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1

Introduction

1

1.1

High-resolution spectroscopy

The interaction of light with matter that occurs in a selective manner–determined by
the characteristics of the incident light as well as the intrinsic properties of the studied
material–is a powerful tool to study and control its building blocks. Absorption of light,
on the one hand, increases the energy content of these building blocks (“powers them
up”), changing the ground state to a non-stationary state at elevated energy. When such
an absorption occurs in the UV/Vis part of the spectrum, photon energy is used to access
electronically excited states. As a result of the change in electronic distribution, changes
in the spatial structure of the molecule or, even more drastic, photochemical reactions
occur. These processes are essential in nature, enabling photosynthesis, 1 vision 2 and the
synthesis of vitamin D, 3 to name a few. They are, however, also employed in technological
applications to develop light-controlled materials. 4–6 One such a field which currently is
receiving considerable attention is the one of light-driven molecular machines, molecular
constructs that convert photon energy into targeted mechanical motion. 7–11
On the other hand, the uniqueness of the molecular architecture, which is directly
imprinted onto their energetic structure, makes their absorption spectra act as exclusive
structural fingerprints. Light is in this case a probe that is employed to detect these
levels and–once the molecular spectral fingerprint is known–to identify the species by its
spectrum. Light is thus a powerful tool that allows for the remote detection of compounds, making it widely used in sensor industry, 12 analytical chemistry, 13 atmospheric
science, 14 and astronomy. 15 Since the level structure is directly related to the molecular
structure, light also provides an instrument to explore molecular geometry by translating
the level structure into the topology of the potential energy surface (PES) by means of
quantum chemical calculations.
Clearly, the highest level of detail that can be obtained is strongly related to the characteristics of the employed light source. The discovery and development of lasers have
in this respect in many ways revolutionized the field of spectroscopy. They are able to
provide tunable monochromatic and coherent radiation with narrow linewidths, but also
in the form of ultrashort pulses. As a result, many novel spectroscopic techniques have
been developed over the years that have pushed the boundaries in terms of sensitivity,
spectral and time resolution, accessing electronic, 16 vibrational, 17 and rotational transitions, 18 and nowadays entering the THz regime in which intermolecular interactions can
be brought to light. 19
With the increase in instrumental resolving power has also come the recognition that
an effective use of this increase is very much dependent on the state of the sample.
In frequency-resolved spectroscopic experiments performed on solutions and solids molecules experience intermolecular interactions with solvent molecules and other nearby
sample molecules, leading to a broadening of absorption bands and undesired spectral
shifts. Gas-phase spectroscopy does in principle not suffer from these drawbacks but here
Doppler (thermal) and collisional (pressure) effects easily broaden bands, thereby hiding
natural linewidths and leading to overlapping bands.
Over the years scientific interest has shifted from simple molecules that serve as model systems to complex molecular systems as they are actually employed by nature and
technology. This increased complexity is accompanied by a tremendous increase in the
density of rovibronic states that can no longer be resolved with conventional spectroscopic methods. In order to minimize the previously mentioned effects molecules need to
be (i) free of intermolecular perturbations (which is not possible in liquids and solids,
but can be achieved in rarefied gases), (ii) cooled down to have a smaller velocity dis-
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tribution (to reduce the Doppler broadening), and (iii) be internally cold (to make sure
that only a few rovibrational levels are occupied before photon absorption and thereby
reducing the number of observed transitions). Jet-cooled molecular beams allow one to
satisfy these conditions and to prepare cold and isolated molecules. The technique uses
a supersonic expansion of sample molecules that are seeded in a relatively high-pressure
inert gas into a vacuum through an orifice with a diameter that is much larger than the
mean free path. 20 The subsequent adiabatic expansion of the gas occurs with multiple
collisions, resulting in cooling of the translational, rotational and vibrational degrees of
freedom of the sample molecules. The combination of cold molecular beams with laser
spectroscopy has led to a wealth of experimental studies on inorganic and organic molecules, shining light on their molecular structure, 21,22 dynamics, 23–25 and conformational
heterogeneity. 26 Such experimental studies come hand in hand with quantum chemical
calculations which allow for interpretation of the experimental data but, from the other
side, can be benchmarked by a gold standard–spectroscopic data obtained for molecules
that are free of perturbations and temperature effects.

1.2

High-resolution spectroscopy of photoactive
materials

Light does not only have the power to unravel molecular structure but also to change it.
Molecules that are prone to light-induced transformations are called photoactive. Light
absorption of these molecules initiates a wealth of structural transformations that include bond dissociation, 27 cis-trans isomerization, 28,29 hydrogen transfer 30 and electron
transfer, 31 and results in products that have quite different properties from the starting
materials. Photoactive molecules are widely used by nature, being inevitably part of
photoreceptors that provide vision for animals and humans, 32 set circadian rhythms for
plants, bacteria and fungi 33–35 and convert energy of the incident light into chemical
energy. 36
Inspired by nature, synthetic chemists have succeeded in synthesizing a wide range
of photoactive materials for technological applications such as memory storage, 37 photolithography, 38 and solar energy harvesting. 39 With the growing demands for technology at the nanoscale, photoactive compounds have attracted particular interest because
they allow for a noninvasive, highly selective and spatially precise control over molecular
nanodevices. From the perspective of molecular nanotechnology light-driven molecular
machines–photoactive molecules that can repetitively convert energy of light into controlled mechanical motion–are of fundamental importance, ultimately being an essential part
of a molecular assembler and soft-robotics. By analogy with industrial machines these
molecular machines are represented by molecular motors, 7 propellers, 40 switches, 41 brakes, 42 gears, 43 etc., mimicking the functions of their macroscopic counterparts.
One of the first light-driven molecular rotors, suggested by Feringa and co-workers
in 1999, was based on symmetric biphenanthrylidenes. 44 A repetitive unidirectional rotation of the top “rotor” part with respect to the bottom “stator” part of the rotor
involves photoexcitation causing cis-trans isomerization of the “axle” ethylenic bond and
subsequent thermal helix inversion. A number of modifications in the chemical structure
of the rotor have been introduced since 1999 in order to accelerate the rotation from one
rotation per hour to more than ten million per second for the latest generation of molecular rotors based on chiral overcrowded alkenes. 45,46 Further modifications have allowed
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mounting the stator part of the motor on top of a gold surface 47 and the construction
of the first four-wheeled molecular “car” that converts the unidirectional rotation of four
chiral molecular rotors into a linear translational motion of the “car”. 48 In the near future molecular nanotechnology is expected to find wide applications in nanorobotics, 49
photopharmacology, 50 responsive and self-healing materials, 51 adaptive catalysis 52 and
is thereby now a subject of extensive experimental and theoretical studies.
Rotaxanes form another prominent example of a molecular architecture that holds
great promise for nanotechnological applications. They consist of one or more macrocycles that are threaded onto a molecular “thread” containing bulky end groups as “stoppers” to prevent the macrocyle(s) to slip from the “thread”. 53 In the standard notion of
molecules which revolves around covalently bound atoms, rotaxanes thus feature a novel
aspect in that they contain mechanically interlocked parts that are not covalently bound.
Normally, the macrocycle occupies specific favorable positions on the thread which are
designated as “stations”. By applying an external stimulus in the form of light, electricity,
change in pH, environment, etc. the macrocycle can be moved between these stations
and thus act as a shuttle. 54 This externally addressable bi-stability is attractive in the
context of technological applications such as molecular-electronics-based computing systems. Rotaxanes have, for example, been successfully used as data storage elements in a
160-kilobit molecular electronic memory circuit 55 and molecular-based logic gates. 56,57
For the fabrication of nanodevices photochemical activation of a rotaxane is of a special interest. Light-triggered shuttling of the macrocycle has been achieved by embedding
photoactive units into the rotaxane. 11,58–60 One of the most impressive examples of photoactive rotaxanes that demonstrates an outstanding performance in terms of speed and
mechanical work is based on an hydrogen-bond assembled architecture. 11 For this rotaxane shuttling is the result of an interplay between the hydrogen-bond affinity of two
stations incorporated into the thread, a succinamide (succ) and a naphthalimide (ni)
site. In the neutral form the macrocycle is almost exclusively bound to the succ site. As
a result of a photoreduction of the ni site by an external electron donor the hydrogenbonding affinity of the ni site is modified, and an effective movement of the macrocycle
from the succ to the ni station takes place.
Energizing these photoactive molecular machines occurs by electronic photoexcitation and subsequent deactivation of the accessed excited state. Photoexcitation brings
the molecule to the Franck-Condon region of the potential energy surface of the excited
state. The further faith of this excited state depends on the shape and properties of this
potential energy surface, deactivation being possible by various routes that encompass
radiative decay, internal conversion to the ground or lower excited states, or intersystem crossing to a state with different multiplicity. In general, it is only one of these
energy transformation channels that leads to the desired response of the molecule. For
example, in the previously mentioned succ-ni rotaxane the useful deactivation route of
the initially excited ni singlet state occurs via intersystem crossing, but this route is in
competition with internal conversion to the ground state. Similarly, energizing overcrowded alkene-based molecular rotors involves a cis-trans isomerization of the “axle” via
a conical intersection with the ground state, but how this conical intersection is reached
exactly is still a matter of debate. 61
Although the structure of these molecules and the evolution of this structure have
been relatively well studied 61–65 –in particular in the time-domain–less attention has been
paid to the photochemical step, even though this step governs the energy conversion efficiency of the entire operational cycle. Understanding this step heavily relies on knowledge
of the potential energy surface of the involved excited states and is key for a further im-
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provement of their functionality and efficiency. In this thesis high-resolution spectroscopy
of jet-cooled molecules is used to study the relevant excited state’s potential energy surfaces as this approach has proved its unique advantages in elucidating the photodynamics
of various photoactive biological and synthetic molecules. 66–68

1.3

A comprehensive look at CH-stretches of
polycyclic aromatic hydrocarbons

Carbon is one of the most abundant elements in the universe and a key element for known
life forms. The lifecycle of carbon begins in stars where carbon is produced by a nuclear
fusion reaction from helium nuclei. When those stars run out of fuel, they die, ejecting
carbon and other elements into the interstellar medium (ISM) and forming clouds, which
give further birth to a new generation of stars. In the ISM various interstellar chemical
processes involving reactions on surfaces, ions, UV and gas-phase chemistry take place,
resulting in the formation of molecules amongst which polycyclic aromatic hydrocarbons
(PAHs). 69 PAHs are molecules that consists of carbon and hydrogen atoms combined
in fused aromatic rings. This aromatic structure provides PAHs with an additional
photostability that allows them to lock up to 20% of cosmic carbon 70 and survive in
a wide variety of astrophysical environments. 71 It also makes them the most abundant
polyatomic species in space. PAHs are directly involved in the evolution of cosmic carbon
as well as in the thermodynamics, dynamics and chemistry of the ISM.
If a gaseous PAH is electronically excited by UV light from the nearest stars, it quickly
redistributes the absorbed energy via internal conversion to the vibrational manifold of
the ground state where radiative cooling occurs by the emission of IR photons. This IR
emission is detected 72,73 as a series of so-called aromatic infrared (AIR) bands at 3.3,
6.2, 7.7, 8.6, 11.2, 12.7, and 16.4 µm that correspond to different types of vibrations
in PAHs. 74,75 Although much desired, no precise identification of the exact carriers of
this emission has been possible yet. PAHs are a powerful probe for the environmental
conditions of the universe. Nowadays PAHs are generally accepted to trace the evolution
of stars and galaxies. 76 The precise identification of the carriers of the UIR bands is thus
extremely helpful as the local history and physical conditions can be traced back and
monitored by the local population of PAHs.
Over the years vibrational spectroscopy of PAHs has been a subject of extensive
experimental studies. 77–86 With limited exceptions 87–89 they concerned studies of PAHs
that were either in a hot gaseous form, making these data not matching the astrophysical
environment, or embedded in a cold rare gas matrix in which they are affected by the
environment. 82 Appropriate laboratory studies of PAHs that can be used for a direct
interpretation of the UIR bands are challenging because, first of all, the number of possible
PAHs is extremely large, and, secondly, because gas-phase studies of PAHs that are more
likely to dominate the emission processes in the ISM contain more than 20 carbon atoms
and are thus complicated to study due to their low volatility.
It is therefore not surprising that a further interpretation of astronomical observations
has relied heavily on computational studies. Such studies have covered a large number
of PAHs of various sizes, charge states, substitutions and modifications of molecular
structure, at this moment yielding extensive IR databases containing up to 700 species
(the NASA Ames and Cagliary databases). 90–94 However, also these studies have their
drawbacks since they are typically performed at a level that is a compromise between
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computational time and accuracy. They therefore generally do not take effects of anharmonicity into account even though anharmonicity has been shown to dominate important
regions of the IR spectrum. Nowadays significant efforts are put into the development and
implementation of anharmonicity in calculations that can compute vibrational spectra
at a relatively low computational cost 95–98 in order to build solid emission models that
allow for a more accurate interpretation of astronomical observations.
The 3 µm region, which is accessible for observations from the earth, is one of the
most well-studied regions by astronomers. It is represented by a major feature at 3.29
µm and is accompanied by a series of minor bands at 3.41, 3.46, 3.51 and 3.56 µm as
well as a plateau spanning the 3150-2700 cm−1 region. Within the framework of the
PAHs hypothesis, the 3.29 µm band has been confidently assigned to the fundamental
v=0 ← v=1 transition of CH-stretch vibrations, 74 although fluctuations in the 3.29 µm
band observed for different sources of the UIR emission and classified by band position
and shape [A3.3 , B13.3 , and B23.3 ] still remain matter of discussion. 99,100 Several hypotheses have been put forward in order to account for the observed variety of the 3.29 µm
band. These hypotheses range from the influence of the charge state (the position of
CH-stretch bands of cations and anions tend to undergo blue and red shift with respect
to the neutral species 92,93 ), the size of molecule 101 (but recent computational studies did
not find support for this 93 ) molecular heterogeneity (not supported by recent experimental studies on N-substituted PAHs 102 ) to differences in molecular structures. The latter
seems to be an attractive alternative as it finds further support from both experimental
and computational studies. 93,103
The precise identification of the carriers of not only the 3.29 µm band but also
the 3 µm plateau and the 3.41, 3.46, 3.51, and 3.56 µm bands is of increasing interest
as the variation of the 3 µm region, from regular sources with a dominating 3.29 µm
band 100,104–107 to abnormal profiles with prevailing 3 µm plateau, 108–110 seems to follow
the environmental conditions. They are thus an ideal means to examine the conditions of
the emitting region in terms of UV radiation flux, density of ISM, etc. 111 Many experimental efforts have been put into the assignment of the 3 µm plateau and the minor 3 µm
bands, and these have led to assignments that range from hot v=2 ← v=1, v=3 ← v=2
vibrational bands, 112 overtones and combination bands of CC-stretch and CH in-plane
bending vibrations, 74 to CH-stretch vibrations carried by side methyl (–CH3) 113,114 and
methylene (=CH2) 111,115,116 groups. Nowadays the 3.4 and 3.51 µm bands are generally
accepted as being associated with the asymmetric and symmetric CH-stretch vibrations
in methylene groups, but no such a consensus exists for the interpretation of the 3.46
and 3.56 µm bands and the 3 µm plateau.
In order to assign the observed 3 µm features a detailed understanding of the 3 µm
region is required. However, experimental and theoretical studies of this region indicate
that it is strongly affected by anharmonicity, 77,78,84,117 impeding a reliable theoretical
characterization. In order to develop anharmonic approaches that do allow for accurate vibrational assignments calculations need to be benchmarked by experimental highresolution IR absorption spectra of cold PAHs that are free of external perturbations.
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1.4

Outline of the thesis

In this thesis high-resolution electronic and vibrational absorption spectroscopy is applied on a number of molecules that are either important in the context of the life cycle
of cosmic carbon or as functional building blocks in molecular nanotechnology. In the
former case the potential energy surface of the ground state is explored, in the latter case
we unravel complicated photoresponses of photoactive molecular systems in terms of the
characteristics of potential energy surfaces of electronically excited states. A combination
of supersonically-cooled molecular beams with laser spectroscopy and mass spectrometry
allows us to record vibrationally-resolved, conformationally- and mass-selective absorption spectra of internally cold and isolated molecules in the IR or UV/Vis regions. These
experimental studies are accompanied by theoretical predictions of such spectra that
serve to provide a solid basis for interpreting the experiments and further our understanding of the studied molecular system, but also to determine in which aspects such
theoretical calculations still can–or must–be improved.
Chapters 2, 3 and 4 present comprehensive studies of the 3 µm region of PAHs
that aim to (i) obtain 3 µm absorption spectra of PAHs under astrophysically relevant
conditions; (ii) identify the 3 µm emission features observed in ISM and account for their
variations; and (iii) benchmark quantum chemical calculations that are nowadays widely
used for interpretation of the astronomical observations. In order to accomplish this IRUV double-resonance spectroscopic techniques are used to record CH-stretch absorption
spectra of fifteen PAHs that differ in size, shape and modifications of their periphery.
Chapter 2 is dedicated to the “devastating” effects of anharmonicity on the aromatic CH-stretch region of linear PAHs. In this chapter experimental and computational
absorption spectra of three linear acenes (naphthalene, anthracene, and tetracene) are
presented. The observed deviations from standard harmonic calculations are discussed
in terms of resonances and anharmonicity of their potential energy surfaces along CHstretch coordinates. Importantly, it is shown how a novel computational approach is
able to reproduce the experimental spectra, and what the consequences of these newly
acquired insights into the role of anharmonicity are for astronomical observations.
Chapter 3 expands the conclusions from Chapter 2 by studies on six non-linear
PAHs with regular and irregular shapes–phenanthrene, benz[a]antracene, chrysene, triphenylene, pyrene, and perylene–comparing their experimental spectra with harmonic and
anharmonic calculations as introduced in Chapter 2. The focus of this chapter is on the
correlation between the molecular structure of PAHs and the shape of their CH-stretch
band. To this purpose we compare the absorption spectra of molecules with the same
chemical formula but with a different molecular periphery. This correlation and the anharmonicity of the CH-stretch modes is discussed in the context of astrophysical efforts
to interpret the variation of the 3.29 µm emission band and the 3 µm emission plateau.
Chapters 2 and 3 concern studies on unsubstituted PAHs, but there are strong indications that hydrogen- and alkyl-substituted PAHs are equally relevant to properly interpret the AIBs. Chapter 4 therefore reports on experimental and computational studies
on the CH-stretch region of partly hydrogenated and methylated, so-called “decorated”
PAHs (1,2,3,4-tetrahydronaphthalene, 9,10-dihydroanthracene, 9,10-dihydrophenathrene,
1,2,3,6,7,8-hexahydropyrene, 9-methylanthracene, and 9,10-dimethylanthracene). In this
chapter we discuss the consequences of anharmonicity for such compounds and the
spectral features that arise due to the additional hydrogen atoms and methyl groups
on the edges of PAHs. With the extensive knowledge base that has been acquired in
Chapters 2, 3, and 4 the origin of the 3 µm emission plateau and of the minor 3 µm
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emission bands are discussed. Using our experimental data on hydrogenated PAHs we
also provide an estimate of the fraction of aliphatic hydrogens in PAHs for different types
of interstellar environments.
In Chapters 5 and 6 the potential energy surfaces of electronically excited states of
jet-cooled photoactive molecules have been studied using various multi-color Resonance
Enhanced MultiPhoton Ionization techniques. Together with quantum chemical calculations these studies allow us to disentangle electronically excited state manifolds and
determine how the absorbed photon energy is dissipated.
In Chapter 5 two naphthalene-based compounds are studied that are employed
as chromophores in a wide range of technological applications including molecular nanotechnology. High-resolution electronic excitation spectra of these molecules together
with quantum chemical calculations are presented as well as studies of the excited-state
dynamics. These studies show unambiguously that the current interpretation of the
spectroscopic properties of these compounds is far from complete. Instead, three strongly
coupled singlet and triplet states need to be taken into account to rationalize and assign
excitation spectra and to understand the dynamic following electronic excitation.
Chapter 6 presents molecular beam spectroscopic studies on a prototypical lightdriven rotor based on overcrowded alkenes. These studies show that well-resolved excitation spectra can be recorded when this compound is seeded into supersonic expansions.
However, further consideration of these spectra and taking into account the spectroscopic
knowledge that has been acquired previously in solution leads to the conclusion that the
observed excitation spectra do not originate from the isomer that was originally aimed
for to be studied. Instead, and supported by computational studies, it is concluded that
prior to the expansion a structural isomerization occurs that leads to a rotor with a single
bond as “axle” instead of a double bond.
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CHAPTER

2

High-resolution IR absorption spectroscopy of
polycyclic aromatic hydrocarbons:
The realm of anharmonicity

Abstract
We report on an experimental and theoretical investigation of the importance of anharmonicity
in the 3 µm CH stretching region of Polycyclic Aromatic Hydrocarbon (PAH) molecules. We
present mass-resolved, high-resolution spectra of the gas-phase cold (∼4 K) linear PAH molecules naphthalene, anthracene, and tetracene. The measured IR spectra show a surprisingly high
number of strong vibrational bands. For naphthalene, the observed bands are well separated
and limited by the rotational contour, revealing the band symmetries. Comparisons are made
to the harmonic and anharmonic approaches of the widely used Gaussian software. We also
present calculated spectra of these acenes using the computational program SPECTRO, providing anharmonic predictions enhanced with a Fermi-resonance treatment that utilises intensity
redistribution. We demonstrate that the anharmonicity of the investigated acenes is strong,
dominated by Fermi resonances between the fundamental and double combination modes, with
triple combination bands as possible candidates to resolve remaining discrepancies. The anharmonic spectra as calculated with SPECTRO lead to predictions of the main modes that fall
within 0.5% of the experimental frequencies. The implications for the Aromatic Infrared Bands,
specifically the 3 µm band are discussed.∗

∗ This chapter is adopted from E. Maltseva, A. Petrignani, A. Candian, C. J. Mackie, X.
Huang, T. J. Lee, A. G. G. M. Tielens, J. Oomens, W. J. Buma.
Astrophys. J., 814, 23, 2015.
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2.1

Introduction

Polycyclic Aromatic Hydrocarbon (PAH) species are considered to be responsible for
the family of infrared (IR) emission features, the so-called Aromatic Infrared Bands
(AIBs), that dominate the spectrum of objects ranging from protoplanetary disks to
entire galaxies (see Joblin and Tielens, 1 and reference therein). PAH molecules absorb
visible to ultraviolet (UV) photons and then relax through IR emission. 2–4 These spectral
signatures are due to vibrational modes that are typical of a family of molecules showing
the same chemical bond types.
Over the years, a wealth of theoretical (see e.g. the NASA Ames and Cagliari databases 5–7 ) and experimental (see e.g. Oomens, 8 and reference therein) studies of the
vibrational spectrum of different types of PAH molecules (neutral, charged, heteroatom
substituted, etc.) have been reported with the aim to aid the identification of subclasses
of PAHs when compared to the global characteristics of the AIBs in well-known astronomical sources. 9–12
Both theoretical and experimental studies have known caveats. Apart from rare
exceptions, 13–15 Density Functional Theory (DFT) calculations have been performed exclusively with the double harmonic approximation, thus neglecting the effects of anharmonicity. The calculations by Pirali et al 14 have been the most extensive in incorporating
the effects of anharmonicity, but have been restricted to naphthalene. Moreover, Pirali et
al 14 focused on addressing the detailed profiles of the lower frequency, IR active modes
and, in particular, assessing the relative contribution of anharmonicity effects (e.g., hot
bands) and rotational structure to measured emission profiles. More specifically Pirali et
al 14 considered Fermi (and Darling–Dennison) resonances. What was not included was
derivatives beyond the first of the dipole moment. In contrast, here we present the first
results of an extensive study on the effects of anharmonicity on the infrared spectrum of
PAHs, combining high-resolution absorption spectra with theoretical studies which allow
for anharmonicity as well as Fermi resonances. As the effects of anharmonicity and Fermi
resonances are expected to be largest for the CH stretching modes, we focus here on the
3000 cm−1 region. In addition, unlike almost all previous gas-phase studies–with the
notable exception of Huneycutt et al. 16 –, the spectra are measured at very low temperature in order to limit effects of rotational broadening that may obstruct observation of
individual bands and to enable an easier and unambiguous assignment of bands. Under
such conditions we also avoid (mode-specific) perturbations by the matrix environment
that are difficult to predict but inevitably present in matrix-isolation spectroscopy (MIS)
studies. As will be shown in the present study, these aspects (resolution and isolated molecules) are key to assess the quality of the calculations and fine-tune the computational
approach.
Commonly, correction factors of about 0.96 17 are applied to calculated harmonic
frequencies to bring them in line with peak positions measured using MIS techniques. As
the latter are affected by ill-understood matrix effects, proper validation of the theoretical
spectra against laboratory spectra of cold, gas-phase PAHs are imperative before they
can be used in analysis studies of observed interstellar spectra. To properly account for
their astrophysical properties, supersonic molecular beam methods in combination with
laser spectroscopy provide an attractive way to study the vibrational spectrum of very
cold PAH molecules under isolated conditions at a resolution that is only determined
by the laser band width. Recent advances in computational chemistry 18 enable efficient
anharmonic vibrational analyses of medium sized molecules, providing theoretical tools
to properly interpret the experimental results.
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In the present study we apply IR–UV double resonance spectroscopy to record massselected IR absorption spectra in the 3 µm region of three small linear PAH molecules:
naphthalene, anthracene, and tetracene. We show that these spectra are at odds with
harmonic and anharmonic calculations as employed so far, but are in good agreement
with our new anharmonic spectra calculated with the program SPECTRO that properly
incorporates Fermi resonances.

