ci(t) are 

exponential functions of the decay rates k1, k2, …, ki.  

The tacit assumption that the experiments probe the excited state dynamics of one 

dominant conformation is plausible for the N-methyl-substituted benzamides, but it is not 
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directly clear that it also holds for the larger molecules. If the ground state population is more 

or less equally distributed over more than one conformation, a possible consequence might be 

the occurrence of different excited state absorption spectra and dynamics for each of the 

species. Our analyses have not given us any indication that this is actually the case, even for 

the larger molecules. Moreover, the excited-state dynamic processes that will be identified 

concern processes like internal conversion, intramolecular vibrational relaxation, and 

vibrational cooling, which are usually not critically dependent on the conformation. The error 

caused by a possible “averaging” over the population is in this case not large and we can still 

draw valid conclusions based on this, possibly simplified, model. 

 

C. Quantum chemical  calculations 

TD-DFT calculations on the electronic structure of benzamide were performed with the 

Gaussian98 suite of programs [9]. These calculations used the 6-311G*, 6-311+G*, or 6-

311++G** basis set [10] and the B3LYP functional [11]. For geometry optimization of 

excited states the TURBOMOLE 5.7 [12] suite of programs - that features analytical TD-

DFT [13] gradients - was employed using the def-TZVPP basis set [14] and the B3LYP 

functional. The harmonic force field calculated using numerical (two-side) differentiation of 

the gradients was used to confirm that the obtained geometries were indeed energy minima. 

 

 

5.3. Results and discussion 

 

A. Steady-state absorption spectra and quantum chemical calculations 

The steady-state absorption spectra at room temperature of benzamide (1), N-

methylbenzamide (2) and N,N-dimethylbenzamide (3) dissolved in n-hexane are shown in 

Figure 1. The spectrum of benzamide appears to consist of two bands: a strong, structureless 

band with a maximum at 225-230 nm (ε≈11,000 M-1cm-1) and a very weak one located at 

270-280 nm (ε≈600 M-1cm-1) that shows a vibrational progression with a frequency of about 

1200 cm-1. Previous studies have assigned the weak band to the absorption of an nπ* state 

and the strong band to a ππ* absorption. For N-methylbenzamide and N,N-

dimethylbenzamide a similar spectrum is observed but the absorption bands progressively 

become broader and less resolved. 

In a previous study we reported the steady-state absorption spectrum of N,N′-

dibenzylisophthloyldiamide (4) dissolved in DMF, [7] and found a medium-strong absorption 



 86 

 

band around 266 nm that was attributed to the isophthalamide chromophore. The steady-state 

absorption spectrum of 4 dissolved in dichloromethane (not shown) is nearly identical to this 

spectrum. As might be expected, the absorption spectrum of the succinamide rotaxane 5 (not 

shown) closely resembles that of 4 and the absorption spectrum reported before for a benzylic 

amide [2]catenane, consisting of two interlocked macrocycles [7].  

The basic chromophore in our experiments on compounds 1-5 is benzamide. For the 

interpretation of our transient absorption experiments, we needed a reliable assignment of the 

absorption spectrum of this molecule in order (i) to be able to say which electronic state is 

actually excited, and, in particular, (ii) to know whether there are any other low-lying excited 

states that are not visible in the absorption spectrum. Apart from a recent CASSCF study in 

which only adiabatic excitation energies of the S1 and S2 states of benzamide were reported 

[17], it appears, surprisingly, that no high-level quantum-chemical studies have been 

performed on the absorption spectrum of this fundamentally important, ubiquitous chemical 

building block. We therefore calculated vertical excitation energies of the lower-lying excited 

states of benzamide using the TD-DFT approach. The previous CASSCF study reported that 

the molecule adopts a planar geometry in the ground state. DFT geometry optimization of the 

molecule in S0 at the 6-311G*/B3-LYP level, on the other hand, led to a slightly non-planar 

structure (Figure 2a), in agreement with experimental data [18]. In Table 1 we report the TD-

DFT excitation energies and oscillator strengths obtained at this geometry with the 6-311G* 
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Figure 1. Steady-state absorption spectra of benzamide (solid), (b) N-methylbenzamide (dash), and (c) N,N-

dimethylbenzamide (dot) in n-hexane. 
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basis set. In order to check for any significant basis set dependency we also performed 

calculations with larger basis sets (6-311+G* and 6-311++G**) but found only minor 

differences. Table 1 also gives the results obtained at the previously reported S0 CASSCF 

optimized geometry. 