2.2
2.2.1

Methods
Experimental

IR absorption spectra were recorded using an IR–UV depletion scheme. The molecular beam setup employed for these measurements has been described in detail before. 19
Briefly, a heated supersonic pulsed source with a typical pulse duration of 190 µs and
argon at a backing pressure of 2.2 bar as a buffer gas was used to create a cold molecular
beam. A constant mass-selected ion signal was created via a two-color Resonant Enhanced MultiPhoton Ionization scheme using a Nd:YAG pumped frequency-doubled dye
laser to excite the molecules to the first excited state and then an ArF excimer laser to
ionize the excited molecules. The resonant excitation in combination with the supersonic
cooling conditions ensures that all of bands start from the vibrationless ground state.
The IR light in 3 µm region produced by a Nd:YAG pumped frequency-mixed dye laser
with a line width of 0.07 cm−1 preceded these two laser beams by 200 ns, leading to
dips in the ion signal upon IR absorption. The mass-resolved nature of our experiments
and the use of supersonically cooled molecules ensures that in our experiments we can
unambiguously conclude that all of the measured absorption features concern excitations from the vibrational ground state of each PAH, and that they do not derive from
isotopically-substituted species.

2.2.2

Computational details

We employed three computational methods; the standard harmonic and anharmonic vibrational approaches, both using Gaussian 09, 20 and an anharmonic method utilizing
a modified version 21 of the SPECTRO program 22,23 that incorporates intensity sharing
due to Fermi resonances, 24 referred to in this work as G09-h, G09-anh, and SP15 respectively. All calculations apply DFT using a similar integration grid as in Boese &
Martin, 25 the B9-71 functional 26 and the TZ2P basis set 27 that provide the best performance on organic molecules. 13,25 SP15 takes the G09-h intensities and G09-anh force
constants and implements its own vibrational second-order perturbation method. 24,28
It treats couplings between multiple resonances (modes falling within 200 cm−1 of each
other) simultaneously and redistributes intensity among the modes. Traditionally, two
vibrational states of the same symmetry with energies close to each other may interact. The resonance types included in our 2nd-order perturbation theory treatment are
beyond the traditional Fermi I and II type, and also include 1-1 and 2-2 type resonances.
The coupling terms involve both cubic and quartic anharmonic force constants, and the
explicit formula for the 1-1 and 2-2 type resonances are given in Lehmann. 29,30 The implementation of this polyad approach into SPECTRO is described in Martin et al. 21 No
intensity resonances are considered in this study, as we use the Gaussian double-harmonic
intensities for intensity distributions.
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Figure 2.1: The absorption spectra of naphthalene as predicted with (a) SP15,
(b) G09-anh, and (c) G09-h together with the measured spectrum (This exp.).

2.3

Results and Discussion

All IR absorption spectra were recorded between 3.17 and 3.4 µm (2950 and 3150 cm−1 ).
With the present signal-to-noise ratios (S/Ns), no other IR bands were observed outside
the displayed range. The respective ion signals were created by fixing the frequency
of the first UV photon to the 0-0 band of the S1 ← S0 electronic transition of the
respective PAHs. The exact frequencies used are 32028.18 cm−1 , 27697.0 cm−1 , and
22402.43 cm−1 for naphthalene, anthracene, and tetracene, respectively. These were
determined by scanning a small range around the previously reported values from Hiraya
et al. 31 , Lambert et al. 32 , Zhang et al. 33 for the S1 (1 B3u ) ← S0 (1 Ag ), S1 (1 B1u ) ←
S0 (1 Ag ), and S1 (1 B2u ) ← S0 (1 Ag ) transitions, respectively.

2.3.1

Naphthalene

Figure 2.1 displays the experimental and theoretical IR absorption spectra for napthalene.
The spectrum shows narrow bands with widths varying between 1 and 3 cm−1 and more
than 16 well-separated bands of which a considerable fraction has intensities exceeding
20% of the strongest band. In total, 23 experimental lines are identified and listed in
Table 2.1. Based on group theory, four IR-active transitions are present in the CH
stretch region with either b1u or b2u symmetries.† Indeed, G09-h predicts two intense
bands that may be associated with the strongest and the two less intense bands that
are of ambiguous assignment. A scaling factor of 0.966 was found to give the best
agreement with experiment, in close agreement with Cané et al., 13 considering that
†b

3u

transitions are IR-active, however none with this symmetry fall in the CH stretch region
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Table 2.1: The measured bands of naphthalene, anthracene, and tertracene with
frequencies in cm−1 and intensities normalised to the respective strongest transitions. Comparison is made to previous gas-phase frequencies (cm−1 ) recorded
with cavity ring down spectroscopy (CRDS). 16
naphthalene
this work
freq.
rel. int.
2963.8
2972.4
2981.3
2989.0
3014.0
3029.0
3034.5∗∗
3039.5**
3042.3**
3043.8**
3048.2
3052.2**
3058.1
3060.5
3065.2
3071.4
3076.2
3079.2
3083.9**
3092.6**
3100.2
3102.6
3109.4

0.2
0.3
0.2
0.28
0.3
0.31
0.15
0.19
0.29
0.35
0.19
0.17
0.65
0.54
0.99
0.1
0.37
1
0.16
0.21
0.45
0.21
0.45

symm.

b1u
b1u
b2u
b1u
b1u
b2u
b1u
b2u
b2u
b2u
b1u
b1u
b2u
b2u
b2u
b2u
b2u
b2u

CRDS
freq.
2965.3
2973.1
2980.9
2989.1
3013.7
3029.1
3043.7
3048.9
3057.9
3061.1
3065.1
3069.9
3074.1
3079.1
3100.1
3102.2
3109.3

anthracene
this work
freq.
rel. int.
2973.2
2979.6
2992.5
3011.8
3022.0
3030.0
3033.7
3046.7
3055.4
3062.3
3065.3
3066.9
3071.9
3077.8
3081.8
3095.9
3109.6

0.10
0.08
0.07
0.15
0.30
0.25
0.20
0.30
0.54
0.45
0.72
0.64
1.00
0.40
0.24
0.24
0.32

CRDS
freq.

3021.7
3032.1
3047.5

3064.3
3067.5
3072.5
3077.9

3109.9

tetracene
this work
freq.
rel. int.
3008.9
3015.3
3023.7
3032.6
3038.5
3039.7
3046.2
3050.6
3054.8
3056.8
3061.1
3066.6
3069.5
3077.6
3080.4
3087.9
3094.1
3098.8
3101.5

0.39
0.2
0.44
0.4
0.45
0.46
0.34
0.18
0.38
0.51
1
0.2
0.23
0.8
0.27
0.23
0.31
0.38
0.19

only the CH stretch region is considered here. Table 2.1 also shows the line positions
(in cm−1 ) reported in a previous study using cavity ring-down spectroscopy (CRDS). 16
Most experimental bands are within 0.2 cm−1 . Some of the weaker bands deviate up
to 1 cm−1 , which may be attributed to the inaccuracy with which the center can be
determined. Our error in the positions is most likely smaller due to superior S/N. We
observe six additional bands not reported before (asterisks in Table 2.1 and Figure 2.1).
Our spectra do not give evidence for the presence of the very weak bands reported before
(3064.1, 3068.5, and 3098.9 cm−1 ). 16 The present study also shows narrower line widths,
indicating lower internal temperatures. The improved resolution significantly changes the
intensity distribution of the majority of the bands; e.g. the bands around 3100 cm−1 show
the smallest line widths (1.0 and 1.1 cm−1 , respectively) and have intensities of about
45% of the intensity of the strongest band, whereas in the CRDS study the intensity of
these bands was less than 20% and displayed a broader structure.
Figure 2.1 also shows the spectrum of naphthalene as predicted with G09-anh, convolved with 1 cm−1 to resemble experimental resolution. A total of 11 double combination
bands are predicted, i.e., bands arising from ∆νi = 2 or ∆ν i = 1; ∆νj = 1 transitions.
∗∗ These

are the newly measured lines.
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The G09-anh frequencies are in very good agreement with experiment, the typical deviation of the strongest bands being only 0.6%. This remaining deviation has been corrected
for in the figure by a small scaling factor which also serves to facilitate easy comparison
between observed and predicted spectra. Interestingly, none of the anharmonic bands
have intensities comparable to those observed in experiment. This lack of intensity can
arise from two possible scenarios. First, intensity is obtained from the anharmonicity of
the potential energy and dipole moment surfaces along the relevant coordinates, making
the ∆v=1 selection rule no longer strictly valid. Second, intensity is acquired through
Fermi coupling to the CH-stretch fundamentals, leading to intensity borrowing.
To distinguish between these two, experiments on deuterated naphthalene were performed as the fundamental CD-stretch modes of naphthalene-d8 are displaced to ∼4 µm
while the overtones and combination bands originate from normal modes that are much
less affected by deuteration. In the first scenario only slight shifts are expected, in the
second case deuteration will lead to a dramatic reduction of intensity. We scanned a
range of 3.12-3.85 µm (2600-3200 cm−1 ) taking into account the possible shifts of the
combination bands due to deuteration, and found no signal. We thus conclude that the
additional bands in naphthalene-h8 derive their intensity from Fermi coupling to fundamental CH-stretch transitions. This means all bands are either of b1u or b2u symmetry
with corresponding rotational contours; the envelop of b2u bands being narrower than for
b1u bands. A rotational-contour analysis of the two strongest bands gives best agreement
using a rotational temperature of 4 K and a homogeneous line width of 0.5 cm−1 . Indeed,
two sets of band widths were measured; relatively large widths between 2.3 and 2.8 cm−1
attributed to b1u transitions and narrower widths between 1.1 and 1.9 cm−1 attributed
to b2u transitions.
To properly include Fermi resonances, we calculated the spectrum of naphthalene
using SP15. Like G09-anh, in total 11 IR-active combination bands are within the experimental range. The slight overestimation of the anharmonicity is even smaller, within
0.4%. Unlike G09-anh, SP15 does give appropriate intensities and the agreement with
experiment is improved although discrepancies remain. The major discrepancy concerns
the number of observed bands. The calculations predict 15 bands while 23 bands are
observed. We therefore performed a combinatorial analysis based on experimental data.
We determined the frequencies of all possible double combination bands using the sums
of measured fundamental frequencies of naphthalene in the 6 µm region (see Hewett et
al. 34 and references therein), including both IR and Raman active modes. On the basis
of these modes (all CC stretches except for one CH bend) and the symmetry restrictions, 11 IR-active combination bands fall within a broad range of 3.15-3.5 µm (2900-3150
cm−1 ). Both calculation and combinatorial analysis are thus not able to account for all
the observed bands. A similar exercise can be performed for triple combination bands,
which provides a multitude of additional candidates with the correct symmetry that fall
within the experimental range. Interestingly, we find that these dominantly involve CH
bending modes, which are prone to coupling with CH stretching modes. We conclude
that the 3 µm region of the absorption spectrum of naphthalene is dominated by Fermi
resonances and that triple combination bands need to be taken into account as well. The
latter would require incorporation of even higher-order couplings than currently included
in the anharmonic analyses. A detailed assignment of the double combination bands
in naphthalene as well as anthracene and tetracene (vide infra) will be presented in a
separate study Mackie et al. 24 Also, methods that incorporate higher-order terms are
presently under investigation and will be presented in future work.
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Figure 2.2: The absorption spectra of anthracene as predicted with (a) SP15,
(b) G09-anh, and (c) G09-h together with the measured spectrum (This exp.).

2.3.2

Anthracene

The experimental and theoretical absorption spectra of anthracene are shown in Figure
2.2. The positions of the observed bands are listed in table 2.1. Again, the experimental
spectrum reveals more bands with appreciable intensities than predicted by harmonic
calculations, which gives best agreement with a scaling factor of 0.966. The G09-anh
spectrum again slightly overestimates the anharmonicity requiring a scaling factor less
than 0.5% to overlap the strongest bands. As before, G09-anh predicts many additional
bands with low to zero intensity. Interestingly, the band at 3.2 µm is much higher
than observed in experiment and might be caused by a missing resonance. Indeed,
incorporating Fermi coupling using SP15 permits to redistribute intensity over multiple
transitions, which not only leads to a lower intensity band at 3.22 µm but also to better
overall agreement with experiment.
Table 2.1 shows the comparison to the previous CRDS study. 16 We measure seven
more bands, which can be attributed to improved cooling conditions. All other band
positions are within experimental error with the exception of the previously reported band
at 3032.1 cm−1 . This band consists of two close-lying bands at 3030.0 and 3033.7 cm−1
in our experiment (arrows in figure 2.2). Bands with similar widths as in naphthalene are
observed indicating similar cooling conditions (∼2.5 cm−1 ). Simulation of the rotational
contours that can be expected for sensible rotational temperatures under the present
experimental conditions show–in contrast to what was observed for naphthalene–that the
widths of the observed bands are not determined by their rotational contours. Instead,
one has to conclude that these bands consist of several overlapping bands, and that a
combinatorial analysis of the entire spectrum as was done for naphthalene is not possible.
Moreover, the state density in anthracene at these energies is already so large that this

21

Figure 2.3: The absorption spectra of tertracene as predicted with (a) SP15, (b)
G09-anh, and (c) G09-h together with the measured spectrum (This exp.).

approach would likely not lead to a conclusive assignment.

2.3.3

Tetracene

Figure 2.3 shows the experimental and theoretical absorption spectra of tetracene. We
observe more than 19 well-resolved bands with line widths between 2.3 and 4.4 cm−1
(table 2.1). As for anthracene, it is most likely that the width of these bands is not
determined by the rotational contour of one specific transition, but results from the
overlap of several unresolved transitions. The G09-h calculation predicts that only four
of the twelve symmetry-allowed CH stretch bands have an appreciable intensity. For
these four bands, a rather poor agreement with experiment is observed, in contrast to
naphthalene and anthracene where a reasonably good agreement could be obtained for the
fundamental bands after scaling. The G09-anh calculation, on the other hand, performs
much better in this case; its frequencies are in close agreement with the experimentally
observed strong bands. When including the Fermi coupling with SP15, even better
agreement can be achieved.
Since for tetracene no gas-phase IR absorption spectra have been reported before, we
compare the present data with data obtained in Ar matrix isolation studies (MIS). 35 Figure 2.4 shows all measured spectra compared to their MIS counterparts. The agreement
in all three cases is very high with superior S/N ratio and cooling in the present study,
leading to narrower and more resolved lines. As expected from matrix-induced effects, 36
relatively small spectral shifts are observed for most bands. The larger shifts are most
probably due to a redistribution of relative intensities; e.g. for tetracene, an apparent
large shift (of 6.1 cm−1 ) seems to occur for the most intense band, however, it is more
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likely that the relative intensities of the double structure around 3.27 µm are different
for the MIS spectrum, leading to another most intense band.

2.4

Astrophysical implications

The present results show that harmonic DFT calculations fail dramatically in predicting
high-resolution experimental absorption spectra of PAHs in the 3 µm region. This is
important since such calculations are routinely used to help in the interpretation of astronomical observations, and in particular, in efforts to shed light on the evolution of the
interstellar carbon inventory. In the past, the discrepancy between frequencies calculated in the harmonic approximation and MIS spectra have commonly been overcome by
introducing a scaling factor of 0.966, corresponding to a shift in the order of 100 cm−1 .
In this context, five key observations are made in the present study.
Firstly, MIS spectra agree well with the gas phase spectra measured here in terms of
the position of the bands. However, there are differences in relative intensities, reflecting
the importance of Fermi resonances (which act differently in a matrix then in the gas
phase), and this may lead to subtle shifts in the intensity averaged peak position. 16
Secondly, for the strongest bands in the spectrum, the anharmonic predictions obtained using SP15 all fall within 0.5% from the experimental value, significantly reducing
the error introduced by the use of empirical scaling factors.
Thirdly, in order to “translate” spectroscopic data obtained from calculations or lowtemperature experiments into emission spectra useful for comparison with observational
data, a typical empirical redshift of 15 cm−1 is commonly applied. 37 As demonstrated by
the pioneering study on the low-frequency modes of naphthalene, 14 mode-specific shifts
in emission spectra are more accurately predictable as our knowledge of the anharmonic
potential expands. We are presently working on such modeling efforts.
Fourthly, Fermi resonances may very well contribute significantly to the profile and
structure of the 3 µm band. The frequencies of the major CH-stretch fundamental
bands are within a spread of around 50 cm−1 about the same for all types of PAHs. 35,38
The frequencies of the modes that are potentially involved in combination bands, on
the other hand, are much more sensitive to the finer details of the structure. These
observations match astronomical studies of IR emission that show a very prominent
emission band at 3.29 µm corresponding to the 1 ← 0 transition of the fundamental CHstretch bands, and a broad plateau in the 3.1-3.7 µm region indicated as the 3 µm plateau
or vibrational quasi-continuum. 3,39 DFT calculations so far have not been able to explain
and characterize this plateau. Our studies demonstrate that anharmonic couplings can
be responsible for some of the structure observed on the main band as well as the wings
on both the blue and the red side of the main astronomical band.
Fifthly, as our study demonstrates anharmonicity and Fermi resonances are particularly important in the 3 µm region of the spectrum. An assessment of their influence for
the other bands remains to be determined.
It may be noticed that the spectral range over which features are observed when
comparing the three experimental spectra seems to become narrower with increasing
PAH size. This aspect is further discussed in separate studies on the size and structure
dependence of the 3 µm region. 24,40,41
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Figure 2.4: The absorption spectra of (a) naphthalene, (b) anthracene, and (c)
tetracene (This exp.) compared to matrix isolation spectroscopy measurements
(MIS). 35

2.5

Conclusions

We report on the absorption spectra of linear PAHs in the 3 µm region using UVIR double resonance laser spectroscopy under cold and isolated conditions. Efficient
cooling and excellent S/N ratios lead to well-resolved spectra that show a plethora of
vibrational transitions. Comparison with harmonic predictions show that the fraction
of intensity that is not associated with fundamental transitions may easily exceed 50%,
and therefore cannot be neglected. A detailed analysis of the absorption spectrum of
naphthalene has demonstrated that the additional activity originates from vibrational
coupling of the bath of “dark” states with the intensity-carrying “bright” states, and
not purely from anharmonic effects. The present studies emphasize the necessity of
properly incorporating Fermi resonances and higher-order vibrational couplings. First
results incorporating Fermi resonances with SPECTRO are rather promising, as they
indeed seem to lead to a qualitatively correct description of the intensity distribution.
However, the measured spectra show more bands than the number of possible double
combination bands. This indicates that incorporation of higher-order couplings, i.e.,
triple combination bands involving CH bending modes, may be necessary to obtain a
proper quantitative description.
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Detailed studies of the spectra of PAHs are very timely. The launch of the James
Webb Space Telescope will open up a revolutionary window on the PAH spectrum with
unprecedented spatial and spectral resolution. Studies on larger PAHs are needed to
determine in more detail how the size of a PAH affects the intensity distribution over
the 3 µm band. Analogous studies on molecules with the same number of rings but
with a different structure–leading among others to the presence of bay and non-bay
hydrogen atoms–is also of considerable interest: if a relation can be derived between the
structure of the molecule and the shape and position of the 3 µm band, progress could
be made towards determining the chemical composition of interstellar objects. 9 Such IR
absorption studies on larger PAHs and on PAHs with different structures are presently
being performed in our lab. 41
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CHAPTER

3

High-resolution IR absorption spectroscopy of
polycyclic aromatic hydrocarbons in the 3 µm
region: Role of periphery

Abstract

In this work we report on high-resolution IR absorption studies that provide a detailed view on
how the peripheral structure of irregular polycyclic aromatic hydrocarbons (PAHs) affects the
shape and position of their 3 µm absorption band. For this purpose, we present mass-selected,
high-resolution absorption spectra of cold and isolated phenanthrene, pyrene, benz[a]antracene,
chrysene, triphenylene, and perylene molecules in the 2950-3150 cm−1 range. The experimental
spectra are compared with standard harmonic calculations, and anharmonic calculations using
a modified version of the SPECTRO program that incorporates a Fermi resonance treatment
utilizing intensity redistribution. We show that the 3 µm region is dominated by the effects of
anharmonicity, resulting in many more bands than would have been expected in a purely harmonic approximation. Importantly, we find that anharmonic spectra as calculated by SPECTRO
are in good agreement with the experimental spectra. Together with previously reported highresolution spectra of linear acenes, the present spectra provide us with an extensive data set of
spectra of PAHs with a varying number of aromatic rings, with geometries that range from open
to highly condensed structures, and featuring CH groups in all possible edge configurations. We
discuss the astrophysical implications of the comparison of these spectra on the interpretation of
the appearance of the aromatic infrared 3 µm band, and on features such as the two-component
emission character of this band and the 3 µm emission plateau.∗
∗ This chapter is adopted from E. Maltseva, A. Petrignani, A. Candian, C. J. Mackie, X.
Huang, T. J. Lee, A. G. G. M. Tielens, J. Oomens, W. J. Buma.
Astrophys. J., 831, 58, 2016.
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3.1

Introduction

Polycyclic Aromatic Hydrocarbons (PAHs) are a family of molecules consisting of carbon
and hydrogen atoms combined into fused benzenoid rings. From a chemical and physical point of view they have properties that have led to exciting applications in novel
materials, 1,2 while at the same time also led to quite a cautious use on account of their
health-related impact. 3,4 In astrophysics they play a particularly important role since
PAHs have been proposed as main candidates for carriers of the so-called aromatic infrared bands (AIBs), a series of infrared emission features that are ubiquitously observed
across a wide variety of interstellar objects. These emission features are thought to be
nonthermal in nature and arising from radiative cooling of isolated PAHs that have been
excited by UV radiation. 5
Since they offer such a powerful probe for carbon evolution in space, these bands
have been subject to extensive experimental and theoretical research, with the ultimate
aim being a rigorous identification of the molecular structure of the AIB carriers. Significant progress has been made in this regard with infrared (IR) studies on PAH species
deposited in a cold (10 K) rare-gas matrix. 6–8 Although such cooling conditions allow for
an increase in spectral resolution as compared to room-temperature experiments, they
lead at the same time to matrix-induced effects that are not well understood and hard
to predict. Gas-phase studies are much preferred but have so far predominantly been
restricted to IR absorption studies of hot (1000 K) vaporized PAHs 9,10 or at best under
room-temperature conditions. 11,12 Due to their low volatility, high-resolution studies of
low-temperature, isolated PAH molecules has for a long time remained out of reach, with
the cavity ring down spectroscopy (CRDS) studies 13 on small PAHs a notable exception, although contaminations originating from isotopologues and other PAH species or
impurities remained a point of concern.
Recently, we have applied IR-UV double resonance laser spectroscopic techniques on
PAHs seeded in supersonic molecular beams. In combination with mass-resolved ion
detection, these techniques allow for recording of mass- and conformation-selected IR
absorption spectra with resonance band widths down to 1 cm−1 . 14 Under such highresolution conditions, IR absorption spectra of PAHs in the 3 µm region turn out to
display an unexpectedly large number of strong bands, and certainly many more than
expected on the basis of a simple harmonic vibrational analysis. Such a conclusion is
more pertinent as theoretical studies of IR spectra of PAHs are typically performed
at the Density Functional Theory (DFT) level, using the harmonic approximation for
vibrational frequencies and the double harmonic approximation for intensities, neglecting
the effects of anharmonicity. In our previous papers we demonstrated that a proper
treatment of anharmonicity and Fermi resonances indeed leads to predicted spectra that
are in near-quantitative agreement with the experimental spectra, both with respect to
the frequencies of vibrational bands and their intensities.
The shape of the 3 µm band recorded in astronomical observations has been found
to vary within the same astronomical object and among different astronomical objects.
To account for these differences, several explanations have been put forward. 15–17 One of
the suggestions for classifying the shape of this band is to interpret it as being associated
with emission from two components 18,19 in which there are contributions from different
groups of carriers at 3.28 and 3.30 µm. 20 propose that these two components originate
from groups of PAHs with different sizes, finding support for this in the laboratory hightemperature gas-phase studies of pyrene (C16 H10 ) and ovalene (C32 H14 ) for which a blue
shift of the 3 µm band was observed upon increasing the size of the PAH. 9 Another factor
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that has been suggested to contribute to the apparent two-component appearance of the
emission is the differences in the peripheral structure of different PAHs, in particular steric
effects, such as those occurring for hydrogen atoms at so-called bay sites. 19 The influence
of the edge structure has been investigated by means of harmonic DFT calculations for
large species 21,22 but systematic experimental high-resolution studies are notoriously
lacking. Similarly, it has been found 23 that next to the prominent emission band at 3.29
µm, a broad plateau that spans the 3.1-3.7 µm region is present and has been indicated
as the 3 µm plateau. It has been speculated that this plateau might in part derive from
anharmonic couplings to vibrational combination levels. 24 However, to what extent this
explanation can account for the appearance of the entire plateau is still far from clear.
Our previous study aimed at recording spectra under the highest resolution conditions possible and applying the appropriate theoretical treatment including anharmonic
effects and resonances. For that reason, we focused on the spectra of the linear PAHs
naphthalene (C10 H8 ), anthracene (C14 H10 ), and tetracene (C18 H12 ). As discussed above,
astronomical spectra likely comprise the contributions of a much larger variety of PAHs.
To advance the interpretation and characterization of these data, we therefore extend
our experimental and theoretical studies to a wider variety of condensed and irregular isomers containing up to five rings (phenanthrene C14 H10 , benz[a]antracene C18 H12 ,
chrysene C18 H12 , triphenylene C18 H12 , pyrene C16 H10 and perylene C20 H12 ). The goals
of these studies are twofold. Firstly, we aim to understand how the effects of anharmonicity observed for the linear PAHs are affected by geometrical structure and how this in
turn affects the appearance of the IR absorption spectra in the 3 µm region. Secondly,
we aim to uncover general trends in band shapes that could provide spectral signatures
that would allow for a much more detailed description of the contribution of different
PAHs.

3.2
3.2.1

Methods
Experimental techniques

IR spectra of cold and isolated molecules were obtained in the molecular beam setup
described in Smolarek et al. 25 In these experiments the sample of interest was placed
in an oven attached to a pulsed valve (General Valve). Sufficient vapor pressure was
found to be obtained when the sample was heated to temperatures slightly higher than
its melting point. Subsequent pulsed expansion with 2 bars of argon as carrier gas and
a typical opening time of 200 µs then led to supersonic cooling of the sample molecules.
The ground-state vibrational manifold of PAHs was probed by UV-IR ion dip spectroscopy. For this purpose two-color resonance enhanced multiphoton ionization followed by
mass-selected ion detection was used to generate an ion signal. In these experiments,
PAHs were electronically excited by fixing a frequency-doubled pulsed dye laser (Sirah Cobra Stretch) on (a) the S1 (1 A1 ) ← S0 (1 A1 ) 0 - 0 transition at 29329.8 cm−1
for phenanthrene; 26 (b) the S1 (1 A0 ) ← S0 (1 A0 ) 0 - 0 transition at 26534.4 cm−1 for
benz[a]anthracene; 27 (c) the S1 (1 Bu ) ← S0 (1 Ag ) 0 - 0 transition at 28194.3 cm−1 for
chrysene; 28 (d) the S1 (1 B2u ) ← S0 (1 Ag ) 0 - 0 transition at 27210.9 cm−1 for pyrene
(which is close to but not exactly the same as the previously reported value by Ohta et
al.; 29 (e) the S1 (1 A01 ) ← S0 (1 A01 ) transition to the +249 (29867) cm−1 (1e) level in the
excited state of triphenylene; 30,31 and (f) the S1 (1 B3u ) ← S0 (1 Ag ) 0 - 0 transition at
24067.4 cm−1 for perylene. 32 Molecules in electronically excited states were ionized by an
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ArF excimer laser (Neweks PSX-501) in temporal overlap with the electronic excitation
laser.
Prior to the pump and ionization laser beams needed to generate this signal, an
IR laser beam with a linewidth of 0.07 cm−1 and a typical pulse energy of 1 mJ was
introduced with a time delay of 200 ns. The 3 µm beam was generated by difference
frequency mixing of the fundamental output of a dye laser (Sirah Precision Scan with
LDS 798 dye) and the 1064 nm fundamental of Nd:YAG laser (Spectra Physics Lab 190)
in a LiNbO3 crystal. Resonant excitation of vibrational levels was observed by a decrease
of the ion signal due to depletion of the ground-state population, allowing for recording
of IR absorption spectra. Such IR spectra were recorded between 3.17 and 3.40 µm (2950
and 3150 cm−1 ). With the present signal-to-noise ratio (S/N), no other IR bands could
be observed outside this range.

3.2.2

Computational methods

Two types of theoretical IR spectra were produced: the standard harmonic vibrational
approach implemented in Gaussian09, 33 and an anharmonic vibrational approach that
employs both Gaussian09 and a locally modified version of the program SPECTRO, 34,35
referred to in this work as G09-h and SP16 calculations, respectively. Both G09-h and
SP16 calculations start from DFT calculations that employ a similar integration grid as
in Boese & Martin, 36 the B9-71 functional, 37 and the TZ2P basis set, 38 all of which have
been found to give the best performance on organic molecules. 36,39 The SP16 calculations utilize the quadratic, cubic, and quartic force constants calculated by Gaussian09
and transformed into Cartesian derivatives as the input for SPECTRO, which then performs its own vibrational second-order perturbation (VPT2) analysis. 34,40 SP16 treats
the polyads of multiple simultaneous resonances (modes falling within 200 cm−1 of each
other) and allows for the redistribution of intensity among the resonant modes, which
is a function not currently employed in Gaussian09. A more thorough account of the
theoretical aspect of this work is given in a separate publication. 41 Harmonic calculations in this work were scaled in order to be compared with experimental data using
a scaling factor (sf) of 0.961, while SP16 output does not require scaling and can be
compared directly. Both harmonic and anharmonic calculations are convolved with a 1
cm−1 Gaussian line shape.

3.3

Results

In the following we will discuss the IR-UV ion dip spectra of phenanthrene, benz[a]antracene, chrysene, triphenylene, pyrene and perylene. In the first instance, we will
present these spectra and compare them where possible with previous studies, highlighting only salient features and differences between the various PAHs. We will make
extensive comparisons with the results of theoretically predicted spectra. A more detailed discussion of these calculations and the assignment of each of the observed bands
in the experimental spectra will be presented in a separate study. 41 Subsequently, we
will make a global comparison between the spectra, and discuss their implications for
extrapolating to the 3 µm region of larger PAHs. Finally, we will consider the current
interpretation of astronomical PAH data in the light of the present results.
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Figure 3.1: The IR absorption spectrum of phenanthrene (a) and pyrene (b)
as predicted by G09-h (scaling factor sf = 0.961) and SP16 calculations (not
scaled) together with the molecular beam gas-phase spectrum as measured in the
present experiments. Number of hydrogens is mentioned in the following order:
solo/duo/trio/quartet/bay H’s. See Fig.3.4(b) for more details.

3.3.1

Phenanthrene

The 3 µm absorption spectrum of phenanthrene is shown in Figure 3.1(a), bottom panel.
In total, twenty-three experimental bands with a linewidth 2.5-4.5 cm−1 are observed.
The positions and strengths of these bands are reported in Table 3.1. The most active
region (where the bands are at least 40% of the intensity of the dominant band) is located
between 3030 and 3090 cm−1 with the most intense transition at 3065.3 cm−1 . This
region is accompanied by two weak bands in the low-energy region and five overlapping
weak bands in the high-energy wing. Table 3.1 also provides the values of bands reported
previously in the CRDS studies of Huneycutt et al. 13 Due to better cooling conditions
in the present experiments, our absorption spectrum shows bands that are narrower. As
a result, nine additional bands can be discerned, although we do not find evidence for
the weak band previously reported at 3025.3 cm−1 . Overall, the agreement between the
two sets of data is good with the largest deviation for most of the bands not exceeding
2 cm−1 .
Phenanthrene belongs to the C2ν point group. Within the harmonic approximation
(Fig. 3.1(a), top panel), only eight modes are therefore IR active in the 3 µm region.
The experimental spectrum, on the other hand, displays twenty-three bands and is a
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Table 3.1: Frequencies (cm−1 ) and intensities of phenanthrene, pyrene and
benz[a]antracene obtained in our study and compared to the data from cavity ring
down spectroscopy (CRDS) 13 and matrix-isolation spectroscopy (MIS) data. 7
phenanthrene
this work
freq.
rel. int.
3015.5
0.25
3018.6
0.26
3032.8
0.68
3037.6
0.47
3042.3
0.45
3042.4
0.45
3047.9
0.55
3050.3
0.4
3056.4
0.88
3057
0.9
3061.8
0.5
3065.3
1
3069
0.57
3071.6
0.64
3075.4
0.89
3081.5
0.5
3082.8
0.53
3084.3
0.55
3091.8
0.3
3094
0.33
3100
0.28
3109.6
0.25
3116.6
0.24

CRDS
freq.
3018.7
3034.7
3038.5
3044.3
3049.1
3057.3
3058.5
3066.9
3072.3
3076.7

pyrene
this
freq.
3044
3049.8
3052.9
3055.6
3057.5
3059.5
3063.3
3064.9
3067.1
3071.9
3087.8
3096
3108.9
3118.7

work
rel. int.
0.34
1
0.6
0.29
0.13
0.39
0.56
0.59
0.12
0.11
0.08
0.12
0.1
0.12

CRDS
freq.
3045.9
3051.7

3058.1
3061.3
3064.5
3067.3
3071.7
3090
3094.8
3108.4

benz[a]antracenee
this work
freq.
rel. int.
3017.1
0.2
3036.8
0.57
3047.8
0.73
3063.8
1
3079
0.69
3087.8
0.37

MIS
freq.
3016.5
3044.5
3064.1
3077.6

3083.9
3093.7
3101.3
3109.7

clear indicator of the failure of the harmonic approximation. We conclude that, similar
to linear PAHs, 14 the CH-stretch region is dominated by Fermi resonances. Previously,
we showed 40 that in order to obtain good agreement between experimental and predicted
spectra, VPT2 treatments that take into account intensity sharing and polyad resonances
as implemented in SP16 are required. With such calculations, the redistribution of intensities over fundamental and combination bands–in this case overtones are not accessible
due to symmetry restrictions–of the same symmetry leads to observable activity of many
additional bands. Comparison between the 3 µm absorption spectrum of phenanthrene
predicted by SP16 (Fig.3.1(a), middle panel) with the experimentally obtained spectrum
indeed shows good agreement.

3.3.2

Pyrene

Figure 3.1(b) (bottom panel) displays the IR absorption spectrum of pyrene in the 29503150 cm−1 region as measured in the present study together with spectra predicted by
G09-h and SP16 calculations. Compared to phenanthrene, the dominant vibrational
activity is observed in a more compact region of 3045-3065 cm−1 with the maximum
intensity at 3049.8 cm−1 . The experimental spectrum shows fourteen relatively narrow
bands with a linewidth of 1.7-3.5 cm−1 whose positions are given in Table 3.1. This table
also contains the positions of the ten bands reported previously, 13 which agree well with
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the present observations (deviations less than 1 cm−1 ). Our S/N ratio, on the other hand,
allows us to identify weak bands at 3044, 3087.8, and 3096 cm−1 that could previously
not be discerned, but does not confirm the previously reported band at 3083.9 cm−1 .
Due to the D2h symmetry of pyrene, only five IR active CH-stretch modes are expected
in the harmonic approximation (Fig.3.1(b), top panel), which is clearly at odds with the
experiment. Indeed, the polyad VPT2 anharmonic calculations (Fig.3.1(b), middle) are
required to bring experiment and theory into better agreement.

3.3.3

Benz[a]anthracene

The IR absorption spectrum benz[a]anthracene in the 2950-3150 cm−1 region is shown
in Figure 3.2(a) together with the spectra predicted by harmonic and anharmonic calculations. The main spectrum feature covers quite a large frequency range and lacks
the narrow bands observed for the other PAHs reported here. Instead a broad structure
between 3030 and 3090 cm−1 with the highest intensity at 3063.8 cm−1 is seen. In this
structure only five bands can be distinguished clearly due to the overlap of a large number
of blended transitions in the present resolution.
The current obtained spectrum is the first high-resolution gas-phase IR spectrum
that has been reported for benz[a]anthracene. We therefore compare in Table 3.2 the
line positions as derived from Figure 3.2(a) with the Matrix Isolation Spectroscopy (MIS)
data. 7 We find larger deviations of up to 3 cm−1 which likely find their origin in matrixinduced perturbations, difficulties in determination of the center of bands due to their
shape (as occurs for the most intense band), and the noise level (as occurs for the weak
bands). Interestingly, our spectrum does not give an indication for the presence of a
band at 3119.5 cm−1 that was reported in the MIS studies, possibly originating from the
lack of mass selection in the MIS experiments.
The large frequency range over which vibrational activity is observed is in line with
the relatively low symmetry of the molecule (Cs ). As a result, all twelve CH-stretch
modes are formally IR active, although the harmonic calculations predict that only six
of them have appreciable intensity (Fig.3.2(a), top). The SP16 calculations, on the other
hand, match the experimental spectrum very well. They predict activity of a plethora of
vibrational transitions as is clear when the stick spectrum underlying the green trace in
Fig. 3.2(a) (middle panel) is inspected, and thereby confirm the conclusions that the the
broad appearance of the spectrum is due to the overlapping of many anharmonic bands.

3.3.4

Chrysene

Chrysene (C18 H12 ) is a highly symmetric isomer of benz[a]anthracene (C2h versus Cs ).
Its experimentally obtained and theoretically predicted IR absorption spectra are shown
in Figure 3.2(b). In contrast to benz[a]anthracene, the experimental spectrum displays
a larger number of resolved bands that have line widths that range from 3-7 cm−1 .
Remarkably, major vibrational activity is found in the 3015-3115 cm−1 range, which is
even larger than for benz[a]anthracene, with the most intense band at 3063 cm−1 . In
this regard, it is interesting to note the presence of bands above 3090 cm−1 where no
activity was observed for benz[a]anthracene.
Table 3.2 reports the line positions of the fifteen bands that can be distinguished and
compares them with previously reported MIS positions. 7 This comparison shows deviations less than 2 cm−1 caused mainly by the inability to accurately identify line positions
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Figure 3.2: The IR absorption spectrum of benz[a]anthracene (a) and chrysene
(b) as predicted by G09-h and SP16 calculations together with the molecular
beam gas-phase spectrum as measured in the present experiments.

of close lying bands under the relatively low-resolution conditions of the MIS experiment. The gas-phase data furthermore identify eight previously unreported transitions,
but does not show evidence for the MIS band at 3134.9 cm−1 . Symmetry considerations
lead to the conclusion that at most six CH-stretch modes could be IR active (Fig.3.2(b),
top panel) and that they are localized in a relatively narrow frequency range. SP16
calculations (Fig.3.2(b), middle panel) once again emphasize the important role of anharmonicity and Fermi resonances, and give rise to a predicted spectrum that is in good
agreement with the experiment.

3.3.5

Triphenylene

Triphenylene completes the series of PAHs with four aromatic rings. For this molecule,
no high-resolution gas-phase vibrational spectra have been reported previously. The 3
µm band recorded here using UV-IR ion dip spectroscopy is depicted in Figure 3.3(a)
(bottom panel). Activity is observed over a relatively small range of 3030-3105 cm−1
with three strong features at 3040, 3075 and 3100 cm−1 and the strongest band at 3101.8
cm−1 . Above 3105 cm−1 , one band at 3143.2 cm−1 appears to be present; there is no
indication for bands below 3025 cm−1 . Overall, sixteen bands with an irregular shape and
a minimum linewidth of 2.9 cm−1 can be resolved. Considering their profile, it is likely
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Table 3.2: Frequencies (cm−1 ) and intensities of chrysene, triphenyene and perylene obtained in our study and compared to the data from cavity ring down
spectroscopy (CRDS) 13 and matrix-isolation spectroscopy (MIS) data. 7
chrysene
this work
freq.
rel. int.
3010.1
0.2
3020.3
0.5
3035.1
0.5
3043.5
0.32
3049
0.45
3053.7
0.75
3058.8
0.56
3063
1
3070.5
0.71
3073.8
0.93
3078.4
0.78
3091
0.23
3095.7
0.65
3102.3
0.4
3107.4
0.54

MIS
freq.
3021.9
3033.4

3054.1
3063.9

3079.4
3093.8
3106.8

triphenylene
this work
freq.
rel. int.
3035.3
0.64
3039.4
0.5
3040.6
0.35
3046.4
0.4
3050.8
0.57
3058.2
0.34
3065
0.34
3070.3
0.31
3073.8
0.62
3076.2
0.85
3084.3
0.36
3088.1
0.35
3091.5
0.43
3098.7
0.68
3101.8
1
3143.2
0.2

MIS
freq.
3038.8

3049.4

3074.7

perylene
this work
freq.
rel. int.
3048.9
0.3
3057.4
0.5
3059.5
0.48
3063.8
1
3066.3
0.85
3092.8
0.24
3095.9
0.21
3098.2
0.24
3118
0.3

CRDS
freq.
3050.3
3060.9
3065.3

3096.1

3090.9
3098

that most of these bands actually consist of several overlapping transitions. Previous
MIS studies 7 compare well with the present data (see Table 3.2) with differences in
band positions not exceeding 2 cm−1 . In the present study significantly more bands are
observed than in the MIS studies, and the MIS 3116.9 cm−1 band is not confirmed.
Triphenylene belongs to the D3h symmetry point group and because of this high
symmetry only four pairs of doubly degenerate CH-stretch modes are IR active in the
harmonic approximation. As Gaussian09 cannot perform the anharmonic analysis of
molecules with D3h symmetry, the calculation was done on triphenylene with a reduced
C2v symmetry caused by a small perturbation of the masses of two opposing carbon
atoms, from 12 to 12.01 au (see Mackie et al. 41 for further details).
Under such conditions a spectrum with only two strong bands is predicted (Fig.
3.3(a), top), which is clearly at odds with the experiment. SP16 calculations incorporating anharmonicity, on the other hand, redistribute the intensities among fundamentals and combination bands with equal symmetries and lead to a predicted absorption
spectrum that resembles the experimentally observed one (Fig.3.3(a), middle panel).
Nevertheless, a detailed comparison of the two spectra does lead to the conclusion that
in the regions above 3105 and below 3025 cm−1 quite a larger activity is predicted by
the calculations than observed experimentally. In fact, similar observations can also be
made for chrysene (regions above 3110 and below 3020 cm−1 ) and to some extent for
benz[a]anthracene (region above 3090 cm−1 ) although in these cases the differences are
not as obvious as in the case of triphenylene.

3.3.6

Perylene

Perylene is the most condensed five-aromatic ring PAH system. The experimental IR
absorption spectrum of this molecule in the 3 µm region is shown in the bottom panel of Figure 3.3(b) together with predicted spectra at the G09-h level (top panel). The
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Figure 3.3: The IR absorption spectrum of triphenylene (a) and perylene (b)
as predicted by G09-h and SP16 calculations together with the molecular beam
gas-phase spectrum as measured in the present experiments.

spectrum is quite compact and dominated by a group of bands located in 3056-3070 cm−1
with the most intense transition occurring at 3063.8 cm−1 . At the high-energy side, a
weak, sharp band at 3118 cm−1 and a broad structure that appears to consist of three
overlapping bands at 3092.8, 3095.9, and 3098.2 cm−1 are observed. Overall, nine bands
with a linewidth of >3 cm−1 are reported in Table 3.2. Perylene has previously been
studied with CRDS, 13 but the spectrum reported at that time clearly has a lower S/N
ratio. This is most likely the reason that a comparison between the two spectra is not as
favorable as for the other molecules. For example, we do not find indications for the previously reported bands at 3044.9 and 3070.4 cm−1 and cannot confirm the band at 3022
cm−1 . Moreover, our cooling conditions enable us to conclude that the bands reported
at 3096.1 cm−1 and 3065.3 cm−1 (CRDS) consist of three and two bands, respectively.
Perylene possesses D2h symmetry and according to the harmonic approximation only 6
CH-stretch modes are IR active. The other observed bands originate from anharmonic
activities–i.e., resonances.
Unfortunately, it was not possible to perform an anharmonic analysis on perylene as
Gaussian09 was unable to produce reasonable cubic and quartic force constants. Those
unreasonable force constants lead to a significant overestimation of the anharmonic corrections of band positions, with many bands predicted to occur at higher energies, which
is contrary to what is expected. It would appear that these problems depend on the
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level of theory that is used since calculations on perylene using the B3LYP functional
with a 4-31G basis set lead to cubic and quartic force constants that seem much more
reasonable. However, this level of theory is too low to allow for meaningful comparisons
with the experimental spectra. Further studies on the functional/basis set dependence
of the quartic force field of large molecules such as perylene would thus be of interest,
but fall outside the scope of the present studies.

3.4

Discussion

The high-resolution IR absorption spectra of the presently studied set of PAHs together
with those of the linear acenes studied previously 14 provide a comprehensive view on key
factors that determine the appearance of the 3 µm band in PAHs. The number of CHoscillators obviously controls the number of normal modes, and this clearly implies that
compact species always have fewer active modes in the 3 µm region than more extended
molecules with the same symmetry and with the same number of rings. However, from
the comparison of the 3 µm bands of PAHs with different molecular structures, it becomes
clear that the frequency region over which activity is observed and the distribution of
intensity over this region is not as dependent on the number of CH-oscillators as one
might expect.
For example, four-ring pyrene consists of sixteen carbons and ten hydrogens, and
its 3 µm bands looks quite similar to anthracene (Fig.3.4(a)), another molecule with
ten CH-oscillators and D2h symmetry. Both 3 µm bands are compact, the most active
region occurring in the range of 22 and 30 cm−1 , respectively. However, a noticeable
blueshift of the strongest transition of anthracene (3071.9 cm−1 ) with respect to pyrene
(3049.8 cm−1 ) is observed. Phenathrene is an isomer of anthracene, but despite just a
small change in molecular structure, its 3 µm band is very different (Fig.3.4(a)). The
most active region spans 60 cm−1 with the most intense band at 3065.3 cm−1 . These
differences likely originate from the nonlinear structure of phenanthrene. Significant
changes occur in the periphery of the molecule. Anthracene has two solo hydrogens and
two quartets. Phenanthrene, on the other hand, has two duo hydrogens instead of two
solos, and also two quartets, but conversely the quartets each have a hydrogen in the bay
region (Fig. 3.4(b)). As a result, steric effects increase the vibrational frequencies of these
CH-oscillators. 21 Interestingly, Figure 3.5(a) shows that the 3 µm bands of phenanthrene
resembles to a large extent those of benz[a]anthracene. The most intense transitions of
phenanthrene and benz[a]anthracene are at 3065.3 and 3063.8 cm−1 , and the most active
regions are 3030-3090 and 3035-3097 cm−1 , respectively. This can be rationalized on the
basis of their similar peripheral structure, the only difference between the two molecules
being the additional two solo hydrogens in benz[a]anthracene, which do not contribute
significantly to the spectrum.
The 3 µm absorption of pyrene looks very similar to the absorption of the five-ring
PAH with twelve hydrogens–perylene (Fig.3.5(a)). The most active modes of perylene
are concentrated in a narrow frequency region of 15 cm−1 . This relatively small range
follows quite nicely from the molecular and, in particular, the peripheral structure of
perylene. All hydrogens in perylene come as trios and thus contribute to IR absorption
at similar frequencies. Perylene and pyrene indeed have a similar band at 3064 cm−1
which is attributed to modes localized in both cases in trio hydrogens. Pyrene does
not possess bay hydrogens, but perylene does. As confirmed by the calculations, this
explains the differences in activity in the high-frequency regions of the spectra of the two
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Figure 3.4: (a) Experimental IR absorption spectra of pyrene, anthracene and
phenanthrene from the bottom to the top, respectively. Number of hydrogens is
mentioned in the following order: solo/duo/trio/quartet/bay H’s.
(b) Schematic representation of bay-region, solo, duo and quartet hydrogens using
examples of anthracene (bottom) phenanthrene (top).

compounds.
From the subsequent discussion (vide infra) it appears that molecules with the same
type of hydrogens (solos, duos, trios, or quartets) display activity in a similar frequency
range. Moreover, from the comparison of our experiment with DFT theory, we suggest
that the frequencies of normal modes that primarily involve motion of the same type of
hydrogens are restricted to rather narrow frequency regions with frequencies that increase
in the order of solos, duos, trios, to quartet. 41
Another effect induced by steric hindrance associated with bay regions is best illustrated by comparing the 3 µm absorption of tetracene with its isomers in Fig.3.5(b).
Benz[a]anthracene has a pair of hydrogens (one is from a quartet and another one is a solo
hydrogen) in a bay site. Its 3 µm band has a maximum at 3063.8 cm−1 , close to the most
intense transition of tetracene (3061.1 cm−1 ) and major activity over 3035-3097 cm−1 .
While the strongest transition of chrysene (3063 cm−1 ) is not affected by the structural
changes and remains very close to tetracene, the high-energy part of the spectrum undergoes changes. Chrysene shows prominent high-energy features in the 3090-3120 cm−1
region where tetracene has considerably less activity (Fig.3.5(b)). We conclude that this
activity should be attributed to bands involving modes with considerable contributions
of hydrogens in the bay region as these have intrinsically higher vibrational frequencies
because of steric hindrance. The conclusion is supported by the SP16 calculations. It
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Figure 3.5: Experimental IR absorption spectra of (a) pyrene, perylene,
benz[a]anthracene and phenanthrene (b) tetracene, benz[a]antracene, chrysene
and triphenylene from the bottom to the top respectively.

is found computationally that all resonances in this region involve the CH-stretch mode
of chrysene located in a bay region. All hydrogens of triphenylene are incorporated into
three quartets with half of them in bay sites. In contrast to the other PAHs with quartets,
triphenylene has the most intense band at 3101.8 cm−1 while for the other compounds
it is found between 3063-3066 cm−1 (Fig.3.5(b)). This is a clear demonstration of the
presence of bay-site hydrogens. The band at 3076.2 cm−1 most likely dominantly involves asymmetrical stretching of bay hydrogens. The 3030-3060 cm−1 region can nicely
be explained by anharmonic activity. 41 Such a comparison clearly shows that vibrations
involving hydrogens in bay site are blueshifted.
The symmetry of the molecule controls the number of IR-allowed transitions. These
transitions are the source of intensity for combination bands of the same symmetry that
normally would be “dark” but can acquire intensity through Fermi resonance. When
comparing isomers with different symmetries, for example anthracene and phehanthrene,
the isomer with a higher symmetry (anthracene) is thus expected to show a smaller number of fundamental and combination bands, as is indeed confirmed by our experiments
(Fig.3.4(a)). Therefore, molecules with a low degree of symmetry, like benz[a]anthracene,
demonstrate broad absorption because of the overlap of anharmonic bands (Fig.3.2(a)).
Another important conclusion that can be drawn from the present experiments concerns the frequency range over which anharmonicity is active in the 3 µm region. We
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have acquired high-resolution IR absorption spectra for PAHs with two to five rings in all
possible geometrical arrangements, but for all these species vibrational activity quickly
disappears below, roughly speaking, 3000 cm−1 (above 3.33 µm). This conclusion is
supported by our SP16 calculations that also show very limited activity in this region.
Moreover, in the SP16 calculations an important parameter that controls the number
of states to be included in resonances/polyads is the maximum energy separation of the
states. In all our calculations we find that a maximum separation of 200 cm−1 is more
than adequate. On the basis of the scaled harmonic calculations in which the lowest frequencies occur around 3025 cm−1 one can then conclude that the maximum wavelength
range over which combination band activity might be observed extends only up to 2825
cm−1 (3.54 µm), and this number is most likely even an overestimate. Increasing the size
of a PAH will thus increase the density of “dark” states that might potentially couple to
the “bright” zeroth-order states, but the present study strongly suggests that this increased density has a very limited effect on the range of the region over which vibrational
activity is observed.