 

Table 1 shows that the interpretation of the absorption spectrum of benzamide is 

somewhat more complicated than might in first instance appear. The lowest excited state is 

indeed the (HOMO → LUMO) (in terms of Kohn-Sham orbitals) nπ* state with a nearly 

negligible oscillator strength and predicted to absorb around 270 nm, in excellent agreement 

with the experiment. At higher energies, a ππ* state is located with a slightly larger oscillator 

strength that is described in the planar conformation by the (HOMO-1) → (LUMO) 

excitation with large contributions from the other (HOMO-1,2) → (LUMO+1,2) 

configurations. The calculations predict that absorption to this state occurs around 240 nm. 

The absorption spectrum in dichloromethane and the previously reported spectrum in 

methylcyclohexane do not show a distinct band around this wavelength, but considering its 

small oscillator strength, the band might well be covered by the band at 230 nm that 

dominates the absorption spectrum. In this energy region the calculations predict that three 

close-lying states are present. In the planar conformation, the state that has the largest 

contribution from the (HOMO-2) → (LUMO) excitation, but also again significant 

contributions from the other (HOMO-1,2) → (LUMO+1,2) configurations, carries the largest 

oscillator strength. Table I shows that upon pyramidalization of the -NH2 group this oscillator 

(b) 

 

(a)

 

Figure 2. (a) DFT optimized (6-311G*/B3LYP) geometry of benzamide in its electronic ground state S0. (b) 

TD-DFT optimized (def-TZVP/B3LYP) geometry of benzamide in its S1(nπ*) state. 
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strength is distributed amongst this state and the ππ* and nπ* states described by the 

(HOMO-3) → (LUMO) and  (HOMO) → (LUMO+1) excitations, respectively. 

Table 1. TD-DFT vertical excitation energies and oscillator strengths of the lower-lying excited states of 

benzamide. Values are given for the non-planar 6-311G*/B3-LYP optimized ground state geometry, as well as 

for the optimized ground state geometry that was constricted to be planar. 

State(a) Evert (eV) f 

S1(nπ*) 4.58 (4.61) 0.0029 (0.0002) 

S2(ππ*) 5.13 (5.09) 0.0086 (0.0082) 

S3(ππ*) 5.61 (5.63) 0.0834 (0.1430) 

S4(ππ*) 5.71 (5.71) 0.0669 (0.0152) 

S5(nπ*) 5.83 (5.71) 0.0251 (0.0000) 

 

(a) Characterization in terms of nπ* and ππ* applies to the planar geometry of the molecule (see text). The 

values for the excitation energies and oscillator strengths at this planar geometry are given in parentheses. 

 

These results could appear to be at odds with the excitation energies of excited states of 

benzaldehyde, and thus shed doubt on the validity of the employed TD-DFT approach. In the 

Appendix we therefore discuss additional calculations on benzaldehyde that fully support the 

conclusions drawn for benzamide. 

 

B.1. Transient absorption spectra: benzamide 1 and N-methyl substituted benzamides 2 and 3 

Femtosecond transient absorption spectra were obtained for benzamide in 

dichloromethane after excitation at 270 nm, and detecting the spectral changes over the range 

from 350 to 750 nm. The spectra exhibited two bands: a relatively narrow band at 440 nm 

(band I) and a broad band in the 500-750 nm (band II) region. While band I was only slightly 

affected by methylation of the amide group, band II was found to shift to longer wavelengths 

upon methylation (vide infra). We tried to further characterize the excited states associated 

with these bands by studying the influence of the solvent polarity on their position. This was 

only possible for N,N-dimethylbenzamide because the solubility of the other two compounds 
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in non-polar solvents was too low to obtain solutions of sufficient optical density. For a 

solution of N,N-dimethylbenzamide in n-hexane we found that band I remained basically at 

the same position, whereas band II shifted to ca. 700 nm. From this it can be concluded that 

the dipole moments of the two states involved in band I are similar, but that band II is 

associated with a transition in which the initial state is more polar than the final one. Further 

on in this discussion it will be argued that the absorbing state involved in the two transitions 

has an nπ* character. The combined effects of methylation and solvent polarity therefore 

suggest that band I is associated with a transition between two nπ* states, while band II 

involves the transition to a ππ* state. 