3.5

Astrophysical implications

The present study confirms the dominant role of anharmonicity in determining the shape
and strength of the features in the CH-stretching region. Predictions by harmonic calculations are thus far from adequate for obtaining a fundamental understanding of how
the 3 µm region reflects the chemical composition and evolution of astronomical objects,
and for trying to understand secondary features around the 3 µm feature. They also
indicate that in principle there are many more leads available for identifying single PAH
species as intensity is distributed over many more transitions, not only the fundamental
CH-stretch transitions.
One of the secondary features that has been discussed extensively in the literature
concerns the two-component emission character of the 3 µm band. 18 Our results clearly
show that bay hydrogens induce intensity at the high-energy side, and thus fully support the previous suggestion that the 3.28 µm emission band is associated with modes
involving bay hydrogens as occurs in more extended PAHs, while the 3.30 µm emission
band derives from more compact PAH structures. 19 The size of the PAH, which also has
been put forward as the primary cause for the two-component emission, 20 appears to
be only of secondary influence. Nevertheless, our results also unmistakably demonstrate
that activity in the high-frequency range is not only induced by bay hydrogens, but also
occurs for PAHs without bay sites. The finer details of this part of the spectrum thus
are the result of a subtle interplay between the effects of steric hindrance as encountered
for the bay hydrogens and anharmonicities. This implies that one should be cautious in
directly relating the ratio of the intensities of the two bands to abundances of compact
and extended PAH structures.
Another secondary feature that has attracted considerable attention is the 3 µm
plateau spanning the 3.1-3.7 µm (2700-3200 cm−1 ) region. 23,24 Our spectra show that
the intensity in the high-energy part of this plateau is derived from Fermi resonances
between fundamental CH-stretch transitions and the plethora of combination bands that
are present in this region. However, such an explanation, which previously has also
been put forward as a possible cause for the lower-energy side of the plateau, 24 is not
supported by the present results which show only very limited activity in the region above
3.3 µm (below 3000 cm−1 ). Above, we have reasoned that also for larger PAHs we do
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not expect an increased activity in this region. We therefore conclude that in this region
IR absorption has another origin.
A final feature of interest is the 3.40 µm feature on the 3 µm plateau. Several
explanations have been put forward to account for its presence, ranging from hot bands
of aromatic CH-stretch transition υ = 2 → 1 shifted due to anharmonic effects 42 to CHstretch modes in methylated 43,44 and superhydrogenated 45–48 PAHs , but none of these
have so far been confirmed. The overall picture that emanates from our high-resolution
studies, involving in particular the role of anharmonicity, suggests that an explanation
based on hydrogenated and alkylated PAHs is attractive. Methylated and hydrogenated
PAHs have been known to be IR active at much lower frequencies than the fully aromatic
systems and might thus contribute to the 3 µm plateau. Assuming that anharmonicity
plays a similar role in such alkylated PAHs, this would then also explain the extended
range of the 3 µm plateau, which cannot be explained merely in terms of bare PAHs. To
find further support for such a conclusion we are presently performing high-resolution IR
absorption studies on an extensive series of hydrogenated and alkylated PAHs.

3.6

Conclusions

In this work we have presented molecular beam IR absorption spectra of six condensed
PAHs in the 3 µm region using IR-UV ion dip spectroscopy. The present results and
the results on linear acenes 14,40 show that anharmonicity indeed rules the 3 µm region,
with the fraction of intensity not associated with fundamental transitions easily exceeding
50%. Anharmonicity-induced transitions are more the rule than the exception and should
explicitly be taken into account in the interpretation of astronomical data in the 3 µm
region. A proper incorporation of resonances has been shown to yield predicted spectra
that are in semi-quantitative agreement with the experiments. Such calculations may
therefore lead the way for furthering our understanding of the influence of larger PAHs,
which are not amenable to similar experimental high-resolution studies.
Our work shows that the observed abundance of combination bands is mostly concentrated in the low-energy part (≤ 3100 cm−1 ) of the CH-stretch region and originates
from combinations of CC-stretch and CH in-plane bending modes. This anharmonic
activity can be partly responsible for the 3 µm plateau observed by astronomers, although both experiment and theory put into question a scenario in which the plateau is
solely attributed to Fermi resonances between fundamental modes and such combination
bands. In this respect, a more important role than assumed so far of hydrogenated and
alkylated PAHs in combination with anharmonic effects appears to provide a highly interesting alternative to pursue. Activity at the high-energy part of the 3 µm band has
been demonstrated to derive from the presence of bay hydrogens, but not solely, as also
anharmonicity in PAHs without bay hydrogens induces activity in this region. Further
studies on larger compact PAHs should provide further means to distinguish between the
relative importance of the two effects. Such studies are presently underway.
Our studies show that the vibrational activity in the CH-stretch fingerprint region
is strongly linked to details of the molecular structure. It is therefore not only different
for molecules with different chemical structures, but also for different isomers. We have
demonstrated that the peripheral structure of the molecules plays a dominant role in the
appearance of the 3 µm band. Studies in which the 3 µm region is correlated with the
“periphery-sensitive” 9-15 µm region are thus of significant interest and could further
elucidate the exact composition of the carriers of these bands.
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CHAPTER

4

High-resolution IR absorption spectroscopy of
polycyclic aromatic hydrocarbons in the 3 µm
region: Role of hydrogenation and alkylation

Abstract
In this work we report on high-resolution IR absorption studies on polycyclic aromatic hydrocarbons (PAHs) with extra hydrogens (H-PAHs) and methyl groups (Me-PAHs) in the 3 µm region.
We aim to elucidate the spectral changes in the CH-stretch region that result from chemical changes in the molecular periphery. To this purpose, advanced laser spectroscopic techniques combined with mass spectrometry are applied on supersonically cooled 1,2,3,4-tetrahydronaphthalene,
9,10-dihydroanthracene, 9,10-dihydrophenathrene, 1,2,3,6,7,8-hexahydropyrene, 9-methylanthracene, and 9,10-dimethylanthracene allowing us to record mass- and conformationally-selective absorption spectra of the aromatic, aliphatic and alkyl CH-stretches in the 3.175-3.636 µm region
with laser-limited resolution. We compare the experimental absorption spectra with standard
harmonic calculations and with second-order vibrational perturbation theory anharmonic calculations that use the SPECTRO program for treating resonances. We show that anharmonicity
plays an important–if not dominant–role, affecting not only aromatic, but also aliphatic and
alkyl CH-stretch vibrations. Combining these advanced calculations with the experimental highresolution data leads to the conclusion that the variation of Me- and H- PAHs composition might
well account for the observed variations in the 3 µm emission spectra of carbon-rich and starforming regions. Our laboratory studies also suggest that heavily hydrogenated PAHs form a
significant fraction of the carriers of IR emission in regions in which an anomalously strong 3 µm
plateau is observed.∗
∗ This chapter is adopted from E. Maltseva, A. Petrignani, A. Candian, C. J. Mackie, X.
Huang, T. J. Lee, A. G. G. M. Tielens, J. Oomens, W. J. Buma.
Astrophys. J. submitted.
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4.1

Introduction

The series of unidentified infrared bands (UIRs) (3.29, 6.2, 7.7, 8.7 and 11.3 µm) observed
in a variety of astrophysical environments has puzzled astronomers for decades since their
first discovery in 1973. 1,2 The most generally accepted hypotheses is the so-called “PAH
hypothesis” which asserts that the UIR emission is a result of radiative cooling of isolated
Polycyclic Aromatic Hydrocarbons (PAHs)–a class of organic compounds consisting of
hydrogen and carbon atoms combined in fused aromatic rings–that have been excited by
UV radiation and, after radiationless decay to the ground electronic state, populate the
ground state’s vibrational manifold. 3–5 Due to its accessibility with ground-based telescopes, one of the most studied UIR features is the 3.3 µm band that has been attributed
to CH-stretch vibrational modes of aromatic hydrocarbons. With higher resolution and
sensitivity, observations have revealed that the 3.3 µm band is accompanied by a plateau
spanning the 3.1-3.7 µm region (the so-called 3 µm plateau) with superimposed bands
at 3.40, 3.46, 3.51, and 3.56 µm. Observations have also demonstrated that there is a
great diversity in the relative strengths of these sub-features depending on the nature of
the emission source. In the majority of astronomical environments showing UIRs, the
3.29 µm band dominates the 3 µm region. 6,7 However, there are known sources (mostly
protoplanetary nebulae) that possess an abnormal 3 µm profile with the plateau and its
superimposed bands having the same intensity as the 3.29 µm band or in some cases
exceeding it. 8–10
The identification of the 3 µm features in combination with the observed variety of
profiles is a key to a profound understanding of carbon evolution in space. It is therefore
a subject of extensive discussions. Several suggestions have been put forward to account
for the 3.4, 3.46, 3.51, and 3.56 µm bands. These range from an assignment in terms
of hot bands of aromatic CH-stretch transitions ν= 2→1 and 3→2 that are red-shifted
due to anharmonicity 11 to invoking alkyl CH-stretch modes in methyl-substituted PAHs
(Me-PAHs) 12–14 and aliphatic CH-stretch vibrations of PAHs containing extra hydrogen
atoms (H-PAHs). 15–17 Seminal laboratory studies of IR emission in gas-phase UV excited
PAHs 18 did not find indications for the presence of CH-stretch ν= 2→1 hot-bands that
previously had been suggested to account for the 3.4 µm band. 11 It was thus concluded
that the satellite 3 µm features must derive from other carriers. It was also found that
the IR emission of H-PAHs is more consistent with astrophysical observations than the
IR emission of Me-PAHs. 18 The identification of the carriers of the 3 µm plateau is
still subject of speculation. For example, the previously proposed hypothesis that the
plateau is a quasi-continuum of overlapping overtones and combination bands of CCstretch modes in PAHs 19 found only partial support from our recent studies on linear
acenes and condensed PAHs. 20,21 In these studies experiments and calculations showed
unambiguously that aromatic IR activity is restricted to the 3.17-3.33 µm absorption
range and thus another carrier is required to explain IR activity in the region 3.33-3.64
µm. Recent extensive matrix-isolation studies and spectroscopic studies on pellets (as
grains) 16,17 concluded that CH-stretches in alkyl and methyl groups attached to the
periphery of PAHs are the main candidates for the assignment of the weaker bands in
the 3 µm region. However, this claim has thus far not been confirmed due to the lack of
high-resolution gas-phase IR spectra of these species.
In previous studies 20,21 we applied IR-UV ion-dip laser spectroscopy combined with
mass-selective ion detection on PAHs in molecular jets where the seeded molecules could
reach internal temperatures of less than 5 K. Such conditions allow for the recording of
conformational- and mass-selected spectra with laser-limited linewidths below 0.1 cm−1 .

48

9-methylanthracene
(MA)

9,10-dihydroanthracene
(DHA)

9,10-dihydrophenanthrene
(DHP)

9,10-dimethylanthracene
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1,2,3,4-tetrahydronaphthalene
(THN)

1,2,3,6,7,8-hexahydropyrene
(HHP)

Figure 4.1: Chemical structures of the hydrogenated PAHs DHA, DHP, THN,
and HHP, and of the methylated PAHs MA and DMA.

We found that the CH-stretch region of regular PAHs is dominated by large Fermi resonance polyads, which result from a plethora of combination bands, and that a high-end
treatment of anharmonic effects including resonance polyads is required to characterize
this region computationally. We concluded that the shape of the 3 µm band can act as
a spectral signature and help in providing a precise identification of the UIRs carriers.
In the present paper, we extend these high-resolution studies to six more molecules that so far have not been studied in molecular beams: 1,2,3,4-tetrahydronaphthalene
(THN) C10 H12 , 9,10-dihydroanthracene (DHA), 9,10-dihydrophenathrene (DHP) C14 H12 ,
1,2,3,6,7,8-hexahydropyrene (HHP) C16 H16 , 9-methylanthracene (MA) C15 H12 , 9,10dimethylanthracene (DMA) C16 H14 (see Figure 4.1). These decorated PAHs are characterized by the presence of both sp2 as well as sp3 hybridized carbon atoms and extend
the CH-stretch region from 3.175-3.333 µm to 3.175-3.636 µm. With this work we aim
first of all to investigate the role of anharmonicity in the alkyl and aliphatic CH-stretch
region and determine whether the plateau in the 3.333-3.636 µm region is primarily due
to the effects of anharmonicity. Secondly, we aim to identify the molecular origins of
the 3.4, 3.46, 3.51 and 3.56 µm UIR emission bands and of the 3 µm plateau. Finally,
we want to establish spectral fingerprints at a molecular–as well as class-sensitive–level
for two different classes of decorated PAHs, namely H-PAHs and Me-PAHs. These fin-
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gerprints are important since they can help us to shed light on the PAH composition in
different astronomical environments.

4.2
4.2.1

Methods
Experimental techniques

The experiments were carried out using a molecular beam setup described earlier. 22 In
order to obtain cold and isolated molecules the sample of interest was kept at temperatures above its melting point in the container attached to a pulsed valve (General Valve).
Subsequent pulsed expansion in a carrier gas (argon at 2 bars), with a typical pulse
duration of 200 µs, resulted in supersonic cooling of the sample molecules.
Double-resonance UV-IR spectroscopy was used to study the ground-state vibrational
manifold of PAHs. A two-color resonance enhanced multiphoton ionization (REMPI)
scheme was used to create an ion signal that was detected in a time-of-flight spectrometer
(R. M. Jordan Co.) at the molecular mass. An excitation laser (Sirah Cobra Stretch) was
set to the wavelength of the electronic transitions S1 ← S1 , well-known from literature
(DHA, 23 DHP, 24 THN, 25 HHP, 26 MA, 27 and DMA 28 ). An excimer ArF laser (193 nm,
Neweks PSX-501) was used for subsequent ionization of the excited molecules. In order
to probe IR transitions, an IR laser pulse with a linewidth of 0.07 cm−1 was introduced
200 ns prior to the ionization and excitation lasers. The 3 µm beam was produced in a
LiNbO3 crystal by difference frequency mixing of the fundamental output of a dye laser
(Sirah Precision Scan with LDS 798 dye) and the 1064 nm fundamental of a Nd:YAG
laser (Spectra Physics Lab 190). The spectra were recorded in the range of 3.175-3.636
µm (3150-2750 cm−1 ). With the present S/N ratio, no bands could be observed outside
this region.

4.2.2

Computational methods

The present study employs two separate types of calculations to predict the theoretical IR
absorption spectra. The first, referred to as G09-h, is the standard harmonic vibrational
approach implemented in Gaussian09, 29 while the second, referred to as SP16, is an
anharmonic approach which uses both Gaussian09 and a locally modified version of the
program SPECTRO. 30 The starting point in both the G09-h and SP16 calculations are
density functional theory (DFT) calculations that employ a similar integration grid as
in Boese & Martin, 31 the B97-1 functional, 32 and the TZ2P basis set; 33 all of which has
been found to give the best performance on organic molecules. 31,34 The quadratic, cubic,
and quartic force constants calculated by Gaussian09 are transformed into Cartesian
derivatives 35 and serve as input for the SPECTRO program, which performs a vibrational
second-order perturbation (VPT2) analysis. 35–37 The SP16 calculations treat the polyads
of multiple resonances (modes falling within 200 cm−1 of each other) simultaneously and
allows for the redistribution of intensity among the resonant modes. A more thorough
account of the theoretical aspects of this work is given elsewhere. 38,39
Complications arise when attempting to treat low barrier “free–rotors” vibrational
modes anharmonically 40 such as seen in the methyl groups of the methylated PAHs of
this study. As a first approximation we have set the cubic and quartic force constants of
these vibrational modes to zero, essentially treating these free–rotor modes as harmonic
in the anharmonic analysis.
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In the present work vibrational frequencies from the harmonic calculations were scaled
with a scaling factor (sf) of 0.96, while anharmonic frequencies did not require any scaling.
For further comparison with the experiment both harmonic and anharmonic calculations
have been convolved with a 1 and 3 cm−1 Gaussian line shape for H- and Me-PAHs,
respectively.

4.3
4.3.1

Results
Hydrogenated PAHs

The 3 µm absorption spectra of jet-cooled DHA, DHP, THN, and HHP in the 3.175-3.636
µm (3150-2750 cm−1 ) region are shown in Fig.4.2(a) - 4.2(d) respectively. The spectra
of these molecules display a series of well-separated vibrational bands with linewidths
ranging from 1 to 7 cm−1 . The positions and relative line intensities are reported in
Tables 4.1 and 4.2.
Comparison of these experimental spectra with spectra predicted with the standard
harmonic approximation (Fig. 4.2(a)-4.2(d), top panels) appears to give reasonable
agreement at first sight. Closer inspection reveals, however, that the distinct features in
the 3.420-3.500 µm (2924-2857 cm−1 ) region are systematically not predicted. Moreover,
considerably more bands are observed in the experimental spectra (Tables 4.1 and 4.2)
than expected on the basis of the harmonic approximation. The SP16 anharmonic analysis of these molecules (Fig.4.2(a)-4.2(d), middle panels), on the other hand, accounts
for resonances and predicts more bands to be IR active. In particular, bands observed in
the 3.420-3.500 µm (2924-2857 cm−1 ) region can now be assigned to the overtones and
combination bands of CC-stretch and in-plane CH-bending modes that are coupled to the
fundamental aliphatic CH-stretch modes through Fermi resonances (detailed assignments
are reported in Mackie et al. 39 ).
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Figure 4.2: IR absorption spectra of DHA, DHP, THN and HHP as predicted by
G09-h (scaling factor sf= 0.96) and SP16 calculations (not scaled) together with
the molecular beam gas-phase spectrum as measured in the present experiments.
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Table 4.1: Experimental line position (cm−1 ) and relative intensities for the
absorption bands of THN, DHA, DHP in 3.175-3.636 µm region.
THN
freq.
2851.3
2865.3
2868.9
2879.3
2894.2
2898.8
2906.5
2909.2
2927.9
2934.7
2942.9
2949.8
3009.5
3026.6
3033.6
3051.2
3066.6
3070.8
3073.6
3082.5
3087.6
3111

4.3.2

rel. int.
0.6
0.25
0.6
0.09
0.36
0.2
0.14
0.19
0.64
0.99
0.66
1
0.12
0.39
0.17
0.18
0.14
0.17
0.15
0.07
0.1
0.07

DHA
freq.
2826.6
2830.6
2862.6
2868
2871.1
2873.8
2880.2
2934.2
2947
2951.6
3015.5
3027.1
3031.7
3041.5
3054
3070.3
3075.9
3083.4
3087.1
3089.5
3099.3
3118.1

rel. int.
0.9
0.28
0.12
0.24
0.17
0.31
0.15
0.12
0.55
0.2
0.23
0.19
1
0.25
0.6
0.22
0.52
0.19
0.31
0.23
0.08
0.1

DHP
freq.
2847.2
2854.5
2879.7
2901
2905.1
2938.3
2944.3
2950.2
2966.7
3026.2
3034.5
3040.1
3048.9
3064.7
3079.2
3084.3
3112.9

rel. int.
0.57
0.13
0.07
0.36
0.54
0.18
0.44
1
0.15
0.52
0.23
0.25
0.44
0.18
0.76
0.19
0.1

Methylated PAHs

The absorption spectra of jet-cooled 9-methylanthracene (MA) and 9,10-dimethylanthracene (DMA) are depicted in the bottom panels of Fig. 4.3(a) and 4.3(b), respectively.
These spectra feature broad (>6 cm−1 ) bands, located on a plateau spanning the 3.2153.484 µm (3110-2870 cm−1 ) region (see Table 4.2). In contrast to the experiments, the
harmonic approximation predicts only two IR active modes in the aliphatic 3.333-3.636
µm (3000-2750 cm−1 ) region (Fig. 4.3(a),4.3(b), top panels). The SPECTRO VPT2 treatment gives in general a better agreement with the experiment, predicting significantly
more bands to be IR active due to Fermi resonances (Figs. 4.3(a),4.3(b), middle panels).
The plethora of bands in the anharmonic spectra can account for the plateau observed
in the 3.215-3.484 µm (3110-2870 cm−1 ) region of MA and DMA (detailed assignments
are reported in Mackie et al. 39 ).
We find that the anharmonic calculations are in reasonably good agreement with the
experiment as far as the aromatic region of both molecules is concerned. However, the
alkyl region is predicted much better for DMA than for MA. We suspect that restrictions
imposed by the higher symmetry of DMA might in part be responsible, but further
studies are needed to elucidate this difference. From an analysis of the harmonic and
anharmonic results, we find that it is not so straightforward to separate the aromatic
region of the spectrum from the alkyl region as could be done for H-PAHs because of
the high-frequency methyl CH-stretch vibrations that occur for wavelengths shorter than
3.333 µm (3000 cm−1 ).
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Table 4.2: Experimental line position (cm−1 ) and relative intensities for the
absorption bands of HHP, MA and DMA in 3.175-3.636 µm region.
HHP
rel. int.
2843.7
2852.7
2876.1
2884.3
2896
2910.1
2930.1
2934.7
2938.3
2947.5
2954.8
2982.3
3020.6
3033.6
3075.5
3079.2
3128

3150
3050
3.5 G09-h

freq.
0.4
0.17
0.26
0.2
0.1
0.15
0.34
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1
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0.12
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0.07
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Figure 4.3: IR absorption spectra of MA and DMA as predicted by G09-h
(scaling factor sf= 0.96) and SP16 calculations (not scaled) together with the
molecular beam gas-phase spectrum as measured in the present experiments.
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4.4

Discussion

Figs. 4.4(a), 4.4(b), 4.5 show a comparison of IR absorption spectra of the decorated
PAHs with the spectra of their bare counterpart PAHs, that is DHA, DHP are compared
with anthracene (A) and phenanthrene (Ph); THN, HHP with naphthalene (N) and pyrene (P); and MA, DMA with A. An excess of hydrogens or the presence of a methyl-side
group have a strong impact on the CH-stretch region of even minimally decorated PAHs
like DHA, DHP and MA. The present study demonstrates that the absorption spectra
of these six decorated PAHs in the 3 µm region can in first instance be considered as
being built up from two (in case of H-PAHs independent) regions. Their 3.333-3.636 µm
(3000-2750 cm−1 ) region is dominated by the fundamental CH-stretches in the aliphatic
or alkyl moieties as well as combination bands and overtones that are coupled with these
modes. The 3.175-3.333 µm (3150-3000 cm−1 ) region, on the other hand, is well known as
an aromatic CH-stretch region, although our studies clearly show that this region acquires new properties compared to the CH-stretch region of bare aromatic analogues. In
order to understand the spectral changes that the additional hydrogens or methyl-groups
promote, several considerations need to be kept in mind.
First, in the case of H-PAHs the presence of additional hydrogens converts a flat
aromatic molecule into a bent, mixed aromatic-aliphatic structure with a lower symmetry
(for example, D2h for A vs. C2v for DHA). Similarly, the addition of methyl groups
introduces asymmetry as some of its hydrogen atoms do not lie in the molecular plane
(D2h for A vs. Cs for MA). Such a change in molecular symmetry, along with a larger
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Figure 4.5: Comparison of IR absorption spectra of jet-cooled A, MA and DMA.