 

An alternative view on these dynamics is provided by the decay traces of 1 shown in 

Figure 3 for a number of selected probe wavelengths. These traces give evidence for rather 

complex dynamics that involve at least three or more exponential contributions. 

Qualitatively, we observe at the blue side of the transient absorption spectrum an ultrafast 

decay of the signal followed by decays on the ps and ultimately sub-ns timescales. The 
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contribution of this ultrafast decay becomes increasingly smaller for longer probe 

wavelengths where, apart from a sub-ps rise, an additional rise on the ps timescale occurs, 

followed by ps and ns decays. 

Global analysis of the transient absorption data led to the conclusion that for all three 

molecules a four-exponential model is required to achieve adequate fits. Figure 4 and Table 2 

report, respectively, the SADS and associated decay rates derived from these analyses. When 

the results for the three molecules are compared, one readily concludes that their transient 

absorption behavior only differs in minor details. Within the instrumental response an initial 

species ϕ is formed upon photoexcitation that dominantly absorbs in the 350-400 nm region 

with minor excited state absorption (ESA) bands around 500 and 700 nm. Upon increasing 

methylation thelatter band shifts to longer wavelengths, for the former band a similar shift 

seems to be present as well (cf. N-methylbenzamide vs. N,N-dimethylbenzamide), but less 

pronounced. This species is observed to decay on a timescale of the order of 100 fs to a 

species κ for which the ESA features are much more distinct and have shifted to higher 

energies. Because of this shift, the absorption band with the 350-400 nm tail that dominates 

the spectrum of the initial species ϕ has now a significantly reduced intensity.  
 

Table 2. Decay times (ps) of the components of the SADS observed for benzamide (1), N-methylbenzamide (2), 

N,N-dimethylbenzamide (3), N,N′-dibenzylisophthalic diamide (4), and succinamide rotaxane (5) in 

dichloromethane. Errors (1σ) are estimated to be 10% (50%) for values above (below) 1 ps. 
 

 1 2 3 4 5 

ϕ 0.07 0.17 0.07 --(a) 0.05 

κ 2.3 2.9 1.9 --(a) 0.7 

λ 53 45 47 50 57 

μ 346 1090 770 --(b) -- (b) 

 

(a)  Not determined. 
(b) The present experiments can only access pump-probe delays up to 1 ns. As a result, the global analysis leads 

to a final species with an “infinite” lifetime. 
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Figure 4. Species associated difference spectra (SADS) of (a) benzamide (1), (b) N-methyl benzamide (2), 

and (c) N,N-dimethyl benzamide (3)  obtained from a sequential target analysis involving species ϕ (grey) 

→ κ (solid) → λ (dash) → μ (dot). The amplitude of trace ϕ (grey) has been divided by a factor 10, 5, and 

15 in (a), (b), and (c), respectively. 
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  The steady-state absorption spectra of these compounds and the results of the 

previously discussed TD-DFT calculations leave little doubt that excitation at 270 nm 

populates the nπ* state. Accordingly, it is not surprising that the initial and subsequent 

species do not exhibit any stimulated emission features that might otherwise have been 

expected in the 350 nm region. Previously reported CASSCF calculations indicate that - upon 

excitation to the nπ* state - benzamide adopts a geometry of Cs symmetry in which the lone 

pair orbital of the nitrogen atom is rotated into the plane of the phenyl ring [17]. We have 

repeated the geometry optimization of benzamide in this state at the TD-DFT/B3LYP/def-

TZVP level using the Turbomole package and arrive at the same conclusion (Figure 2b). 

Comparison with the vertical excitation energy calculated at the same level shows that the 

internal reorganization energy accompanying these geometry changes is on the order of 1 eV. 

We consequently expect that this geometry relaxation process might show up prominently in 

the excited-state dynamics probed in the present study. In view of this conclusion, we 

associate the observed ultrafast decay of the initial species ϕ with geometry relaxation 

processes that bring the system from the Franck-Condon populated nπ* state into the 

structurally relaxed one. 

Comparison of the SADS κ and λ in Figure 4 shows that the subsequent evolution of 

the structurally-relaxed nπ* state in the three molecules mainly involves the narrowing of the 

ESA bands and a slight shift to the blue on a timescale of 2-3 ps. It is well known that solvent 

relaxation processes in dichloromethane occur on this timescale [19]. The spectroscopic 

evolution as well as the associated decay time therefore demonstrate that solvent and 

vibrational relaxation are the processes primarily responsible for the decay of species κ. 

Our analysis shows that in all three molecules the geometrically and 

solvent/vibrationally relaxed nπ* state decays with a time constant of about 50 ps. From 

Figure 4 it is evident that this decay leads to large changes in the SADS: the absorption 

spectrum loses most of its structure and intensity, indicating that internal conversion occurs 

to one or more other electronic states, which are then responsible for the final SADS μ. In 

principle, the following three decay pathways come to mind: (i) internal conversion to the 

ground state, (ii) intersystem crossing to the triplet manifold, and (iii) C-N bond cleavage 

leading to the generation of benzoyl and NH2 (or its methylated versions) radicals. We 

investigated the contribution of the internal conversion pathway to the ground state by trying 

to observe the recovery of the ground state bleaching. To this purpose pump-probe 

experiments at single probe wavelengths (as opposed to the previously discussed white light 
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probing) between 250 and 270 nm were performed. We found, however, that in this 

wavelength region excited state absorption was much stronger than a possible ground state 

absorption - which was not unexpected considering the small oscillator strength of the S0 → 

S1(nπ*) transition - and were thus unable to probe the recovery of the ground state. 

Since internal conversion to the ground state does not produce transient species that 

decay on a ns timescale, we need to consider as well other decay pathways of the S1(nπ*) 

state that could produce such transients. According to the CASSCF calculations of Chen and 

Fang [17], the potential energy surfaces of the excited states of benzamide exhibit a three-

surface conical intersection between the S1(nπ*), T1(ππ*), and T2(nπ*) states, which is only 

at slightly higher energies (1.3 kcal/mol) than the S1 minimum. As a result of strong first-

order spin-orbit orbit interaction between the S1 and T1 states, intersystem crossing between 

these two states can occur quite efficiently, and rationalize the observed lifetime of the 

S1(nπ*) state, or, in other words, the relatively large intersystem crossing rate. Intersystem 

crossing should certainly not be excluded (vide infra), but we believe that the T1(ππ*) state is 

in the end not the carrier of the absorption spectrum of SADS μ, because such an assignment 

would be at odds with (a) the lifetime of SADS μ, which ranges from 0.3 to 1.1 ns in the 

three molecules, and (b) with our inability to observe such species in transient absorption 

experiments with nanosecond lasers. 

The same CASSCF studies suggested that C-N bond cleavage could be a relevant decay 

channel for excited states of benzamide. Two dissociation mechanisms were identified, a 

direct one occurring on the S1 potential energy surface, and one occurring after intersystem 

crossing to the triplet manifold. The absorption spectrum of the benzoyl radical shows only 

very minor absorptions in the wavelength region studied here [20]. In fact, the apparent start 

of an absorption band around 350 nm for SADS μ resembles to a large extent what is 

observed for the benzoyl radical, and is in this respect fully consistent with its assignment to 

the benzoyl radical. Such an assignment implies that the recombination reaction, which 

determines the lifetime of this species, is not diffusion controlled, but occurs in the solvent 

cage.  

We thus conclude that our transient absorption measurements support dissociation as 

one of the decay pathways of the S1 state. To what extent it also dominates the decay of S1 

can not be determined yet since the present studies do not allow us to quantify a possible 

contribution of the S1 → S0  internal conversion decay pathway. 
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B.2. Transient absorption spectra: N,N’-dibenzylisophtalic diamide 4 and succinamide 

rotaxane 5 

In order to understand and characterize the excited-state dynamics of multi-

chromophoric rotaxane systems such as the ones based on the fumaramide template [4d-i], it 

is necessary to elucidate the dynamics of each of the chromophores. N,N′-dibenzylisophthalic 

diamide (4) and the succinamide rotaxane (5) both contain isophthalamide as the principal 

chromophore [21] and may thus serve as compounds that provide spectroscopic fingerprints 

of the excited-state dynamics occurring in the macrocycle. A priori, one expects that these 

dynamics resemble to a large extent those of the benzamides discussed in the previous 

section, an expectation that by far and large will be confirmed in the following, although 

there are some interesting differences regarding the vibrational relaxation rate. 