number of CH-oscillators increases the total number of normal modes, the number of
modes that on symmetry grounds can be IR active, and the number of combination
bands that can participate in Fermi resonances.
Second, attachment of additional hydrogens or methyl groups changes the periphery
of the parent molecule. In our previous studies we demonstrated that there is a close
relation between the shape of the 3.29 µm band and the edge structure of PAHs. 21 In the
case of H- and Me-PAHs, we also observe this tendency but it is harder to follow due to
the increased complexity of the molecular system. For example, absent solo hydrogens in
DMA should result in a weaker activity in the low-energy aromatic region around 3.311
µm (3050 cm−1 ), but the effect is not visible due to the presence of the sterically hindered
methyl stretch at 3.298 µm (3031.7 cm−1 ) (Fig. 4.5). The steric interactions between the
methyl hydrogens and the quartet hydrogens on the ring also strongly affect the highenergy side of the aromatic region around 3.226 µm (3100 cm−1 ) and lead to frequency
that is higher than typically observed for these CH-stretches 3.223 µm (3102.6 cm−1 ).
The presence of the methyl group thus not only changes the number of different types of
hydrogens (in this case removing the solo CH-stretch bands from the 3-µm region) but
also adds new methyl CH-stretch modes and introduces high-frequency modes similar to
the aromatic CH-stretch modes localized in bay-areas of bare PAHs.
Third, for H-PAHs, the changes in the periphery of the molecules affect the aromatic
CH-stretches in a similar way as discussed above for Me-PAHs. In DHA, for example,
the only aromatic hydrogens are quartet hydrogens since solo positions are hydrogenated.
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In our previous studies 21 we showed that solo CH-stretches typically have the lowest
frequencies among the various types of aromatic CH-stretches. We thus expect that
hydrogenation of A causes, at most, a slight blue shift of the absorption profile of the
aromatic CH-stretch band. We observe, in contrast, a red shift of the aromatic band
(Fig. 4.4(a)). The harmonic analysis of the fundamental aromatic CH-stretch modes
does not show a significant red shift of the pertinent modes and can thus not account for
the observed shift. We therefore conclude that the shift originates from the redistribution
of the intensity of the fundamental bands in this region over the combination bands via
Fermi resonances.
Fourth, apart from the prominent 3.29 µm band attributed to the aromatic CHstretch vibrations discussed above, we also observe a series of features in the low-frequency
region that are associated with the C(sp3 )-H stretch vibrations. The absorption spectra
show that these features are very similar as long as the PAHs from the same class (H-PAHs
or Me-PAHs). For example, the absorption spectra of hydrogenated species show several
well-separated bands restricted to the 3.333-3.636 µm (3000-2750 cm−1 ) region (Figs.
4.4(a) and 4.4(b)). Careful assignment of these bands on the basis of the anharmonic
calculations reveals that the canonical asymmetric aliphatic CH-stretch, which is assumed
to be responsible for the interstellar 3.4 µm band, is the strongest in three of the four
H-PAHs studied here and very similar in terms of frequency (within 4 cm−1 ) for all four
molecules (DHA 3.393 µm (2947 cm−1 ), DHP 3.390 µm (2950.2 cm−1 ), THN 3.390 µm
(2949.8 cm−1 ), and HHP 3.393 µm (2947.5 cm−1 )). The canonical symmetric aliphatic
CH-stretch band, in contrast, is more sensitive to the molecular structure. It shows large
variations in intensity and frequencies that are distributed over a much larger range (DHA
3.538 µm (2826.6 cm−1 ), DHP 3.512 µm (2847.2 cm−1 ), HHP 3.517 µm (2843.7 cm−1 ),
and THN 3.507 µm (2851.3 cm−1 )). For Me-PAHs we find that MA and DMA show
comparable absorption patterns in the 3.333-3.636 µm (3000-2750 cm−1 ) regions (Fig.
4.5). The symmetric alkyl CH-stretch gives rise to strong bands at 3.475 µm (2877.5
cm−1 ) for MA and 3.466 µm (2885.2 cm−1 ) for DMA, while the asymmetric alkyl CHstretch is found at 3.409 µm (2933.8 cm−1 ) and 3.414 µm (2929.2 cm−1 ) for MA and
DMA, respectively, as part of a group of bands in the 3.428-3.356 µm (2917-2980 cm−1 )
region.
Comparison of the absorption spectra of the heavily hydrogenated HHP and THN
with the minimally hydrogenated DHP and DHA leads to the conclusion that hydrogenation causes a rapid increase of the integrated band intensities in the aliphatic region and
a decrease in the absorption of aromatic bands. Quantitatively, this is expressed in Fig.
4.6 where the ratio of the integrated intensities of the aliphatic and aromatic CH-stretch
bands is plotted as a function of hydrogenation (the ratio of the number of aliphatic and
aromatic bonds) for the present set of H-PAHs (black diamonds) together with a set of hot
gas-phase spectra of 1,3- and 1,4-cyclohexadiene, cyclohexene, 5,12-dihydronapthacene,
1,2,3,4-tetrahydroanthracene, DHA, DHP, HHP, THN from the NIST catalog 41 (red
circles). We note that the present data are completely in line with the independently
obtained NIST data that have been measured under completely different conditions. The
observed linear relation (Fig. 4.6, blue) is in line with our expectations. Fitting of all
data leads to a slope of 1.57±0.06 which represents the ratio α of aliphatic and aromatic
CH-stretch oscillator strengths per CH-bond. This value is in excellent agreement with
the value of 1.69 reported in a recent theoretical study. 42
In view of this good agreement it is surprising that MIS studies of H-PAHs 16 reported
a value for α of 2.76, which is significantly higher than concluded here from the gas-phase
studies. Further consideration of these results indicates, however, that the difference can

57

3 0 0 0 -3 2 0 0 c m

-1

6
5

a n d

in te g r a te d a r e a s

4

R a tio o f 2 7 5 0 - 3 0 0 0 c m

-1

3
2

0

1
0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

3 .0

3 .5

4 .0

4 .5

R a tio o f th e n u m b e r o f a lip h a tic a n d a r o m a tic h y d r o g e n s
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be traced back to the influence of the environment on band intensities. It has been shown
that incorporation of PAHs into rare gas matrices causes a suppression of intensities of
IR bands compared to the isolated molecules. 43 Such studies have not been performed
for PAHs with aliphatic CH-moieties, but the observation that α obtained in the MIS
studies exceeds α observed in gas-phase experiments suggests that aromatic CH-stretch
bands are suppressed to a larger extent under rare gas matrix conditions than aliphatic
CH-stretch bands. In view of the fact that a large fraction of the spectroscopic data
used in astronomical databases have been acquired under MIS conditions, it is clear
that further detailed studies on the influence of the environment on band intensities are
important for a proper incorporation of these data.
The 3 µm absorption of methylated anthracenes differs significantly in a number of
aspects from its hydrogenated analogues (Fig. 4.4(a) and 4.4(b) vs. Fig. 4.5). First of
all, unlike H-PAHs, the low-energy side of the aromatic CH-stretch band of Me-PAHs
has a contribution from the CH-stretch bands of the methyl group. Secondly, the absorption attributed to the alkyl group starts at 3.484 µm (2870 cm−1 ), which is 60 cm−1
higher than the absorption of hydrogenated PAHs. Thirdly, the absorption spectra of
methylated PAHs display broad and poorly separated bands, but even more striking, a
prominent plateau that covers the entire 3.215-3.484 µm (3110-2870 cm−1 ) region. This
plateau is a consequence of the high density of accessible states which is caused by the
low symmetry and the increased number of normal modes as is confirmed by our anharmonic calculations that show a wide variety of resonances. The plateau can also be
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Figure 4.7: Comparison of the experimental IR absorption spectra of jet-cooled
DHA and MA.

related to the nearly “free rotor” nature of the methyl groups–and for which the theory
cannot account at present.
Fig. 4.7 shows a comparison of the absorbances of DHA and MA instead of the relative
scale shown in Figs. 4.2(a) and 4.3(a). A remarkable observation is the difference in the
maximum absorption intensity in the two spectra. At the same time, we find that the
absorption intensity integrated over the entire spectrum as well as the ratio of integrated
intensities of alkyl and aromatic CH-stretches (Fig. 4.6, black circles) is quite similar, and
this is indeed what is also predicted by the calculations. 42 From this comparison we thus
conclude that the significantly reduced peak intensities of fundamental transitions in the
3 µm region of MA as compared to DHA are due to a redistribution of the intensity over
a much larger number of combination bands. This is important as it indicates that for
alkylated PAHs peak intensities can in general be expected to be lower than for H-PAHs.

4.5

Astrophysical implications

The present paper has extended our studies of PAHs into the aliphatic and alkyl domains, demonstrating that non-aromatic CH-stretch modes actively participate in Fermi
resonances similar to what was previously concluded for aromatic CH-stretches. It is
thus clear that anharmonicity and resonances define the shape and the strength of the
absorption bands in the 3 µm region and cannot be neglected.
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The experimental spectra presented here suggest that the carriers of the 3.4 µm
emission band are H-PAHs. We find that the aliphatic asymmetric CH-stretch modes in
hydrogenated PAHs are (i) not sensitive to the molecular structure and thereby appear
in a restricted frequency range (3.389-3.393 µm (2947.0-2950.2 cm−1 )), and (ii) amongst
the strongest bands as compared to other CH-stretch bands. The asymmetric alkyl
CH-stretch of MA and DMA (3.414-3.409 µm (2929-2933 cm−1 )) also seems to indicate
that it is insensitive to structural details. However, in view of the band intensities and
bearing in mind that in emission a red shift occurs, the aliphatic asymmetric CH-stretch
is more likely to contribute to the 3.4 µm band than the methyl CH-stretch in Me-PAHs.
The latter can, however, be responsible for the low-energy shoulder of the 3.4 µm band
observed, for example, in IRAS 21282-5050. 14 Our conclusion on the carriers of the 3.4
µm band, however, contradicts with recent theoretical study. 44 Our experimental results
supported by previous studies 18 demonstrate that H-PAHs provide a better match to the
observed position of the main 3.4 µm band than Me-PAHs and thus suggest that there
is an issue with our understanding of the hydrogenation behavior of PAHs in photondominated regions.
The symmetric aliphatic CH-stretch shows much more dependence on structural details. Here we find a variation of 25 cm−1 in band position (3.538-3.507 µm (2826-2851
cm−1 )). It might very well be that the astronomically observed 3.51 µm band is due
to the overlap of this band for different PAHs. Such a conclusion is supported by the
observation of the Orion bar where it was established that the 3.40 and 3.51 µm bands
share a common origin. 6,45
Energetically, the lowest CH-stretch bands of MA and DMA are found at 3.475 µm
(2877.5 cm−1 ) and 3.466 µm (2885.2 cm−1 ). It is tempting to correlate this band with
the 3.46 µm emission band, although the blue shift of the MA and DMA data can at
this moment not be explained yet. Further high-resolution spectroscopic studies of a
more extensive set of methylated PAHs are in this respect important as they will provide
further support for a correlation with the 3.46 µm band. It is well known that the 3.46
µm emission band is more prominent in carbon-rich sources such as the planetary nebula
IRAS 21282+5050 46 rather than in the Orion bar or other star-forming regions. 6 The
present data thus suggest that the carrier composition in carbon-rich regions contains
a significant fraction of methylated PAHs along with hydrogenated ones, while no such
abundance of methylated PAHs is expected for ionization regions. At the same time, it
must also be noted that in the Orion bar no correlation has been found between an extra
component of the 3.40 µm band and the 3.46 µm band. 6 It would be useful to investigate
this correlation for other sources like protoplanetary nebulas where these features are
more prominent. Another feature observed in a wide range of sources is a band at 3.56
µm. As yet, no conclusive assignment has been made for this band. Our studies, however,
suggest that it does not derive from H- and Me-PAHs.
On the basis of our present and previous studies we conclude, supporting IR emission
studies, 18 that the plateau extending in the 3.2-3.6 µm region likely has a complex origin,
all studied subclasses of molecules being able to contribute to it. The 3.17-3.33 µm region
can originate from the overlap of combination bands and overtones coupled to aromatic
CH-stretches in bare PAHs, H- and Me-PAHs, and small contributions from the coupling
to hindered methyl CH-stretch vibrations. The region 3.33-3.64 µm is fully defined by
the IR activity in the aliphatic and alkyl regions of H- and Me-PAHs, although the way
they contribute is different. H-PAHs show a series of distinctive bands, while Me-PAHs
display a broad absorption plateau with on top low-intensity primary bands.
The ratio of the intrinsic strengths of the aliphatic and aromatic CH-stretch vibrations
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(α = 1.58) obtained in this work allows for a more accurate estimate of the aliphatic
fraction. Assuming that the the 3 µm plateau and the satellite features on top of it derive
from H-PAHs we estimate that for IRAS 21282+5050 and NGC 1333, IR sources with
a normal 3 µm profile, the carriers of the 3 µm emission contain two to three aliphatic
hydrogens per eight aromatic hydrogens, while for IR emitters with an anomalously
strong 3.4 µm feature the fraction of aliphatic hydrogens is much higher. For IRAS
22272+5435 six to seven aliphatic per eight aromatic hydrogens are found, while for IRAS
04296+3429 the aliphatic hydrogens even outnumber the aromatic hydrogens (more than
nine aliphatic per eight aromatic hydrogens). Such estimates contradict recent attempts
to quantify the aliphatic fraction by means of MIS studies 16 in which it was concluded
that the aromatic moieties exceed aliphatic ones even in anomalous objects like IRAS
04296+3429. On the other hand, the present results corroborate previous gas-phase
studies on methyl-coronene where for PAHs in NGC 1333 one methyl side group per
eight aromatic hydrogens was estimated. 12
Finally, we want to emphasize that our studies show that not only the 3.33-3.64
µm region undergoes significant changes upon hydrogenation and/or methylation, but
also the region of the aromatic CH-stretch vibrations (3.17-3.33 µm). This has to be
taken into account in the analysis of the 3.29 µm band, especially for the sources with a
significant intensity of the 3.33-3.64 µm region, as hydrogenated and methylated species
are expected to be more present in these sources and contribute to the aromatic region.

4.6

Conclusions

In this paper we have presented high-resolution IR spectra of six jet-cooled decorated
PAHs in the 3 µm region. The results of the present study are in line with the conclusions from our previous papers on acenes and condensed PAHs and clearly show that
anharmonicity plays an important role in the CH-stretch region of hydrogenated and, in
particular, methylated PAHs. In combination with the high density of states this results
in a multitude of bands that acquire intensity through Fermi resonances. While for bare
PAHs we concluded that anharmonicity can only account for part of the 3 µm plateau,
decorated PAHs give rise to plateaus that extend up to over 3.6 µm. A proper treatment of anharmonicity is thus a conditio sine qua non for the construction of realistic
astronomical models.
Our studies demonstrate that the 3.33-3.64 µm region of hydrogenated and methylated PAHs shows a substantial fraction of intensity which can easily exceed the fraction of
intensity associated with the aromatic region. It is therefore very likely that these species
are carriers of the low-frequency features in the 3 µm region observed by astronomers.
Indeed, we have found that the fundamental symmetric and asymmetric CH-stretches
of the methylene part of H-PAHs and of the methyl group of Me-PAHs are remarkably
consistent with the 3.4, 3.51, and 3.41, 3.46 µm bands in UIR emission. In order to
distinguish between these subclasses, high-resolution studies of the methylene scissoring
region (6.9 µm) and the periphery-sensitive CH out-of-plane region (10-15 µm) would be
very worthwhile. Such studies are presently in preparation.
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CHAPTER

5

Vibrationally-resolved spectroscopic studies of
electronically excited states of 1,8-naphthalic
anhydride and 1,8-naphthalimide: A delicate
interplay between one ππ ∗ and two nπ ∗ states

Abstract
The spectroscopic and dynamic properties of the lower electronicaly excited states of 1,8-naphthalic
anhydride and 1,8-naphthalimide have been studied in supersonically cooled molecular beams
using nanosecond Resonance Enhanced MultiPhoton Ionization (REMPI) spectroscopic techniques in combination with quantum chemical calculations. The excitation spectra of these compounds show near–and even below–the apparent 0-0 transition to a strongly allowed electronic
state, previously assigned as the S1 (21 A1 (ππ ∗ )) state, a plethora of vibronic transitions that
cannot simply be rationalized in terms of Franck-Condon vibronic activity of that particular
state. Instead, it is shown that the 1 B1 (nπ ∗ ) state, which previously was reported to be S3
for vertical excitation, is adiabatically the lowest excited singlet state. Interactions between
this “dark” state and the “bright” 21 A1 (ππ ∗ ) state lead to intensity borrowing of transitions to
“dark” state levels that thus show up in the excitation spectra. A complicating factor is that,
apart from the coupling of these two singlet states, also a relatively strong spin-orbit coupling
between the 21 A1 (ππ ∗ ) and 3 B1 (nπ ∗ ) states is present. We show that the latter state has a
slightly higher adiabatic excitation energy than the former state in 1,8-naphthalic anhydride but
lies energetically below the 21 A1 (ππ ∗ ) state in 1,8-naphthalimide. Concurrently, we find that
the decay dynamics of excited states of 1,8-naphthalimide are entirely dominated by intersystem crossing while in 1,8-naphthalic anhydride both internal conversion to the ground state and
intersystem crossing occur, albeit that the former loses importance once the excitation energy
exceeds that of the 3 B1 (nπ ∗ ) state.‡
‡ This chapter is adopted from E. Maltseva, S. Amirjalayer, W. J. Buma.
Phys. Chem. Chem. Phys., 19, 5861, 2017.
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Figure 5.1: Chemical structure of NA (a) and NI (b) with the coordinate axes.

5.1

Introduction

Recent years have witnessed an ever-increasing interest in means to transform photon
energy into functionality. To this purpose novel molecular systems are developed that
aim to provide efficient and stable platforms for such transformations. The primary step
in these transformations is excitation to electronically excited states whose subsequent
(non-)radiative decay pathways then serve to reach the desired goal. Understanding the
mechanisms of photoexcitation and electronic deactivation is consequently crucial for
tailoring and optimizing the performance of such systems.
The present studies focus on the properties of two naphthalene-based heterocyclic
compounds, 1,8-naphthalic anhydride (NA) and 1,8-naphthalimide (NI) (Fig.5.1), that
serve as the starting point for developing chromophores employed in a wide range of
technological applications. Derivatives of NA are extensively used as fluorescent dyes,
fluorescent whitening agents and acceptor agents in solar cells. 1–3 The NA molecule is
also important as it serves as a model compound for 3,4,9,10-perylenetetracarboxylic diimide and 1,4,5,8-naphthalene-tetracarboxylic dianhydride which are important classes of
electroactive and photoactive organic materials as well as a unique class of n-type organic
semiconductors. 4–9 NI and its derivatives, on the other hand, have found applications
in organic light emitting diodes (OLEDs) 10 and are used as highly fluorescent dyes for
biological markers, 11,12 liquid crystal displays 13 while more recent applications involve
their use in molecular nanotechnology to power up molecular machines. 14,15
Seminal studies on the excited-state dynamics of these molecules have recently been
performed with picosecond multiphoton ionization spectroscopy on supersonically cooled,
isolated molecules in combination with quantum chemical calculations and nonadiabatic
dynamics simulations. 16,17 From these studies it was concluded that intersystem crossing
(ISC) is a major decay channel in both molecules, mainly as the result of the neardegeneracy of the S1 (ππ ∗ ) and T4 (nπ ∗ ) states combined with a relatively large spin-orbit
coupling between these two states. This decay channel was reported to be dominating the
excited-state dynamics in NI, but in NA was deduced to be in competition with internal
conversion (IC) to the ground state. Simulations indicated that the internal conversion
decay channel is to a large extent dependent on a barrier that needs to be overcome to
get access to a conical intersection with the ground state.
In the present work we use frequency-domain studies in combination with nanosecond pump-probe experiments to study the spectroscopic properties of these molecules
and their excited-state dynamics. The advantage of this approach is that we are able to
obtain excitation spectra with lifetime-limited band widths and not laser-limited band
widths as was the case in the ps studies. Similar to the ps studies we employ Resonance
Enhanced MultiPhoton Ionization (REMPI) spectroscopic techniques, but instead of a
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(1+2’) scheme that is liable to suffer from saturation and the influence of electronically
excited states at the two-photon level, we use (1+1’) RE2PI. Indeed, we find that the increased resolution allows us to record spectra with a much larger vibrational activity than
previously observed. Also, UV-UV depletion spectra in combination with ns pump-probe
experiments provide key information on the importance of competing decay channels. We
combine these vibrationally-resolved experiments with quantum chemical calculations to
show that the spectroscopy of the lower-excited state electronic manifold is quite more
complex than thought so far, and that the dynamics in this manifold are governed by
subtle differences in excitation energies of the lower electronically excited states in the
singlet and triplet manifold.

5.2
5.2.1

Methods
Experimental

NA and NI were purchased from Sigma-Aldrich(99% purity) and used without further
purification. The employed molecular beam setup and laser systems have been described
in detail before. 18 We will therefore provide here only details pertaining to the specific
experiments reported in the present studies. In order to obtain enough vapor pressure,
samples were heated to 473 K. A mixture of the vapor with 2 bars of argon was then
expanded into a vacuum chamber with a pulsed nozzle (General Valve). After skimming
the molecular beam NA and NI molecules arrived in the ionization chamber where twocolor Resonance Enhanced Two-Photon Ionization (RE2PI) ionization followed by ion
detection using a reflectron type time-of-flight spectrometer (R. M. Jordan Co.) took
place. In these RE2PI experiments a frequency-doubled Sirah Cobra-Stretch dye laser
pumped by a Spectra Physics Lab 190 Nd:YAG laser was used for excitation. Since the
excitation energies are less than half of the ionization energy of NA and NI 19 we have
employed a Neweks PSX-501 ArF excimer laser (193 nm, 6.42 eV) for the ionization step.
Typical excitation and ionization pulse energies were 0.01-0.05 mJ and 3 mJ, respectively.
Pump-probe experiments were performed by scanning the time between excitation and
ionization lasers with a step size of 1 ns using a delay generator (Stanford Research
Systems DG535). To perform UV-UV ion dip spectroscopy a third laser beam provided
by a frequency-doubled Sirah Precision Scan dye laser pumped by a Spectra Physics
Lab 190 Nd:YAG laser was employed to perform excitation while depletion took place
with the previously mentioned Cobra-Stretch dye laser system. In these experiments the
depletion laser was fired 200 ns before the excitation and ionization laser systems.