 

 

Figure 5 displays the SADS that result from the global analysis of the transient 

absorption data of N,N′-dibenzylisophthalic diamide (4). For this molecule we were primarily 

interested in the final steps of the excited-state dynamics, and therefore did not analyse the 

ultrafast dynamics occurring during the first few picoseconds. In agreement with our 

expectations we find for this long-term behavior SADS that resemble largely those of the 

benzamides. In the SADS associated previously with the geometrically and solvent relaxed 

nπ* state, band I is shifted to slightly longer wavelengths (from 440-460 nm to 475 nm), 

while band II appears to be at the same position as observed for the methylated benzamides. 
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Figure 5. Species associated difference spectra (SADS) of N,N′-dibenzylisophthalic diamide (4) obtained 

from a sequential target analysis involving species λ (dash) → μ (dot). 
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This SADS has a lifetime of 50 ps, which matches perfectly those of the benzamides. The 

species that is subsequently created has a featureless absorption spectrum, which shows only 

some rise in the 350-400 nm region, resembling again what was observed for the benzamides. 

 

For the succinamide rotaxane a full time analysis was performed. Figure 6 displays the 

SADS derived for this compound, while the lifetimes of the species are reported in Table 2. 

The general picture that arises from these data is that excited-state absorption spectra and 

dynamics are very similar to what was found for systems 1-4. Considering the data at a 

slightly more detailed level, it is observed that band I has shifted to a slightly longer 

wavelength and has broadened somewhat, while band II has become hard to recognize, either 

because it has shifted out of the probe window, or because it has become so broad that it is no 

longer discernible. Interestingly, we find that the solvent/vibrational relaxation rate in the 

succinamide rotaxane is significantly larger than in the benzamides. This is in line with the 

larger number of normal modes in the rotaxane leading to enhanced IVR. 

A number of remarks need to be made with respect to the final species μ that is 

observed in the transient absorption experiments on 4 and 5. Firstly, similar to what we 

concluded for the benzamides, the present experiments do not enable us to determine whether 

branching of decay pathways occurs in the geometrically and solvent relaxed nπ* state and to 

what extent. It might thus well be that the internal conversion pathway to the ground state has 

a different quantum yield in the more complex systems 4 and 5 than in the benzamides. 
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Figure 6. Species associated difference spectra (SADS) of the succinamide rotaxane 5 obtained from a 

sequential target analysis involving species ϕ (grey) → κ (solid) → λ (dash) → μ (dot). The amplitude of 

trace ϕ (grey) has been divided by a factor 15. 
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Secondly, one might expect the rate of internal conversion to the ground state to increase in 

the larger systems on account of the state density. The remarkable similarity of the lifetime of 

the geometrically and solvent relaxed nπ* state in 1-5 would then suggest that the lifetime of 

the geometrically and solvent relaxed nπ* state is not determined by the internal conversion 

pathway to the ground state. Thirdly, we have associated the final SADS with the absorption 

spectrum of a benzoyl-like species. For 4 and 5 the present experiments do not allow us to 

determine its lifetime, but our inability to observe similar transients with nanosecond lasers 

[7] indicates that this lifetime will not be much longer than some nanoseconds. This, in turn, 

implies that also in these larger systems radical recombination after C-N bond cleavage 

occurs in the solvent cage. 

The conclusion that photodissociation of the amide C-N bond is an important decay 

channel in the excited-state dynamics of the benzylic amide macrocycle receives strong 

support from recently performed gas phase experiments [22]. In these experiments a 

succinamide rotaxane was seeded into a supersonic expansion by laser desorption and 

subsequently investigated by Resonance Enhanced MultiPhoton Ionization (REMPI) 

spectroscopy. Because a solvent cage is not present in these experiments, one expects 

efficient photodissociation of the macrocycle, as was indeed observed. Furthermore, we 

found that photodissociation was completely absent in the gas phase experiments when the 

isophthalamide units in the macrocycle were replaced by their adamantane analogues. 

The present experiments have provided a unique spectroscopic fingerprint of the 

relaxation dynamics of the benzylic amide macrocycle, and thereby pave the way for future 

time-resolved experiments on energy relaxation pathways in more complex, multi-

chromophoric, mechanically interlocked molecular systems. Photoisomerization of a C=C 

double bond - as occurring for example in the fumaramide-maleimide motif - has over the 

years been used successfully to change the binding affinity of the macrocycle to a binding 

station [4d-i]. The adiabatic excitation energies of the excited states of 

fumaramide/maleimide are, however, anticipated to be rather close to those of 

isophthalamide. The efficiency of the isomerization pathway might thus well be effected by 

energy transfer between the chromophores. Time-resolved experiments that aim to 

investigate the influence of the macrocycle on the isomerization dynamics are currently being 

performed. 
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5.4. Conclusions 

 

Femtosecond UV/Vis transient absorption spectroscopy in combination with theoretical 

TD-DFT calculations has enabled us to unravel the excited state dynamics of a rotaxane in 

which the benzylic amide macrocycle provides the fundamental chromophore. These 

dynamics have been found to resemble closely those of benzamide and its N-alkyl substituted 

analogues, and involve in first instance excited-state geometry and solvent/vibrational 

relaxation. We have shown that the changes in the transient absorption spectrum of the 

geometry and solvent/vibrationally-relaxed excited state occurring for all compounds with a 

time constant of about 50 ps can be consistently interpreted in a picture that involves 

dissociation of the amide bond in the excited state. The observation that the absorption 

spectrum of the benzoyl radical like species decays on a time scale of the order of at most a 

few nanoseconds strongly suggests that the radical recombination reaction is restricted by the 

solvent cage.  
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Appendix 

 

Experimental studies have shown that in benzaldehyde the lowest nπ* and ππ* 

transitions occur at 3.3 [1] and 4.4 eV [2], respectively. Similarity and conjugation arguments 

could lead one then to expect that in benzamide the same transitions would occur at lower or 

at least the same excitation energies, but here they are calculated around 4.6 and 5.1 eV. 

Naively, one might therefore conclude that the TD-DFT approach is not suitable for this 

particular class of systems. In order to check the validity of our approach and to elucidate the 

differences between the two molecules, we repeated for benzaldehyde the same calculations 

as for benzamide. Table A reports excitation energies and oscillator strengths for the lower 

excited states that are in excellent agreement with experiment, in some respects even better 

than the recent MS-CASPT2 calculations [3]. Inspection of the orbital energies reveals that 

the differences in excited-state energies of the two molecules can largely be traced back to 

the orbital energy of the LUMO, which is raised on the order of 0.7 eV by -NH2 substitution 

on benzaldehyde. This, in turn, is explained by the observation that the π-orbital of the 

nitrogen atom is added to the LUMO of benzaldehyde in an anti-bonding manner. Since the 

π-system of the amide group resembles that of the allyl radical, one might also say that the 

antibonding C=O π orbital participates in the LUMO of benzaldehyde, while in benzamide it 

is the anti-bonding allyl-type orbital. Because the latter orbital has a higher orbital energy 

than the former one, the LUMO of benzamide will be raised in energy compared to that of 

benzaldehyde. 

 
Table A. TD-DFT (6-311G*/B3-LYP) vertical excitation energies and oscillator strengths of the lower-lying 

excited states of benzaldehyde. 

 

State Evert (eV) f 

S1(nπ*) 3.71 0.0001 

S2(ππ*) 4.78 0.0193 

S3(ππ*) 5.28 0.2378 

S4(nπ*) 5.61 0.0000 

S5(ππ*) 6.35 0.1436 
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Samenvatting 

 

Chemische reacties vereisen in het algemeen dat energie aan het systeem wordt 

toegevoerd. Eén van de manieren om dat te doen is met behulp van licht; hierdoor kan een 

molecuul bijvoorbeeld in een elektronisch aangeslagen toestand worden gebracht. In een 

dergelijke elektronisch aangeslagen toestand wordt het molecuul blootgesteld aan een breed 

scala van processen die uiteindelijk zijn fysische en chemische eigenschappen bepalen. Er 

kan daarbij gedacht worden aan veranderingen in de geometrie van het molecuul die 

voortvloeien uit de veranderingen in de elektronendistributie, aan een andere verdeling van 

de energie in de vibrationele vrijheidgraden dan aanwezig direct na excitatie, maar ook aan 

veranderingen in de elektronenverdeling zelf doordat het molecuul van één elektronisch 

aangeslagen toestand vervalt naar een lager gelegen elektronische toestand. Tegelijkertijd 

moeten we ons realiseren dat in veel omstandigheden het molecuul niet in zijn eentje is, maar 

constant interacties met andere moleculen heeft. Interacties met moleculen van het 

oplosmiddel kunnen bijvoorbeeld tot gevolg hebben dat het aangeslagen molecuul energie 

afgeeft aan moleculen van het oplosmiddel, en dus effectief energie verliest. 