5.2.2

Theoretical

Geometry optimization followed by calculation of the harmonic force fields was performed for ground and electronically excited singlet and triplet states using (Time Dependent) Density Functional Theory (TD-DFT) 20 and the Gaussian09 version D01 21 set of
programs. The same program was used for simulating vibrationally-resolved excitation
spectra at the Franck-Condon (FC) and Herzberg-Teller (HT) levels of approximation. 22
Exploratory calculations on NA using a variety of functionals and basis sets including
those employed in previous studies 16,17 revealed only minor differences for calculations
with different basis sets. The choice of functional turned out in this respect to be more
important. The states of interest for the present study are either of ππ ∗ and nπ ∗ type.
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The latter states have intrinsically a considerable amount of charge transfer character
as electron density is transferred from the carbonyl oxygen atoms to the aromatic ring
system. 23 One can therefore expect that for these states a proper description of the
charge transfer character is required as was indeed observed and led to the use of the
CAM-B3LYP functional. 24 In view of these results, subsequent calculations on NA and
NI have only been performed at the CAM-B3LYP/6-31G∗ level. In order to compare
the results of these calculations with the experiment, vibrational frequencies have been
scaled with a factor of 0.96. 25
To calculate at a more accurate level the vertical and adiabatic excitation energies
of the lowest 1 ππ ∗ and 1 nπ ∗ states, also more advanced post-Hartree Fock calculations
based on the spin-component scaled version of the approximate coupled-cluster singlesand-doubles model (SCS-CC2) 26,27 were used. These calcualtions were performed using
the RICC2 module 28,29 as implemented in the TURBOMOLE package 30 together with
the cc-pVDZ basis set 31 and the standard auxiliary basis sets. 32

5.3
5.3.1

Results
1,8-Naphthalic anhydride

Figure 5.2 (bottom panel, black trace) shows the mass-resolved 21 A1 (ππ ∗ ) ← S0 excitation spectrum of NA measured using (1+1’) nanosecond RE2PI. We find the 0-0 origin
for this transition at 30268.2 cm−1 , close to the value previously reported in the ps experiments on NA under molecular beam conditions. 16 As might be expected from the
increased spectral resolution, the spectrum in Figure 5.2 shows many more bands than
the (1+2’) ps REMPI excitation spectrum. 16 In fact, in the reported frequency range
overall 54 bands are observed with rotational contours of low-energy bands spanning
about 2.2 cm−1 . What would in first instance appear more surprising are the large differences in relative band intensities. In the ps spectrum the 0-0 transition has about
the same intensity as transitions to higher-frequency vibronic transitions, while in the ns
spectrum the 0-0 transition is by far the most intense band.
The same panel displays the spectrum that is obtained when the ionization laser is
delayed by 1 µs (Figure 5.2, bottom panel, blue trace). In the 550-1200 cm−1 region
the spectrum is very similar to the spectrum obtained without delay, but this is not the
case in the 0-550 cm−1 region. This can be clearly visualized by plotting the ratio of
the intensity of a band in the delayed-ionization measurements to the intensity measured
without delay, against excitation energy (Figure 5.2, top panel). A band with a ratio close
to 1 implies that there is no difference in the spectra and thus that the lifetime of the state
from which ionization took place is of the order of microseconds. Previous ps studies on
NA 16 suggest that this state is associated with the triplet manifold. Conversely, bands
with a small ratio are associated with levels with a predominant S1 (21 A1 (ππ ∗ )) character.
Interestingly, there was hardly an indication for ionization from a triplet state in
the previously reported (1+2’) REMPE ps experiments (although the solution transient
absorption experiments did show a state with a lifetime of at least 30 ns that was assigned
on the basis of its transient absorption spectrum to the first excited triplet state). 16
Apparently, under the conditions of the ps experiments the ionization cross section of the
triplet state is much lower than in the present experiments. We probed the nanosecond
time evolution of the excited state manifold in more detail by pump-probe measurements
of selected levels in which the time delay between excitation and ionization laser was
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Figure 5.2: Bottom panel: (1+1’) RE2PI excitation spectrum of NA. The black
and blue traces have been obtained for conditions in which the ionization laser
temporally coincides with the excitation laser or is delayed by 1 µs, respectively.
For clarity the baseline of the blue trace has been displaced vertically and horizontally and multiplied by 10 in vertical direction. Top panel: ratio between
delayed and non-delayed signal intensity (see text). Excitation energy is given
with respect to the excitation energy of the 0-0 transition (30268.3 cm−1 ).

varied. The top panel of Figure 5.3 shows typical time-delay traces obtained at 30268.2
(0-0 transition, black trace), 30521 (+235, red trace) and 31259.8 (+991.6, green trace)
cm−1 . All traces show a long-lived component but with different relative amplitudes with
respect to a short-lived component. The long-lived components appear to show a decay
but this decay does not reflect the lifetime of the long-lived state. Instead, it is caused
by the drift of excited molecules out of the ionization spot. Once the signal is corrected
for this drift it remains constant for at least 2 µs.
The decay observed at the +991.6 cm−1 band (Fig. 5.3, green trace), which only
shows a long-lived component, is characteristic for almost all of the other bands recorded
in the spectrum. In fact, only for low-vibrational energy transitions such as the 0-0 and
+235 cm−1 bands a decay trace is observed that shows a fast nanosecond component
attributed to the convolution of the two nanosecond laser pulses around zero time delay.
Such a convolution can only be observed if the accessed excited state lives long enough
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Figure 5.3: Time-delay traces of (1+1’) RE2PI signals at various excitation
energies. Top and bottom panels display traces for NA and NI, respectively.
Time zero corresponds to no delay between excitation and ionization lasers.

to show ionization from the singlet level. With an excess of vibronic energy the lifetime
of the S1 (ππ ∗ ) state drops rapidly. As a result, ionization from the singlet level becomes
suppressed and ionization from the long-lived state dominates. This decrease in lifetime
could be either due to a sharp increase of the ISC rate to the triplet manifold or of the IC
rate to the ground state. Previously, it was tentatively concluded that the latter occurs,
here we will argue on the basis of the present experiments and calculations in favour of
the former explanation (vide infra).
Further information on the excited-state dynamics is obtained from UV-UV iondepletion spectroscopy. The bottom panel of Figure 5.4 displays the UV-UV depletion
spectrum in the same region as reported in Figure 5.2, while Table 5.2 in the Supporting
Information reports the positions of the major bands in this spectrum. Before interpreting
this spectrum in more detail, it is useful to consider how a long-lived state affects a UVUV depletion spectrum. 33 Molecules in such a state remain excited during the time
interval between depletion and detection after the depletion laser pulse ends, and can
therefore still contribute to the ion signal that is monitored in the detection step. In
contrast, the ionization cross section of molecules that undergo internal conversion to the
electronic ground state is generally close to zero and they should be considered as being
“dark” for detection. Although in the present case the exact contribution of tripletstate molecules to the detection signal clearly depends on details such as the relative
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Figure 5.4: Bottom panel: UV-UV depletion spectrum of NA using the 0-0
transition to monitor S1 ← S0 absorption. Middle panel: absorption spectrum
of NA predicted at the Franck-Condon (FC) level of approximation. Top panel:
21 A1 (ππ ∗ ) ← S0 absorption spectrum of NA predicted at the Herzberg-Teller (HT)
level of approximation. Spectra are reported with respect to the 0-0 transition at
30268.3 cm−1 .

ionization cross sections from singlet and triplet states as well as IC and ISC rates, the
most straightforward explanation for a decrease of the detection signal is that molecules
have undergone internal conversion to the ground state. Figure 5.4 shows that in the
UV-UV depletion spectrum a decrease of the signal is observed for all bands, also for
bands for which Figure 5.2 does not show a difference between delayed and non-delayed
signal intensity. As reasoned above, this implies that also at these excitation energies IC
to the ground state is still a relevant decay channel even though the ns time-delay traces
would seem to indicate that the ISC channel completely dominates the decay of the S1
levels.
Figure 5.2 and the bottom panel of Figure 5.4 show the same bands but with quite
different intensities in the low-energy region, in particular for the 0-0 transition that has
now become of similar intensity as other strong bands. In fact, the overall appearance
of the spectrum is quite similar to the spectrum reported previously with ps excitation. The middle spectrum in Figure 5.4 shows the absorption spectrum predicted at
the Franck-Condon level of approximation (see Table 5.3 for calculated vibrational frequencies). This spectrum is characterized by a strong 0-0 transition and minor activities
of totally-symmetric modes with a1 modes 20-16 being the more prominent. Although
these activities can be recognized in the experimental spectrum, it is also immediately
clear that there are significant differences. These concern the relative intensity of the origin transition and the large number of bands in the experimental spectrum that are not
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Figure 5.5: Experimental rotational contours of the 0-0 (black trace) and +253.3
cm−1 (blue trace) bands.

predicted by the calculations. Moreover, the lowest-frequency totally-symmetric mode
20a1 is assigned to the 368.3 cm−1 band, but the experiment shows at least 7 more bands
at lower vibronic energies that cannot be reconciled with overtone or combination bands
of non-totally symmetric vibrations.
Our calculations predict that the Franck-Condon factor for the 0-0 transition is at least five times larger than that of transitions to higher vibronic levels (see middle spectrum
in Figure 5.4) irrespective of the level at which they were performed. We therefore conclude that the differences between experiment and theory are due to differences in the
excited-state dynamics of these levels. IC to the ground state populates levels that are
“dark” for ionization and thus lead to a reduction of the REMPI signal. ISC, on the other
hand, populates long-lived triplet levels that are “bright” for ionization. Our studies thus
demonstrate that near the vibrationless level in the excited state electronic deactivation
are dominated by IC to the ground state, while for higher vibronic levels (roughly above
∼300 cm−1 ) ISC is the dominant decay channel.
A possible explanation for the observed non-Franck-Condon activity could be vibronic
coupling to higher-lying electronic states which would induce activity of transitions to
non-totally symmetric vibrational levels. Indeed, we find that the strong band at 253.3
cm−1 band is close to the frequency calculated for the 19b2 mode (273 cm−1 ) of the
21 A1 (ππ ∗ ) state suggesting that this band is a false origin band, that is, a band that
acquires intensity from vibronic coupling and acts as an origin band upon which totallysymmetric progressions are built. Support for such a conclusion is provided by comparing
the rotational contours of the 253.3 cm−1 and origin bands depicted in Figure 5.5. These
show clear differences and one thus has to conclude that the two bands involve differently
oriented electronic transition moments.
To further investigate the role of vibronic coupling, we have calculated the absorption spectrum at the Herzberg-Teller level of approximation in which bands derive their
intensity only from vibronic coupling and not from the direct 21 A1 (ππ ∗ ) ← S0 transition moment. Comparison of this HT spectrum (top panel of Figure 5.4) with the FC
spectrum (middle panel) shows that vibronically-induced transitions are predicted to be
less strong than direct transitions by about two orders of magnitude. This observation
is surprising in view of the previous discussion on rotational contours, but is actually in
line with a priori expectations based on transition moments calculated for transitions to
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Table 5.1: Adiabatic (AE) and vertical (VE) excitation energies (eV) as well
as oscillator strength (f ) (at S0 geometry) of the S1−4 and T2−5 excited states
of NA and NI, calculated at CAM-B3LYP/6-31G* TD-DFT level. Vertical and
adiabatic excitation energies calculated at the SCS-CC2/cc-pVDZ level are listed
in bold in parentheses
1,8-Naphthalic anhydride
AE
S1 1 A1 (ππ ∗ )
3.97 (3.97)
S2 1 B2 (ππ ∗ )
4.32
S3 1 B1 (nπ ∗ )† 4.26 (3.93)
S4 1 A2 (nπ ∗ )
4.68
T2 3 B2 (ππ ∗ )
3.34
T3 3 B2 (ππ ∗ )
3.67
T4 3 B1 (nπ ∗ )
3.84
T5 3 B2 (ππ ∗ )
4.46
1,8-Naphthalimide
AE
S1 1 A1 (ππ ∗ )
3.95 (3.95)
S2 1 B1 (nπ ∗ )† 4.07 (3.86)
S3 1 B2 (ππ ∗ )
4.3
S4 1 A2 (nπ ∗ )
4.53
T2 3 B2 (ππ ∗ )
3.38
T3 3 B2 (ππ ∗ )
3.686
T4 3 B1 (nπ ∗ )
3.687
T5 3 B2 (ππ ∗ )
4.08

VE
4.25 (4.12)
4.45
4.57 (4.67)
4.96
3.55
3.83
4.13
4.59

f
0.2087
0.0413
0.0003
0
0
0
0
0

VE
4.22 (4.11)
4.34 (4.42)
4.42
4.78
3.57
3.86
3.94
3.86

f
0.2163
0.0002
0.033
0
0
0
0
0

the lower-lying electronic states (Table 5.1). These show that the transition moment to
the 1 B2 (ππ ∗ ) state–which would be the most logical candidate for inducing intensities in
transitions to b2 levels–is 5 times smaller than the transition moment to the 21 A1 (ππ ∗ )
state. Combined with the energy gap between the two states, this indeed leads to induced
transition moments that are considerably smaller than the direct moment.
Another noteworthy observation comes from rotational contour simulations of the
origin and 253.3 cm−1 bands using the PGOPHER program. 34 We find that simulations
with the rotational constants taken from our calculations on the ground and 21 A1 states
fail to reproduce the experimental contours. Further studies reveal that this is mainly
caused by the changes in the A rotational constant upon excitation, the a inertial axis
being parallel with the molecular z-axis (Fig.5.1). Calculations predict that A is reduced
upon excitation, but simulations in which A is slightly increased show a much better
agreement with the experiment. It would thus appear that at the TD-DFT level of
theory the geometry of the 21 A1 (ππ ∗ ) state is not predicted correctly. Since TD-DFT
fails in case of strong couplings between electronic states, these observations might be
taken as an indication that the 21 A1 (ππ ∗ ) state is perturbed by other electronic states.
† Both NA and NI adopt in the 1 B (nπ ∗ ) state a planar equilibrium geometry of C symmetry.
s
1
Formally, this state should therefore be referred to as the 1 A00 (nπ ∗ ) state. For clarity, however,
we continue to label it with its C2ν symmetry label.
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5.3.2

1,8-Naphthalimide

The bottom panel of Figure 5.6 shows the S1 ← S0 excitation spectrum of NI obtained
with (1+1’) RE2PI. Overall, 64 bands with rotational contour widths of about 2.5 cm−1
can be distinguished in the reported energy region, the positions of the major bands being
given in Table 5.2 in the Supporting Information. The spectrum displays a strong band
at 30062.5 cm−1 , but also several weaker bands at lower excitation energies (e.g. 29919.5,
29925.8, 29934.7, 29938.3, 29953.5, 29960.7 and 30015.6 cm−1 ). Since one expects the
electronic structure of NA and NI to be similar–and thus no major changes in the relative
intensity of the 0-0 band of the 21 A1 (ππ ∗ ) ← S0 transition–we assign the 30062.5 cm−1
as the 0-0 band. This value differs 20 cm−1 from the value reported in (1+2’) ps REMPI
experiments 17 (30082 cm−1 ) but this can be due to the fact that the bands in the latter
spectrum are rather broad. The ps spectrum showed activity below the assigned 0-0
transition as well, but the present experiments make clear that the single band reported
in those studies to be below the 0-0 band actually consists of several transitions that
have now become resolved. In view of the similarity of their electronic structure, one
would expect that the vibrational activity in the excitation spectra of NA and NI to be
comparable. This is not sustained in the experiments that show a multitude of closelying transitions in the 150-250 cm−1 region above the 0-0 transition. Also, although
some narrow bands can be distinguished, it would appear that at higher vibrational
energies bands are broader and/or consist as well of overlapping transitions. Finally,
in NA vibrational activity extends to over 1000 cm−1 but quickly disappears above 400
cm−1 in NI. The vibrational activity predicted for the 21 A1 (ππ ∗ ) ← S0 transition within
the FC approximation is displayed in the middle panel of Figure 5.6. As expected, this
spectrum reproduces to a large extent the spectrum predicted for NA (middle panel
Figure 5.4) but hardly bears any resemblance to the experimentally observed vibrational
activity. The top panel of Figure 5.6 shows the spectrum that is predicted within the HT
approximation. Similar to NA, vibronically induced intensities are found to be two orders
of magnitude smaller than those associated with the direct transition to the 21 A1 (ππ ∗ )
state. Theory thus finds NA and NI to be spectroscopically similar, but this is not
reproduced by our experimental observations. For NA we concluded on the basis of its
rotational contour that the strong band at 253.3 cm−1 is associated with a false origin
of b2 symmetry (19b2 ). For NI the analogous mode (20b2 ) is predicted to occur at 272
cm−1 and indeed we find in the experimental spectrum a similarly strong band at 242.3
cm−1 with a b2 contour, once again much stronger than would be expected on the basis
of the HT calculations.
The bottom panel of Fig. 5.3 shows the time-delay trace observed after excitation
of the 0-0 band. In contrast to NA for which excitation at, or close to, the vibrationless
level leads to decay traces with a short and long-lived component, this trace only shows
a long-lived component that loses intensity because the excited molecules drift out of the
ionization region. Identical traces are observed after excitation of the strong +242.3 and
+322.5 cm−1 bands as well as several other weaker bands. From these experiments we can
thus conclude that the lifetime of excited 21 A1 (ππ ∗ ) levels is so short that ionization from
these levels can no longer be observed as otherwise we would have seen a similar spike for
zero time delay as for low-lying levels in NA. Further information on the decay channels
is provided by UV-UV ion-depletion experiments which do not show any depletion of
the probe signal irrespective of the pump or probe excitation energies. This implies that
there is no population loss from the electronically excited manifold in the time interval
between pump and probe. This, in turn, leads to the conclusion that the IC rate to S0
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Figure 5.6: Bottom panel: (1+1’) REMPI excitation spectrum of NI. Middle
panel: absorption spectrum of NI predicted at the Franck-Condon (FC) level of
approximation. Top panel: 21 A1 (ππ ∗ ) ← S0 absorption spectrum of NI predicted
at the Herzberg-Teller (HT) level of approximation. Spectra are reported with
respect to the band at 30062.5 cm−1 which is assigned to the 0-0 band of the
21 A1 (ππ ∗ ) ← S0 transition.

is negligible compared to the rate with which the triplet state is populated. Apparently,
excitation of NI leads to a nearly 100% yield of the triplet state that is observed in the
ionization step irrespective of the vibronic level that is excited. Such a conclusion is in
line with triplet yields determined in spectroscopic studies on NI in solution. 35

5.4

Discussion

The (1+1’) nanosecond RE2PI experiments on NA and NI discussed above have led to
a number of important observations with respect to vibronic activity and excited-state
dynamics. To start with the latter: the ps studies on NA showed a sharp decrease in
lifetime of excited-state vibronic levels with vibrational energies up to about 400 cm−1 .
At that time it was suggested that this was caused by a barrier that needed to be
overcome in order to access the conical intersection with the ground state, although the
small energy range over which the decrease occurs would not seem to be compatible with
the estimated height of this barrier (0.7-0.9 eV). Our decay traces and UV-UV depletion
experiments, on the other hand, indicate that the decrease is due to a rapid increase
of the ISC rate compared to the IC rate to the ground state. For NI both ps and ns
experiments show decay dynamics completely dominated by ISC that are independent of
the excess vibrational energy in the excited state.
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Previous studies reported vertical excitation energies of the lower-lying electronically
excited singlet and triplet states of NA and NI. 16,17 These calculations showed that
in both molecules the S1 (21 A1 (ππ ∗ )) and T4 (3 B1 (nπ ∗ )) states are nearly degenerate. In
agreement with El-Sayed rules 36 it was found that the spin-orbit coupling matrix element
between these two states (∼10 cm−1 ) is several orders of magnitude larger than spinorbit couplings between the S1 (21 A1 (ππ ∗ )) and 3 ππ ∗ states. Since for the present study
knowledge of the adiabatic excitation energies of the lower excited singlet and triplet
manifold is important (vide infra), we have extended these calculations–albeit with a
slightly different basis set–to include adiabatic excitation energies as well (see Table
5.1). These calculations show excellent agreement with the previous studies as far as
the vertical excitation energies are concerned, and show that the quasi-degeneracy of the
S1 (21 A1 (ππ ∗ )) and T4 (3 B1 (nπ ∗ )) states is maintained at the adiabatic level. Importantly,
the Table 5.1 also shows that for both vertical and adiabatic excitation the energy gap
between the two states increases upon going from NA to NI. In fact, with the def2-TZVP
basis the T4 (3 B1 (nπ ∗ )) state is calculated to be slightly higher than the S1 (21 A1 (ππ ∗ ))
state while for NI it is slightly lower. In view of these observations we attribute the
sharp drop in lifetime in NA to the fact that at these excitation energies the ISC decay
pathway to the T4 (3 B1 (nπ ∗ )) state opens up. In contrast, for NI this decay channel is
already available starting from the vibrationless level in the excited state, and for this
molecule one therefore does not see a vibronic energy dependence of the lifetime.
With regard to the vibronic activity, the intrinsically better spectral resolution of the
present studies has made it clear that almost all of the bands in the excitation spectra
reported in ps REMPI experiments actually consist of several overlapping transitions.
Moreover, the rising background that was present in the ps excitation spectra is absent
in the ns spectra. We have made careful studies of the power dependence of the bands
in our ns spectra to ensure that these spectra are not affected by saturation as this was
a point of concern in the ps spectra that are more prone to be saturated. The intensities
of bands in the ns spectra thus are real and not distorted by experimental conditions. In
agreement with a priori expectations, calculations predict only a limited and low-intensity
vibrational activity in the 21 A1 (ππ ∗ ) ← S0 excitation spectrum, which moreover should
be very similar for NA and NI. This is, however, not what is observed experimentally.
We find that attempts to assign bands in the experimental spectrum purely on the
basis of calculated frequencies rapidly fail. The number of levels that can reasonably be
expected to be accessible is simply not high enough to account for all bands, in particular in the low-energy region of NI. Also finding combination bands in the experimental
spectrum of high-intensity transitions that normally would be expected to be observable
does not work out as the calculated frequency for the combination band is nearly always
found to deviate too much from bands close to this frequency to justify such an assignment. Finally, we recall that the excitation spectrum of NI features several transitions at
lower energies than the assigned 0-0 transition. Normally, one would suspect that these
bands are hot bands but the vibrational frequencies that have been calculated for the
ground and 21 A1 (ππ ∗ ) state do not support this. Experimentally, we arrive at the same
conclusion in experiments in which carrier gas and expansion conditions are changed.
All these observations lead to the conclusion that the bands observed in the excitation
spectra of NA and NI are not only associated with the 21 A1 (ππ ∗ ) ← S0 transition, but
involve transitions to another electronic state as well. Moreover, based on the presence of
bands that cannot be accounted for it would appear that this state has a lower adiabatic
excitation energy in NI than in NA.
Above it has been discussed that in both molecules the S1 (21 A1 (ππ ∗ )) and T4 (3 B1 (nπ ∗ ))
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states are nearly degenerate and that the spin-orbit coupling matrix element between
these two states is sizable. In first instance one might therefore think that the T4 (3 B1 (nπ ∗ ))
state could be responsible for the additional transitions observed in the S1 ← S0 excitation spectra. Transitions to these levels are normally forbidden but would acquire
oscillator strength by extensive mixing with the nearly degenerate 21 A1 (ππ ∗ ) state. The
problem with this explanation is that the T4 (3 B1 (nπ ∗ )) state is in turn strongly coupled
to the lower-lying T3,2,1 states with nonadiabatic coupling matrix elements that are up to
almost two orders of magnitude larger than the S1 (21 A1 (ππ ∗ ))-T4 (3 B1 (nπ ∗ )) coupling.
Under such conditions one does not expect sharp bands with always about the same
width. We therefore conclude that the state responsible for the additional bands must
be another singlet state.
Table 5.1 shows that at the TD-DFT level one of the possible candidates for this
state, the 1 B1 (nπ ∗ ) state, is adiabatically close to the 21 A1 (ππ ∗ ) state with an energy
difference between the two states that decreases upon going from NA to NI, but still
remaining above the 21 A1 (ππ ∗ ) state. In view of the partial charge-transfer character of
this state, it might very well be that calculations at a higher level are needed for a proper
description of this state and its excitation energy. We have therefore repeated calculations
of the vertical and adiabatic excitation energies of these two states at the SCS-CC2/ccpVDZ level. Vertically, the 1 B1 (nπ ∗ ) state remains higher than the 21 A1 (ππ ∗ ) state with
excitation energies that are nearly the same as calculated at the TD-DFT level. The
adiabatic excitation energy of the 1 B1 (nπ ∗ ) state is, however, lowered considerably. In
excellent agreement with our experimental observations we find that in NA the 21 A1 (ππ ∗ )
and 1 B1 (nπ ∗ ) states are for all practical purposes degenerate, while in NI the 1 B1 (nπ ∗ )
state is clearly lower. We thus conclude (a) that the state that is responsible for the
additional bands in the excitation spectrum is the 1 B1 (nπ ∗ ) state, and (b) that this state
is adiabatically the lowest excited singlet state in NI while in NA it probably has its 0-0
transition slightly above the 0-0 transition of the 21 A1 (ππ ∗ ) state.
We have tried to come to a further assignment of the bands in the excitation spectra
of NA and NI by calculating the vibrational activity expected for the 1 B1 (nπ ∗ ) ← S0
transition. Fig. 5.7 displays to this purpose spectra predicted at the FC and HT levels
of approximation. The oscillator strength of the transition to the 1 B1 (nπ ∗ ) state is three
orders of magnitude smaller than that of the transitions to the 21 A1 (ππ ∗ ) state. We
therefore expect that the former transition acquires its transition intensity to a large
extent from coupling to the 21 A1 (ππ ∗ ) state as is confirmed by comparing the intensities
in the FC and HT spectra. However, overall these intensities are considerably smaller
than those calculated for the 21 A1 (ππ ∗ ) ← S0 transition (Figures 5.4 and 5.6). On
hindsight this is not so surprising since the small energy separation between the 1 B1 (nπ ∗ )
and 21 A1 (ππ ∗ ) states makes the use of the HT approach questionable; very likely a full
non-adiabatic coupling approach needs to be used to properly describe the coupling of
the two states. This most likely is also the reason that so far we have not succeeded
in making unambiguous assignments of bands in the experimental spectra to specific
vibronic transitions to the 1 B1 (nπ ∗ ) state.
Vibronic interactions between the 21 A1 (ππ ∗ ) and 1 B1 (nπ ∗ ) states are important to
understand the excitation spectra of NA and NI, but we notice that these spectra show
that the 21 A1 (ππ ∗ ) is vibronically coupled to the 1 B2 (ππ ∗ ) state as well. We have
identified unambiguously one of the associated false origin bands, and also for some
other reasonably intense bands we have reason to believe that they are associated with
false origins. These bands have an unexpectedly high intensity that so far cannot be
rationalized on the basis of the oscillator strengths of the transitions to the involved
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Figure 5.7: Panels (a) and (c): 1 B1 (nπ ∗ ) ← S0 absorption spectra of NA and NI
predicted at the Herzberg-Teller (HT) level of approximation. Panels (b) and (d):
1
B1 (nπ ∗ ) ← S0 absorption spectra of NA and NI predicted at the Franck-Condon
(FC) level of approximation. Spectra are reported with respect to the 0-0 origin
transition of the 1 B1 (nπ ∗ ) ← S0 transition.

states. Further quantum chemical work will be needed to come to a full understanding
of this coupling pathway.