Het is duidelijk dat als we willen begrijpen wat de uitkomst van dergelijke fotonisch 

aangedreven (re)acties van het molecuul zal zijn, en uiteindelijk willen proberen te komen tot 

het realiseren van de “droom” dat we er complete controle over zouden kunnen uitoefenen, 

we een gedetailleerd beeld moeten opbouwen van deze moleculaire acties en reacties, en hoe 

die samenhangen met moleculaire structuur en functie. De hierboven beschreven processen 

gaan zo snel dat het heel lang alleen maar mogelijk was om de begin- en eindtoestand van het 

molecuul te karakteriseren. Alles wat er in de tussentijd plaats vond was in feite een black 

box in de zin dat het niet mogelijk was om de toestandsveranderingen direct te volgen. Pas 

met de technologische ontwikkelingen die hebben geleid tot femtoseconde (een duizendste 

van een miljoenste van een miljoenste van een seconde) lasers en detectietechnieken zijn 

deze processen binnen bereik gekomen om in real time bekeken te worden. Het zijn dan ook 

deze technieken die aan de basis liggen van een groot gedeelte van het onderzoek in dit 

proefschrift. 

In dit proefschrift worden de resultaten van studies beschreven aan de spectroscopie - 

wat voor energie is nodig om elektronisch aangeslagen toestanden aan te slaan, en op welke 

manier zijn hun eigenschappen zoals structuur en bindingssterkten anders dan in de 

grondtoestand - en dynamische eigenschappen - hoe wordt de energie die in het molecuul 

gestopt wordt in de vorm van een foton gebruikt en uiteindelijk gedissipeerd - van een aantal 
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moleculaire systemen die van interesse zijn binnen gebieden die variëren van optoelectronica 

tot nanotechnologie. In Hoofdstuk 2 en 3 wordt de fotofysica van 1,8-

bis(dimethylamino)naftaleen - een molecuul dat beschouwd kan worden als het prototype van 

een zogenaamde proton spons - onderzocht met behulp van diverse optisch spectroscopische 

technieken en kwantumchemische berekeningen. In Hoofdstuk 2 wordt aangetoond dat bij 

excitatie van het molecuul uiteindelijk een elektronisch aangeslagen toestand wordt bevolkt 

waarin sprake is van een aanzienlijke mate van ladingsscheiding. Het blijkt dat de structuur 

van het molecuul in deze toestand dramatische veranderingen ondergaat: de dimethylamino 

groepen worden zodanig gedraaid dat er een maximale overlap tussen de lone pairs van de 

twee stikstofatomen kan optreden. Een analyse op basis van kwantumchemische 

berekeningen laat zien dat de drijvende kracht voor deze verandering de vorming van een 

zogenaamde twee-centra drie-elektron binding is tussen de twee stikstofatomen. Dit is een 

opmerkelijke waarneming want de resulterende ladingsscheiding in het molecuul lijkt erg 

veel op het klassieke ‘Twisted Internal Charge Transfer’ (TICT) beeld, met dien verstande 

dat er nu voor het eerst duidelijk een drijvende kracht aangewezen kan worden voor deze 

ladingsscheiding. In Hoofdstuk 3 worden deze veranderingen vervolgens met behulp van 

tijdsopgeloste experimenten op een femtoseconde tijdsschaal in real time gevolgd, alsmede 

de manier waarop de desbetreffende elektronische toestand bevolkt wordt via een 

tussentoestand, en hoe uiteindelijk de energie van het door het molecuul geabsorbeerde foton 

energie gedissipeerd wordt. 