5.5

Conclusions

Vibrationally-resolved laser spectroscopic studies and quantum chemical calculations
have been employed to study the spectroscopy and dynamics of the lower-excited state
manifold of 1,8-naphthalic anhydride and 1,8-naphthalimide. The overall picture that
arises from these studies is a complicated one with three major actors that are energetically quasi-degenerate: the strongly absorbing 21 A1 (ππ ∗ ) state, the weakly-absorbing
1
B1 (nπ ∗ ) state, and the spin-forbidden 3 B1 (nπ ∗ ) state. Due to a relatively strong spinorbit coupling between the 21 A1 (ππ ∗ ) and 3 B1 (nπ ∗ ) states, intersystem crossing is an
important decay channel in both molecules, although how this works out in detail shows
subtle differences between the two molecules. In NI the 3 B1 (nπ ∗ ) state has a lower excitation energy than the 21 A1 (ππ ∗ ) state, and an almost unit intersystem crossing quantum
yield to the triplet state is found. In NA, on the other hand, the 3 B1 (nπ ∗ ) state is
concluded to be a few hundred cm−1 higher in energy than the 21 A1 (ππ ∗ ) state. As a result, internal conversion to the ground state is the dominant decay channel for excitation
energies close to the vibrationless origin and intersystem crossing only sets in at higher
excitation energies. Interestingly, it is found that also at these higher excitation energies
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internal conversion to the ground state continues to be an observable decay channel.
The resolution in the obtained excitation spectra of NA and NI has enabled us to
conclude that these spectra cannot be simply explained in terms of direct and/or vibronically induced transitions to the 21 A1 (ππ ∗ ) state. In combination with high-end quantum
chemical calculations we have shown that the general ideas on the state ordering of the
lower electronic manifold of these compounds needs a major revision. The 21 A1 (ππ ∗ )
state is not the isolated, adiabatically lowest state thought so far, but is almost degenerate with the 1 B1 (nπ ∗ ) state in NA, while in NI the ππ ∗ is definitely energetically
higher than the nπ ∗ state. This is an important conclusion because it implies that under non-isolated conditions a solvent could very well have a larger influence on the the
excited-state dynamics of these two compounds and their derivatives than assumed so
far, in particular for more polar solvents where the ππ ∗ and the nπ ∗ state are expected
to undergo a red- and blue-shift, respectively. Similar drastic changes in decay dynamics
due to such shifts have recently been reported for sunscreen components. 37 Likewise, one
can envisage that it should be possible to fine-tune the properties of these chromophores
even by substituents that are normally considered as non-perturbative.
The assignment of bands in the excitation spectra of NA and NI to state-specific
vibronic transitions remains a major challenge. It is, however, one to pursue as similar
situations with several closeby, interacting states are increasingly being reported. To
disentangle such spectra, complementary spectroscopic techniques will need to be used
that allow one to project levels accessed in the excited state on another vibronic manifold
that is more easy to assign. One such a strategy is kinetic-energy-resolved photoelectron
detection in which the ionic manifold serves as template to characterize excited-state
vibronic levels. 18,38,39 Such studies are presently being performed.
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11. E. H. Buhl, J. Lübke. Neuroscience, 28, 3, 1989.
12. W. W. Stewart. Cell, 14, 741, 1978.
13. I. Grabchev, I. Moneva, V. Bojinov, S. Guittonneau. J. Mater. Chem., 10, 1291,
2000.
14. Q. C. Wang, D. H. Qu, J. Ren, K. Chen, H. Tian. Angew. Chem., Int. Ed., 43, 2661,
2004.
15. M. R. Panman, P. Bodis, D. J. Shaw, B. H. Bakker, A. C. Newton, E. R. Kay, A. M.
Brouwer, W. Jan Buma, D. A. Leigh, S. Woutersen. Science, 328, 1255, 2010.
16. T. Gerbich, H. C. Schmitt, I. Fischer, J. Petersen, J. Albert, R. Mitrić. J. Phys.
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2089, 2016.
18. S. Smolarek, A. Vdovin, A. Rijs, C. A. van Walree, M. Z. Zgierski, W. J. Buma. J.
Phys. Chem. A, 115, 9399, 2011.
19. A. Bigotto, V. Galasso, G. Distefano, A. Modelli. J. Chem. Soc., Perkin Trans. 2,
1502, 1979.
20. F. Furche, R. Ahlrichs. J. Chem. Phys., 117, 7433, 2002.
21. M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, et al. Gaussian 09, Rev D.01
22. F. Santoro, A. Lami, R. Improta, J. Bloino, V. Barone. J. Chem. Phys., 128, 224311,
2008.
23. P. Kucheryavy, G. Li, S. Vyas, C. Hadad, K. D. Glusac. J. Phys. Chem. A, 113,
6453, 2009.
24. T. Yanai, D. P. Tew, N. C. Handy. Chem. Phys. Lett., 393, 51, 2004.
25. I. M. Alecu, J. Zheng, Y. Zhao, D. G. Truhlar. J. Chem. Theory Comput., 6, 2872,
2010.
26. O. Christiansen, H. Koch, P. Jørgensen. Chem. Phys. Lett., 243, 409, 1995.

80

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

A. Hellweg, S. A. Grün, C. Hättig. Phys. Chem. Chem. Phys., 10, 4119, 2008.
C. Hättig, F. Weigend. J. Chem. Phys., 113, 5154, 2000.
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5.6

Supporting information

Table 5.2: Excitation energies (E) and normalized intensities (I) of bands observed in the 30260-31400 cm−1 region of 1,8-naphthalic anhydride and 29910-30910
cm−1 region of 1,8-naphthalimide
1,8-naphthalic anhydride
E (cm−1 ) E∗ (cm−1 )
I
30268.2
0
1
30460.1
191.9
0.12
30478.7
210.5
0.2
30489.8
221.6
0.13
30521.5
253.3
0.87
30579.4
311.2
0.13
30613.1
344.9
0.33
30622.4
354.2
0.42
30636.5
368.3
0.68
30705.1
436.9
0.92
30713.7
445.5
0.3
30801.6
533.4
0.55
30832
563.8
0.19
30843.5
575.3
0.14
30847.3
579.1
0.34
30860.6
592.4
0.4
30865.3
597.1
0.23
30879.6
611.4
0.24
30887.3
619.1
0.18
30918.8
650.6
0.14
30961.9
693.7
0.13
30969.5
701.3
0.29
30981.1
712.9
0.27
30991.6
723.4
0.23
30995.5
727.3
0.13
31006
737.8
0.11
31065.7
797.5
0.14
31069.6
801.4
0.35
31076.4
808.2
0.14
31090.9
822.7
0.15
31151.9
883.7
0.17
31166.5
898.3
0.37
31170.3
902.1
0.3
31172.3
904.1
0.29
31176.1
907.9
0.29
31181
912.8
0.24
31183.9
915.7
0.17
31186.8
918.6
0.23
31189.8
921.6
0.14
31197.5
929.3
0.13
Continued on next page

1,8-naphthalimide
E (cm−1 )
E∗ (cm−1 )
29919.5
-143
29925.8
-136.7
29934.7
-127.8
29938.3
-124.2
29953.5
-109
29960.7
-101.8
30015.6
-46.9
30062.5
0
30067
4.5
30073.4
10.9
30178.6
116.1
30203.2
140.7
30227
164.5
30237.9
175.4
30244.3
181.8
30249.8
187.3
30254.4
191.9
30260.8
198.3
30267.2
204.7
30270.9
208.4
30275.5
213
30281
218.5
30283.7
221.2
30287.4
224.9
30292.9
230.4
30294.7
232.2
30299.3
236.8
30304.84
242.34
30335.2
272.7
30354.5
292
30367.4
304.9
30370.2
307.7
30372.9
310.4
30378.5
316
30385
322.5
30394.2
331.7
30397.1
334.6
30415.4
352.9
30446
383.5
30453.4
390.9
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I
0.05
0.04
0.05
0.05
0.07
0.06
0.18
1
0.16
0.08
0.08
0.32
0.26
0.18
0.15
0.18
0.3
0.39
0.19
0.16
0.16
0.17
0.16
0.17
0.14
0.13
0.07
0.61
0.06
0.06
0.15
0.19
0.16
0.22
0.45
0.17
0.08
0.08
0.08
0.13

E (cm−1 )
31216
31224.8
31248.2
31251.2
31259
31271.7
31291.2
31295.2
31300.1
31341.3
31346.2
31355
31374.7
31380.6

∗ relative

E∗ (cm−1 )
947.8
956.6
980
983
990.8
1003.5
1023
1027
1031.9
1073.1
1078
1086.8
1106.5
1112.4

E (cm−1 )
30455.3
30459.9
30461.8
30465.5
30468.3
30862.3
30567.9
30576.3
30619.4
30658.8
30692.7
30763.5
30775.8
30785.3
30819.5
30827.1
30830.9
30837.5
30860.4
30873.7
30887
30890.9
30895.6
30909

I
0.1
0.1
0.17
0.13
0.35
0.1
0.15
0.15
0.25
0.24
0.13
0.13
0.13
0.13

to 0-0 transition
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E∗ ( cm−1 )
392.8
397.4
399.3
403
405.8
799.8
505.4
513.8
556.9
596.3
630.2
701
713.3
722.8
757
764.6
768.4
775
797.9
811.2
824.5
828.4
833.1
846.5

I
0.13
0.12
0.18
0.15
0.11
0.07
0.06
0.05
0.17
0.08
0.08
0.09
0.1
0.12
0.12
0.13
0.15
0.1
0.09
0.08
0.14
0.12
0.1
0.1

Table 5.3: Calculated harmonic frequencies of 1,8-naphthalic anhydride and 1,8naphthalimide in 21 A1 (ππ ∗ ) state. Frequencies have been scaled with a factor of
0.960
symm.
a1

1,8-naphthalic anhydride
label
freq., cm−1
1
3140
2
3114
3
3098
4
1773
5
1609
6
1480
7
1446
8
1384
9
1382
10
1310
11
1168
12
1110
13
1059
14
926
15
788
16
638
17
558
18
434
19
421
20
346

1,8-naphthalimide
label freq.,cm−1
1
3476
2
3138
3
3111
4
3096
5
1707
6
1608
7
1479
8
1457
9
1384
10
1380
11
1347
12
1186
13
1141
14
1061
15
933
16
788
17
669
18
560
19
445
20
421
21
341

a2

1
2
3
4
5
6
7
8

946
835
743
693
507
343
201
66

1
2
3
4
5
6
7
8

946
837
751
699
513
353
208
78

b1

1
2
3
4
5
6
7
8
9
10

947
878
761
693
674
471
427
195
143
132

1
2
3
4
5
6
7
8
9
10
11

948
877
767
720
694
659
470
430
198
151
132

Continued on next page
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symm.

label

b2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

freq., cm−1
3139
3113
3096
1724
1552
1451
1405
1390
1226
1159
1139
1057
1002
980
784
655
509
384
273
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label

freq.,cm−1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

3137
3110
3093
1698
1553
1440
1404
1392
1356
1228
1184
1130
1112
1050
992
757
642
506
374
272

CHAPTER

6

High-resolution gas-phase spectroscopy of a
single-bond axle rotary motor

Abstract
High-resolution laser spectroscopy in combination with molecular beams and mass-spectrometry
has been applied to study samples of a prototypical rotary motor. Vibrationally well-resolved
excitation spectra have been recorded that are assigned, however, to a structural isomer of
the original rotary motor which is formed in situ under the elevated temperatures required
experimentally. In this isomer the “rotor” and “stator” parts are to a large extent conjugationally
disconnected leading to excited-state properties that are dominantly determined by the “rotor”
with the “stator” acting as observer.∗

∗ This chapter is adopted from E. Maltseva, S. Amirjalayer, A. Cnossen, W. R. Browne, B. L.
Feringa, W. J. Buma.
Tetrahedron, doi.org/10.1016/j.tet.2017.05.064, 2017.
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Figure 6.1: Chemical structure of molecular rotor 1 and its isomer 2.

6.1

Introduction

Inspired by nature, current technology is increasingly aiming for motion that can be
controlled at the molecular level. Artificial molecular machines thus nowadays attract
tremendous interest as they offer the potential for such a control. Although in many
aspects still in its infancy, the field has in recent years matured quickly leading to applications that range from light-controlled catalysis 1–4 to functionalization of surfaces 5,6
and various nanotools in medicine. 7–10
Rotary motors based on overcrowded alkenes have in this respect shown to be particularly attractive because their properties can be tuned and controlled relatively easily
and because light can be used to address them in a non-invasive manner. 11–14 Such rotary motors consist of a “rotor” and “stator” part that are linked by a double bond
“axle”. Activation of these motors occurs by photoexcitation which initiates a cis-trans
isomerization of the “axle”. Since this step effectively provides the “power stroke” for
the further mechanical motion, it has attracted considerable attention from both experimentalists 15,16 and theoreticians. 17–19 Femtosecond time-resolved fluorescence studies
on 1 (Figure 6.1) have found that photoexcitation of the motor is followed by ultrafast
(100 fs) relaxation from the Franck-Condon region of the electronically excited “bright”
state to a “dark” state that decays on a ps time scale. In these studies it was put forward
that this “dark” state is associated with a region of the potential energy surface of the
“bright” state with a low oscillator strength, a suggestion that was later supported by
computational studies. 20
Such a two-state isomerization mechanism could, however, not be reconciled from
data obtained in subsequent femtosecond time-resolved IR absorption studies on the same
system. 21 These studies indicated that the initially excited “bright” state undergoes an
ultrafast internal conversion process to a different electronically excited “dark” state that
for vertical excitation is quasi-degenerate with the “bright” state but crosses it when the
molecule starts to structurally relax on the potential energy surface of the “bright” state.
Calculations predict that in this “dark” state the molecule has to overcome a barrier to
access the conical intersection with the ground state that leads to isomerization. This
three-state model found further support in CASSCF and CASPT2 calculations–the most
advanced calculations possible at this moment for such molecular motors–on a slightly
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smaller rotary motor. 17
In view of the above it is clear that a further characterization and understanding of the
potential energy surfaces of the lower electronically excited states of 1 is of considerable
interest. Ideally, such studies would be performed under conditions in which the molecule
is isolated and not affected by its environment. Normally, one would tend to think that
such studies need a time-domain approach using femtosecond laser spectroscopic techniques. However, we have shown recently in nanosecond laser spectroscopic studies on the
isomerization mechanism of isolated trans-azobenzene 22 that frequency-domain studies
can provide a direct–and in some aspects even more detailed–view on the photophysics
and photochemistry of electronically excited states with lifetimes down to 170 fs. In the
present studies we therefore aimed to apply these high-resolution nanosecond techniques
together with supersonic molecular beams and mass-spectrometry on samples of 1 in
order to perform mass-selective vibrationally-resolved spectroscopy of this rotary motor.
It will be shown that such spectra can indeed be recorded, but further consideration of
the observed spectroscopic properties and excited-state dynamics lead to the conclusion
that these spectra must be assigned to an isomer of 1 in which “rotor” and “stator” are
only connected by a single-bond “axle” (isomer 2, Figure 6.1).

6.2

Experimental and theoretical details

The molecular beam set up and the employed laser systems have been described in detail
before. 23 Here, we will therefore only highlight details that are of direct relevance for
the present experiments. In order to create a pulsed molecular beam the sample was
heated in a quartz container directly attached to the pulsed nozzle (General Valve) to
180-200◦ C, slightly higher than its melting point. Expansion into a vacuum with 2 bar
Ar using typical opening times of the valve of 200 µs then led to supersonic cooling of the
sample molecules. The excited state manifold of these molecules was probed by (1+1’)
Resonance Enhanced Two-Photon Ionization (RE2PI) spectroscopy in combination with
mass-resolved ion detection. In these experiments excitation of the molecule in the wavelength range of 330-355 nm with a laser-limited resolution of less than 0.1 cm−1 was
provided by the second harmonic of a Cobra-Stretch dye laser while an ArF excimer laser
(Neweks PSX-501, 193 nm) was used for subsequent ionization. Ions generated in this
way were detected using a reflectron type time-of-flight mass spectrometer (R.M. Jordon
D-850). Typical excitation and ionization pulse energies were 0.1-0.2 and 2 mJ, respectively. Excitation spectra have been recorded using excitation and ionization laser pulses
that were overlapped in time, while for pump-probe experiments the delay between these
two lasers was scanned using a delay generator (Stanford Research DG-535). To compare the experimental results with theoretical predictions, (Time Dependent) Density
Functional Theory (TD-DFT) calculations have been performed with the Gaussian09
version E01 24 suite of programs on the equilibrium geometries and harmonic force fields
of ground and electronically excited states of the rotary motor, its single-bond axle derivative, and several components of these molecular systems. Although various basis sets
and functionals have been explored, we report here the result of calculations at the 631G*/B3LYP level. 25–27 The same suite of programs has been used as well for simulating
vibrationally-resolved excitation spectra at the FranckCondon (FC) levels of approximation 28,29 using a scaling factor for the vibrational frequencies of 0.96. 30 Compound 1 was
available from earlier studies. 11
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Figure 6.2: (a) (1+1') RE2PI excitation spectrum taken at molecular mass; (b)
S1 ← S0 simulated fundamental excitation spectrum of 2 excluding modes at 20
and 85 cm−1 . Excitation energies are given with respect to the 0-0 transition at
28618.8 cm−1 .

6.3

Results and Discussion

Figure 6.2(a) displays the (1+1’) RE2PI excitation spectrum of the sample detected at
m/e = 344 a.m.e., the mass of the molecular ion, and recorded in the 28500-30800 cm−1
(351-325 nm) frequency region. The spectrum shows well-separated bands with a line
width between 1.1 and 1.5 cm−1 . Outside this region no other bands have been detected.
The lowest-energy band in this spectrum occurs at 28618.8 cm−1 . Since at lower excitation energies no other bands are observed we assign this band as the 0-0 transition to the
lowest electronically excited state. Interestingly, the vibronic activity in this spectrum is
rather limited: apart from the strong 0-0 transition only a few low-intensity bands are
present at higher excitation energies (Figure 6.2(a)). Quantum chemical calculations on
1 predict that for vertical excitation the lower two electronically excited states are quasi
degenerate. 21 One of these two states has a large oscillator strength, while the other one
has an oscillator strength that is three orders of magnitude smaller. Importantly, these
calculations do not find a stable energy minimum on the potential energy surface of the
“bright” state, but for the “dark” state such a minimum is found without problem. One
would thus in first instance be inclined to assign the excitation spectrum to the excitation
spectrum of the “dark” state.
The wavelength at which the 0-0 transition is detected (349.4 nm) is in that case,
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Figure 6.3: Time-delay trace of (1+1') RE2PI signal at 0-0 transition.

however, quite puzzling since the absorption spectrum of 1 dissolved in d-cyclohexane
shows a band associated with absorption by the “bright” state that has a maximum at
390 nm and extends to 440 nm. 21 Assignment of the spectrum in Figure 6.2(a) to the
“dark” state would imply that the “bright” state is at shorter wavelengths than 350
nm. Although a blue shift of the absorption spectrum upon going from solution to the
gas phase is quite normal, the magnitude of the shift observed here falls outside the
range one would expect. A scenario that theoretically might lead to such a large shift is
that the molecule adopts a significantly different geometry–in particular with respect to
the dihedral angle between the rotor and the stator part–under solution and gas-phase
conditions. However, such an explanation is not supported by recent high-resolution
rotational spectroscopic experiments on 1 31 which for all practical purposes show that in
the gas phase the “rotor” and “stator” adopt the same relative orientation as determined
previously with X-ray crystallography. 32
For the further assignment of the excitation spectrum in Figure 6.2 it is instructive to
consider the absorption spectra of the isolated stator and rotor moieties. The “stator” is
then a simple fluorene entity that has its absorption maximum around 300 nm 33 in solution and its 0-0 transition at 296.0 nm in supersonic expansions. 34 The “rotor” part, on
the other hand, is an alkyl-substituted naphthalene with an absorption maximum around
315-320 nm. 35 In the rotary motor an extended conjugated system is present. If “stator”
and “rotor” would be perpendicular, the absorption spectrum of the motor is expected
to be the superposition of the absorption spectra of the isolated parts. Conjugation, on
the other hand, red-shifts the absorption maximum but the amount to which this red
shift occurs will depend on the degree to which conjugation is extended.
To study in more detail the dynamics of the electronic state that is excited in our
experiments we have performed pump-probe RE2PI experiments in which the ion yield
at the molecular mass is monitored as a function of the delay between excitation and
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ionization laser pulses. Figure 6.3 shows the decay trace that is obtained after excitation
of the 0-0 transition at 28618.8 cm−1 . This trace can be well fitted by the convolution of
the instrument response associated with the convolution of the two laser beams (represented by a Gaussian function with a width of 8 ns) and a mono-exponential decay with
a time constant of (68.5±0.8) ns. It is important to emphasize that our experimental
setup allows for indirect detection of excited states with lifetimes even down to 170 fs
in which case the pump-probe trace merely shows the convolution of the excitation and
ionization lasers. 22 Similarly, it is also important to realize that quite a different decay
trace is expected if the excited state would first decay within our time resolution to another excited state with a longer lifetime that is then ionized. In that case the decay trace
would display the instrument response followed by an exponential decay with a reduced
amplitude. 36 The measured decay traces thus demonstrate that in our experiments decay
is observed of the same electronic state that has been excited.
Small signal intensities preclude similar pump-probe experiments at higher excitation
energies. Nevertheless, the fact that significant broadening of bands at higher excitation
energies is not observed indicates that there is no strong dependence of the lifetime on the
excitation energy. There is thus no indication for the onset of additional decay channels
as is observed, for example, in molecular-beam spectra of azobenzene 22 and as has been
predicted in theoretical studies on the “dark” state of 1 that find that at the equilibrium
geometry of the “dark” state of 1 the molecule needs to overcome a barrier in order to
access the conical intersection with the ground state. 21
The spectroscopic properties and excited-state dynamics that emerge from our experiments thus indicate that the excitation spectrum displayed in Figure 6.2(a) is not
associated with 1. However, since the spectrum is detected at the molecular mass of 1
and clearly concerns molecules that are supersonically cooled, we have to conclude that
it derives from another isomer of 1 that is made in situ under our elevated temperature
conditions. The discussion on the spectroscopy of the “rotor” and the “stator” (vide
supra) leads to the conclusion that in this isomer the relevant chromophore is most likely
a modified “rotor” part with an extended conjugation. Consideration of possible isomers
expected to have the spectroscopic and dynamical properties as observed in our experiments but at the same time also not requiring extensive reaction pathways suggest that
isomer 2 might very well be the absorbing species in Figure 6.2(a). The isomerization
reaction from 1 to 2 entails a formal 1,3-hydrogen shift which is symmetry allowed as a
thermal, antarafacial shift, but in practice prohibited by structural demands. Calculations that we performed on this reaction indeed find a barrier of 78 kcal/mol. At the same
time it is well known that the reaction is easily catalyzed with an acid or base catalyst. 37
Quantum chemical calculations on the ground state of 1 and 2 show that the two
isomers differ by about 1 kcal/mol in energy, 1 being the more stable isomer. From a
thermodynamic point of view it is therefore very likely that at 180-200◦ C a significant
fraction of 2 is present. Interestingly, we find that in 2 the “rotor” part becomes completely planar (Figure 6.1)–thus optimizing conjugation with the naphthalene moiety–while
in 1 the non-aromatic five-membered ring is non-planar. Also, in 1 the aromatic planes of
the “stator” and the “rotor” make an angle close to 50◦ , 31 but in 2 steric repulsions and
the relieve of conjugation requirements between “stator” and “rotor” lead to a structure
in which the two parts are nearly perpendicular to each other (Figure 6.1). TD-DFT
calculations show that the first electronically excited state is associated with the strongly
allowed HOMO → LUMO excitation (f=0.16 for vertical excitation) localized on the “rotor” part. The calculations predict that the 0-0 transition occurs at 3.43 eV (372 nm)
which, in view of the level of the calculations, agrees nicely with the experimentally ob-
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served value of 3.55 eV (349 nm). The fact that the calculations predict a slightly lower
adiabatic excitation energy can to a large part be traced back to a minor mixing in of the
HOMO-1 → LUMO excitation which is effectively a charge-transfer excitation since the
HOMO-1 orbital is localized on the “stator” part. As DFT calculations are well known
to underestimate the excitation energies of charge transfer excitations, such mixing will
lead to an underestimation of the excitation energy of S1 of 2.
Further support for the conclusion that 2 is the carrier of the excitation spectrum is
provided by simulations of the vibronic activity in the S1 ← S0 excitation spectrum of 2.
Calculations at the Franck-Condon level give in first instance rise to a spectrum in which
extensive progressions are present of two low-frequency modes that dominantly involve
motions of the “rotor” and “stator” parts with respect to each other. A priori it is to be
expected that at the present level of calculation it will be quite difficult to calculate their
activity, in particular also because the previously mentioned mixing in of charge transfer
character into S1 will give rise to displacements along such inter-component coordinates
that in reality are absent. Figure 6.2(b) therefore displays a stick spectrum in which
the intensities of all v1i0 transitions are plotted except for the two aforementioned lowfrequency modes. Overall a reasonable agreement is observed between experiment and
theory, albeit that the 0-0+490 cm−1 band is predicted to have a considerably greater
intensity than observed experimentally.
Finally, we note that our calculations on 2 predict a radiative lifetime that is close to
the experimentally observed decay time of the REMPI signal. We thus can conclude that
internal conversion to the ground state is relatively slow as would be expected on the
basis of the energy gap between the two states and the absence of conical intersections. It
is also in agreement with what one would expect from the nonradiative decay properties
of (substituted) naphthalenes.
Above we have discussed the excitation spectrum that is observed in the 351-325 nm
region and that has been assigned to isomer 2. In our experiments we have actually
scanned a much larger wavelength region (350-470 nm) but using mass-resolved ion detection at the mass of the molecular ion have not observed any other band system that
might originate from isomer 1. This does not mean that isomer 1 is not present in the
supersonic expansion. In fact, ref. 31 reports on rotational spectroscopic studies on 1
that use for all practical purposes the same experimental conditions as in the present
study. From these observations we conclude that the electronically excited states of 1
under isolated conditions are subject to extremely fast internal conversion which prohibits their observation in nanosecond REMPI experiments. In view of these ultrafast
dynamics it would be highly interesting to perform REMPI experiments with picosecond
lasers. In such experiments much higher photon fluxes are available that might make the
ionization channel become competitive with the internal conversion channel while still
retaining a useful spectral resolution.