Polydiacetylenen en hun oligomeren zijn verbindingen die grote interesse hebben door 

hun mogelijke toepassingen in de optoelectronica. Bij al dit soort toepassingen draait om de 

eigenschappen van de elektronisch aangeslagen toestanden, en het is dus des te opmerkelijker 

dat er tot voor kort eigenlijk weinig bekend was over deze toestanden en hun dynamica. In 

Hoofdstuk 4 wordt daar door middel van femtoseconde spectroscopische experimenten aan 

een trimere oligodiacetyleen verandering in gebracht. Er wordt aangetoond dat de toestand 

die verantwoordelijk is voor de dominante absorptie in het absorptiespectrum niet de laagst 

elektronisch aangeslagen singlet toestand (S1) is. Excitatie met behulp van één foton bevolkt 

de tweede elektronisch aangeslagen singlet toestand (S2), die razendsnel (in de orde van 200 

femtoseconden) vervalt naar S1. Door middel van experimenten waarin twee fotonen worden 

geabsorbeerd in plaats van één foton kon dit beeld bevestigd worden. Omdat deze S1 toestand 

de bottleneck vormt voor verval naar de grondtoestand, is het belangrijk om zijn 

eigenschappen te kennen. Deze eigenschappen zijn verder onderzocht met behulp van 
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tijdsopgeloste spectroscopie. De uiteindelijke conclusie die getrokken kan worden is dat deze 

klasse van verbindingen in veel opzichten zich analoog gedraagt aan polyenen. 

Het laatste hoofdstuk, Hoofdstuk 5, is gewijd aan rotaxanen, moleculaire systemen die 

bestaan uit één of meerdere moleculaire ringen die niet-covalent gebonden zijn aan een 

moleculaire draad. Door de zwakke interactie tussen de componenten, kan hun relatieve 

oriëntatie en positie relatief gemakkelijk beïnvloed worden met externe stimuli zoals licht of 

elektronen. Hierdoor zijn ze bij uitstek geschikt voor toepassingen waarin wordt geprobeerd 

onderdelen van toekomstige ‘moleculaire machines’ te construeren. In de afgelopen jaren is 

er veel onderzoek gedaan aan rotaxanen met een zogenaamde benzylische amide ring. Het is 

dus uitermate interessant om de tijdsopgeloste eigenschappen van deze ring te onderzoeken, 

als eerste omdat die als verklikker kunnen dienen van extern aangestuurde veranderingen in 

het molecuul, maar ook omdat die ring de efficiëntie zou kunnen beïnvloeden van rotaxanen 

waarin de fotochemische respons van andere functionele groepen de drijvende kracht voor 

veranderingen in de structuur zou moeten zijn. Vanuit deze achtergrond worden in Hoofdstuk 

5 dan ook studies op een femtoseconde tijdsschaal besproken aan een rotaxaan met een 

succinamide groep in de draad als bindingsmotief voor de eerder genoemde benzylische 

amide ring, dat de chromofoor met de laagste excitatie-energie bevat. De basischromofoor 

van deze ring is benzamide, en het ligt dus voor de hand om de eigenschappen van 

elektronisch aangeslagen toestanden van dit molecuul en zijn N-alkyl-gesubstitueerde versies 

als uitgangspunt te nemen voor de interpretatie van de resultaten. Opmerkelijk genoeg voor 

een molecuul dat als een van de basismoleculen binnen de organische chemie wordt 

beschouwd, blijkt echter dat er zowel experimenteel als theoretisch bitter weinig bekend is 

over zijn elektronisch aangeslagen toestanden. Behalve studies aan het succinamide rotaxaan, 

wordt daarom in Hoofdstuk 5 ook uitgebreid onderzoek gedaan aan een serie van moleculen 

van toenemende complexiteit met benzamide als basischromofoor, die ondersteuning bieden 

aan de interpretatie van de rotaxaan resultaten. In combinatie met de resultaten van 

kwantumchemische berekeningen wordt geconcludeerd dat een belangrijk vervalskanaal voor 

de energie wordt gevormd door het breken van de amide binding in de ring, gevolgd door 

radicaal recombinatie in de kooi gevormd door de omringende oplosmiddel moleculen. Naast 

de eerste spectroscopische karakterisering van de femtoseconde dynamica in een rotaxaan, 

blijkt dat deze experimenten een unieke spectroscopische vingerafdruk verschaffen van de 

ring, wat van groot nut zal zijn voor toekomstige experimenten aan de energie relaxatie 

kanalen in andere moleculaire systemen waar deze ring in is opgenomen. 
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