6.4

Conclusions

In the present study two-color RE2PI laser spectroscopic techniques in combination with
molecular beams have been applied on samples of a well-known rotary motor. Massresolved ion detection at the mass of the molecular ion has led to the observation of
a vibrationally well-resolved excitation spectrum with narrow bands that do not carry
signatures of lifetime broadening. Consideration of the spectroscopic and excited-state
dynamics characteristics of this spectrum have been shown to lead to the conclusion
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that the spectrum cannot originate from rotary motor 1 but must derive from one of
its isomers. In combination with quantum chemical calculations it has been shown that
isomer 2, in which “rotor” and “stator” are connected with a single-bond “axle” instead
of a double bond, nicely fits the experimental observations.
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Summary

Light is at the basis of the most important energy conversion processes on earth. Probably
most well known is its use by phototrophs to acquire energy, thereby converting inorganic
carbon into high-value organic compounds and releasing oxygen as a by-product. One
could thus very well claim that light controls life.
Mankind has also put enormous efforts to “tame” light and exploit the energy contained in photons for its needs. These efforts are now increasingly paying off as light
is nowadays widely used in industrial applications and renewable energy sources, but
also in areas that in first instance appear further removed such as medical and pharmaceutical applications. Light is also an extremely important tool in science. Because of
its non-invasive nature, and because its spatial and temporal properties can be tailored
according to the needs of the user, it is an ideal means to address and control matter,
with the focus in the present thesis on molecules. In such applications light is used to
actively influence molecular properties, but light can equally well be used to probe these
properties without inducing changes. Key to understanding these interactions of light (or
in general, electromagnetic radiation) with molecules are the potential energy surfaces of
ground and electronically excited states, the dependence of the electronic energy on the
nuclear coordinates. They provide the read-out for molecular structure and the properties of the molecule, but also determine how the molecule responds when it is activated
by photon absorption.
In this thesis we employ both directions: light is used to determine (in this case)
the vibrational properties of molecules and in particular how deviations from harmonic
behavior can have far-reaching consequences on the interpretation of the evolution of
carbon in space. Light is, however, also used to obtain a fundamental understanding of
the response of photoactive compounds, compounds in which light absorption is used as
a means to steer molecules to do predefined tasks.
Chapter 1 gives an introduction to the experimental techniques that we use to
perform high-resolution spectroscopy and explains why these particular techniques are
employed. It is shown that supersonically cooled molecular beams in combination with
laser spectroscopic techniques demonstrate a number of important advantages over conventional spectroscopic approaches by (i) simplifying the energetic level structure that
needs to be taken into account and (ii) the outstanding sensitivity and resolution that
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can be achieved with lasers. This approach can be used for various applications, but
in this thesis it aims to serve two different purposes, namely to perform vibrational
spectroscopy on Polycyclic Aromatic Hydrocarbons (PAHs) for astrochemical and astrophysical research (Chapters 2, 3 and 4) and to study excited-states potential energy
surfaces of photoactive molecules (Chapters 5 and 6). This Chapter also provides the
basic background on the importance of these particular areas of research and in what
context they should be placed.
The CH-stretch region of PAHs has united theoretical chemists, astronomers and
spectroscopists. Experimental studies of this region indicate strong anharmonicity whose
proper description is a major challenge for theoreticians. On the other hand, the 3 µm
emission band is part of the set of unidentified IR emission bands that are observed by
astronomers in a wide variety of astrophysical environments. It has been attributed to
the CH-stretch vibrations of PAHs, but many features of this band are still poorly understood and have led to extensive discussions on their interpretation. In this thesis we
present high-resolution 3 µm absorption spectroscopy of cold and isolated PAHs in order
to support the identification of this emission band as well as to contribute to a consistent
interpretation of its sub-features and what these sub-features tell us about carbon evolution in space. At the same time, these studies allow for the development of a far better
theoretical treatment of the effects of anharmonicity. While previous treatments did a
very poor job and predicted spectra that reproduced at most qualitatively experimental
spectra, it is shown that the approach taken in our studies leads for the first time to an
almost quantitative agreement between experiment and theory. This holds great promise
for the future of constructing astronomical models for which it will be necessary to rely
heavily on in silico determined spectra.
In Chapter 2 we explore the influence of anharmonicity on the CH-stretch region in
studies in which we perform IR absorption spectroscopy on linear PAHs up to 4 rings.
The experimental absorption spectra demonstrate narrow (down to 1 cm−1 linewidth)
bands allowing to distinguish many more bands than was possible previously, and showing that there are actually many more bands present than would be expected on the
basis of the harmonic approximation normally used in astronomy. The anharmonic calculations performed with the SPECTRO program–a computational program that carries
out anharmonic analyses by treating members of vibrational polyads simultaneously and
allowing for a redistribution of the intensity amongst its members–significantly improve
agreement with the experiment by accounting for Fermi resonances that occur between
the fundamental CH-stretch transitions and combinations of CC-stretch and CH in-plane
bending modes. This study demonstrates that anharmonicity rules the 3 µm region of
these molecules and emphasizes that a proper treatment of anharmonicity and particularly resonances is absolutely required for the correct interpretation of the CH-stretch
emission band from the interstellar medium.
Chapter 3 reports on studies of the 3 µm region of six PAHs that differ by the
number of aromatic rings and by their structures in order to address the question how
the shape of these molecules is related to the shape of their CH-stretch band. The
experimental spectra deviate strongly from the spectra predicted by standard harmonic
calculations, but are very well reproduced by SPECTRO calculations. This indicates that
the influence of anharmonicity on the CH-stretch region is more likely the rule rather
than an exception and only observed for the smaller molecules from the previous chapter.
The observed anharmonic effects are important as they now allow us to come up with a
well-founded interpretation of the 3 µm emission plateau as being due to the plethora of
transitions that become allowed due to anharmonicity. They also lead to the conclusion,
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however, that there is still a part of this plateau that cannot be explained on the basis
of aromatic CH-stretches, but must be associated with other modes. Equally important,
we find that a comparison of the absorption spectra of the PAHs studied in Chapters
2 and 3 allows us to recognize a correlation between the edge structure of PAHs and
the position of their CH-stretch band, and conclude that the edge structure is a more
decisive parameter than molecular size. Experimental data on molecules possessing fjord
regions demonstrate that their CH-stretch band has a high-energy component which can
very well account for the variation of the shape of the 3.29 µm emission band.
Chapter 4 is dedicated to the 3 µm region of six PAHs that are characterized by an
excess of hydrogens and methyl groups on their periphery. These substitutions lead to
aliphatic and alkyl CH-stretches in addition to the aromatic CH-stretch modes studied so
far. The observed spectra demonstrate that for these non-aromatic modes anharmonicity
is equally important, leading once again to a plethora of transitions that would not be
allowed within the harmonic approximation, especially for the alkyl CH-stretches. These
observations extend our conclusions from Chapter 3 on the anharmonic origin of the
3 µm plateau, and strongly suggest that part of this plateau is determined by these
non-aromatic CH-stretches. Our experimental results suggest that PAHs with aliphatic
moieties could very well be responsible for the 3.4 and 3.51 µm emission bands, while the
3.4 sub-feature and 3.46 µm band can be attributed to the CH-stretch modes of methyl
groups. Finally, we show in this Chapter that the ratio of the intrinsic strengths of the
aliphatic and aromatic CH-stretch vibrations is strongly influenced by the environment.
This is quite important as this ratio provides a means to determine the aliphatic fraction
of hydrogen atoms.
In Chapters 2-4 light has been used to probe the vibrational level structure of molecules and use this level structure for identification. The last two Chapters of this thesis
employ light to activate molecular systems of relevance in molecular nanotechnology and
opto-electronical applications. What we aim for in these Chapters is to bring to light
the vibronic level structure, that is, which electronic and vibrational levels are accessed
upon excitation, how are these states coupled, and along what pathways is the photon
energy ultimately dissipated.
1,8-Naphthalimide (NI)–an essential unit of a widely known photoactive-rotaxane–
together with 1,8-naphthalic anhydride (NA) have been studied under cold and isolated conditions in Chapter 5. Resonance Enhanced MultiPhoton Ionization (REMPI)
spectroscopic and pump-probe studies of the lower excited states of NI and NA are presented together with results from quantum chemical calculations. Up till now it was
thought that the relevant electronic manifold and the dynamics occurring within this
manifold was rather simple: a 1 ππ* state that is excited and subsequently undergoes
intersystem crossing to end up in the triplet manifold. Our studies show that the situation is significantly more complicated and basically revolves around three strongly
coupled electronically excited states. We show that the observed excitation spectra do
not only show bands associated with excitation of the bright ππ* state, which under
vertical excitation conditions is the lowest excited singlet state. Instead, both molecules
have a dark 1 nπ* state that vertically is one of the higher electronically excited states
but adiabatically has a lower excitation energy than the bright ππ* state. Because of
this near-degeneracy intensity sharing occurs between the ππ* and nπ* states leading
to more vibronic transitions than previously expected. Interestingly, we find that the
decay dynamics of these two molecules differ considerably. Advanced quantum chemical
calculations show that this is due to subtle differences between the relative energies of
electronically excited singlet and triplet states in the two compounds. Strong spin-orbit-
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coupling between the 1 ππ* and the 3 nπ* states leads to intersystem crossing to the triplet
state. However, because in NA the 3 nπ* state is at slightly higher energy than the 1 ππ*
state internal conversion to the ground state can compete with intersystem crossing for
low excitation energies, while the excited state dynamics in NI are completely dominated
by intersystem crossing.
In Chapter 6 REMPI and pump-probe studies are reported of a prototypical molecular rotor based on overcrowded chiral alkenes. Previous studies under solution conditions
show an ultrafast decay after excitation and therefore led us to believe that we would
observe decay-broadened excitation spectra. In contrast, the excitation spectrum that
is observed when monitoring the mass of the molecular ion displays a series of narrow,
well-resolved bands that do not show significant line broadening. In line with the slow
dynamics suggested by the excitation spectrum pump-probe experiments also show decays on the nanosecond timescale. Consideration of the wavelength region in which the
spectrum is observed in combination with quantum chemical calculations suggests that
the observed excitation spectrum should be attributed to an isomer of the original rotor
that is produced in situ by a catalytically enabled 1,3-hydrogen shift. In the resulting
product the double bond–which in the original rotor undergoes isomerization and leads
to unidirectional rotation–has become a single bond and “switches off” the photoinduced
rotation action.

100

Samenvatting

Licht drijft enkele van de meest belangrijke energieomzettingsprocessen op aarde. Het
bekendste hiervan is wellicht het natuurlijke proces waarbij licht als energiebron wordt
gebruikt door fototrofen en waarbij koolstof wordt omgezet in hoogwaardige organische
verbindingen met moleculair zuurstof als belangrijk bijproduct. Zonder overdrijving kan
dus gezegd worden dat licht leven mogelijk maakt.
Ook de mens zelf heeft enorme inspanningen verricht om licht te “temmen” en de
energie van fotonen te gebruiken voor haar behoeften. Deze inspanningen leveren steeds
meer resultaat op, zoals het gebruik van licht in industriële toepassingen en als hernieuwbare energiebron, maar ook in toepassingen die op het eerste gezicht veel minder voor
de hand lijken te liggen, zoals in de medische en farmaceutische sectoren. Licht is ook
een uiterst belangrijk hulpmiddel in de wetenschap. Licht is (vaak) niet-invasief en de
ruimtelijke en tijdsafhankelijke eigenschappen ervan kunnen door de gebruiker naar believen aangepast worden om materie–en in dit proefschrift gaat het dan met name om
moleculaire materie–te bestuderen en te manipuleren. Licht kan zo gebruikt worden om
moleculaire eigenschappen actief te beı̈nvloeden, maar ook om moleculaire eigenschappen
te onderzoeken zonder die te veranderen. Essentieel voor het begrip van de interacties
van licht (of in het algemeen, elektromagnetische straling) met moleculen zijn de potentiele energie-oppervlakken van de grond- en elektronisch aangeslagen toestanden. Deze
energieoppervlakken geven weer hoe de elektronische energie van het molecuul afhangt
van de cordinaten van de atoomkernen. De structuur en eigenschappen van het molecuul
kunnen afgelezen worden uit deze energie-oppervlakken, maar ze bepalen ook hoe het
molecuul zal reageren wanneer het geactiveerd wordt door absorptie van een foton.
In dit proefschrift wordt licht zowel gebruikt om het energie-oppervlak in kaart te
brengen als om het molecuul te activeren. We gebruiken licht om de vibratiebewegingen van de atomen in een molecuul te bepalen. Hierdoor ontdekken we hoe afwijkingen
van het normaal aangenomen harmonische gedrag van deze trillingen verreikende consequenties heeft bij de interpretatie van astronomische waarnemingen waarmee geprobeerd
wordt om de koolstofcyclus in de ruimte in kaart te brengen. Licht wordt in dit proefschrift echter ook gebruikt om een fundamenteel begrip te verkrijgen van de processen die
optreden in fotoactieve moleculen, verbindingen waarbij absorptie van fotonen gebruikt
wordt om ze “aan te sturen”.

101

Hoofdstuk 1 introduceert de experimentele technieken die we gebruiken om hogeresolutie spectroscopie uit te voeren en legt uit waarom specifiek voor deze technieken
is gekozen. Er wordt beargumenteerd dat de combinatie van supersonisch gekoelde moleculaire bundels met laser spectroscopische technieken een aantal belangrijke voordelen biedt in vergelijking met conventionele spectroscopische technieken: (i) het aantal
energieniveaus van waaruit lichtabsorptie kan plaatsvinden is aanzienlijk minder, en (ii)
lasers bieden een ongekende gevoeligheid en resolutie. Deze methode is uitermate nuttig
en toepasbaar in veel onderzoeksgebieden; in dit proefschrift wordt met name vibrationele spectroscopie uitgevoerd aan Polycyclische Aromatische Koolwaterstoffen (PAKs)
voor astrochemisch en astrofysisch onderzoek (Hoofdstukken 2, 3 en 4) en vibronische
spectroscopie om de potentiële energie-oppervlakken van elektronisch aangeslagen toestanden van een aantal belangrijke fotoactieve moleculen te bestuderen. In dit hoofdstuk
wordt ook uitgelegd waarom deze specifieke onderzoeksgebieden van belang zijn en in
welke breder verband ze bezien moeten worden.
Het sterk geı̈soleerde golflengtegebied waarin CH-strekvibraties van PAKs licht absorberen heeft theoretisch chemici, astronomen en spectroscopisten sinds jaar en dag gefascineerd. Experimentele studies laten een dominante invloed zien van anharmoniciteit–dat
wil zeggen de afwijking van harmonisch gedrag–en het is voor theoretici nog steeds een
grote uitdaging om die anharmoniciteit op een juiste manier te verwerken in theoretische berekeningen. Aan de andere kant is de 3 µm emissieband één van de zogenaamde
Unidentified Infrared (UIR) emissiebanden, die voor een grote verscheidenheid aan astronomische omgevingen worden waargenomen. Deze emissieband is toegekend aan de
CH-strekvibraties van PAKs, maar de fijnere details die deze band laat zien zijn eigenlijk
nog maar slecht begrepen en hebben geleid tot uitgebreide discussies over hun interpretatie. In dit proefschrift worden hoge-resolutie spectra van gekoelde en geı̈soleerde PAKs
gepresenteerd rond golflengtes van 3 µm. Deze spectra ondersteunen de toekenning van
de 3 µm emissieband aan PAKs, maar ze geven bovenal een unieke mogelijkheid om de
fijnere details te vertalen in structurele eigenschappen van PAKs. Op zijn beurt geeft
dit weer verder inzicht in de koolstofcyclus in de ruimte. Tegelijkertijd biedt de hoeveelheid aan onderscheidbare details in deze hoge-resolutie spectra de mogelijkheid om de
theoretische beschrijving van anharmonische effecten aanzienlijk te verbeteren. Eerdere
theoretische aanpakken hadden slechts beperkt succes en voorspelden spectra die hoogstens kwalitatief in overeenstemming waren met experimentele spectra. Hier laten we
zien dat een nieuwe aanpak ontwikkeld door de bij het project betrokken theoretici voor
het eerst leidt tot een bijna kwantitatieve overeenstemming tussen experiment en theorie. Dit biedt uitstekende vooruitzichten voor de verdere ontwikkeling van astronomische
modellen, omdat die in hoge mate afhankelijk zijn van “in silico” bepaalde spectra van
PAKs die experimenteel niet toegankelijk zijn.
In Hoofdstuk 2 onderzoeken we de invloed van anharmoniciteit op het golflengtegebied van de CH-strekvibraties in studies waarin de IR absorptiespectra van lineaire
PAKs met 2 tot 4 aromatische ringen bestudeerd worden. De experimenteel waargenomen absorptiespectra vertonen smalle banden met breedtes tot 1 cm−1 waardoor veel
meer banden onderscheiden kunnen worden dan tot nu toe mogelijk was. Wellicht nog
belangrijker is de waarneming van veel meer banden dan wat men zou verwachten op
basis van harmonische berekeningen, die meestal worden gebruikt door astronomen vanwege de grootte en complexiteit van veel PAKs. Anharmonische berekeningen uitgevoerd met het programma SPECTRO–dat anharmonische analyses uitvoert en daarbij
vibratieniveaus behorende tot verschillende vibrationele polyads tegelijkertijd behandelt
en een herverdeling van de intensiteit over overgangen naar gekoppelde vibratieniveaus
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in acht neemt–laten een ongekende verbetering zien. De experimentele spectra worden
vrijwel kwantitatief gereproduceerd doordat Fermi resonanties tussen de fundamentele
CH-strekvibraties en combinaties van CC-strek en CH-in-het-vlak-buig vibraties nu wel
op de juiste manier in rekening worden gebracht. Uit deze studies blijkt dat het 3 µm
spectrale gebied van deze moleculen wordt gedomineerd door anharmoniciteit en dat een
juiste behandeling van anharmoniciteit, en met name van vibrationele resonanties, absoluut noodzakelijk is om tot een goede interpretatie te komen van de CH-strek emissieband
in het Interstellaire Medium (ISM).
Hoofdstuk 3 bespreekt studies van het spectrale gebied rond 3 µm van zes PAKs
die onderling verschillen door het aantal aromatische ringen en door de manier waarop
deze aan elkaar zitten. De vraag die deze studie probeert te beantwoorden is hoe de
details van de CH-strekband gerelateerd kunnen worden aan de vorm van deze moleculen.
Opnieuw wordt het duidelijk dat de experimentele spectra eigenlijk compleet verschillend
zijn van de spectra die voorspeld worden binnen de harmonische benadering, maar dat
een uitstekende overeenstemming tussen theorie en experiment bereikt kan worden met
behulp van een analyse met het SPECTRO programma. Het wordt daarmee duidelijk
dat de invloed van anharmoniciteit zich niet beperkt tot de kleinere moleculen zoals
besproken in het vorige hoofdstuk, maar beschouwd moet worden als de regel in plaats
van als een uitzondering. De waargenomen anharmonische effecten zijn belangrijk omdat
ze leiden tot de conclusie dat het zogenaamde 3 µm plateau toegekend moet worden aan
het grote aantal overgangen dat door anharmoniciteit enige overgangswaarschijnlijkheid
verkrijgt. Tegelijkertijd concluderen we ook dat een gedeelte van dit plateau nog steeds
niet verklaard kan worden op basis van aromatische CH-strekvibraties, maar dat dat
gedeelte geassocieerd moet zijn met vibratiebanden van andere moleculen.
Een andere belangrijke conclusie die getrokken kan worden uit de absorptiespectra
gemeten in Hoofdstuk 2 en 3 is dat de randstructuur van PAKs direct gecorreleerd is
aan de vorm en positie van de CH-strekband. Bovendien heeft deze randstructuur veel
meer invloed op de CH-strek band dan de grootte van de PAK. Experimentele spectra
van PAKs met zogenaamde “fjord” gebieden laten zien dat de CH-strekband van deze
PAKs een hoge-energie component hebben die uitstekend de waargenomen variaties in
de intensiteitsverdeling over de 3.29 µm emissieband kan verklaren.
Hoofdstuk 4 spitst zich toe op het spectrale gebied rond 3 µm van zes PAKs die
worden gekarakteriseerd door een overmaat aan waterstofatomen (hydrogenering) of door
de aanwezigheid van methylgroepen aan de buitenkant van de PAK. Deze substituties
leiden tot CH-strekvibraties van alifatische en alkylgroepen naast de aromatische CHstrekvibraties, die in de vorige hoofdstukken zijn bestudeerd. De experimentele spectra
laten zien dat anharmoniciteit ook voor deze niet-aromatische vibraties van belang is,
zoals we voorheen al concludeerden voor hun aromatische tegenhangers. Anharmoniciteit
leidt ook hier, en vooral voor de alkyl CH-strekvibraties, tot een groot aantal overgangen
die in de harmonische benadering helemaal niet toegestaan zouden zijn. Deze waarnemingen breiden de conclusies van Hoofdstuk 3 betreffende de oorsprong van het 3 µm
plateau uit, en pleiten sterk voor een interpretatie waarin een gedeelte van dit plateau
toegekend wordt aan deze niet-aromatische CH-strekvibraties. De experimentele resultaten suggereren ook dat PAKs met alifatische delen verantwoordelijk zijn voor de 3.4
en 3.51 µm emissiebanden, terwijl de 3.4 en 3.46 µm banden toegekend moeten worden aan de CH-strekvibraties van methyl groepen. Tenslotte laten we in dit hoofdstuk
zien dat de verhouding van de intrinsieke sterktes van de alifatische en aromatische CHstrek vibratieovergangen sterk wordt beı̈nvloed door de omgeving waarin de PAK zich
bevindt. Metingen uitgevoerd in een matrix geven een heel ander beeld dan metingen

103

onder astronomische (gasvormige) condities, zoals in onze studies. Dit is een belangrijke
conclusie omdat deze verhouding een uitgelezen manier biedt om de fractie aan alifatische
waterstofatomen te bepalen.
In Hoofdstukken 2-4 is licht gebruikt om de vibrationele energieniveaus van een bepaalde klasse van moleculen te bepalen en deze te gebruiken voor verdere identificatie. De
laatste twee hoofdstukken van dit proefschrift gebruiken licht om moleculaire systemen
te activeren die van belang zijn voor toepassingen binnen de moleculaire nanotechnologie
en opto-elektronische toepassingen. Het centrale thema van deze laatste twee hoofdstukken is de bepaling van vibronische energieniveaus om vast te stellen welke elektronische
en vibrationele toestanden aangeslagen worden, hoe deze toestanden gekoppeld zijn, en
langs welke paden de energie van het geabsorbeerde foton uiteindelijk omgezet wordt in
andere vormen van energie, zoals warmte.
1,8-Naphthalimide (NI)–een belangrijk onderdeel van een veel-bestudeerd fotoactief
rotaxaan–is samen met 1,8-naphthalic anhydride (NA) bestudeerd onder supersonisch
gekoelde en geı̈soleerde condities in Hoofdstuk 5. Resonance Enhanced MultiPhoton
Ionization (REMPI) spectroscopische studies en pump-probe metingen zijn uitgevoerd
aan de lager-gelegen elektronische toestanden van NI en NA en worden samen met de
resultaten van kwantumchemische berekeningen besproken. Tot voor kort werd gedacht
dat het relevante elektronische manifold en de dynamica die daarin plaatsvindt redelijk
simpel was: absorptie van licht leidt tot een aangeslagen 1 ππ* toestand, die vervolgens
door efficiënte intersystem crossing in het manifold van triplettoestanden eindigt. Van
daaruit vindt uiteindelijk stralingsloos verval naar de grondtoestand plaats. Uit onze
studies blijkt dat de werkelijke situatie aanzienlijk gecompliceerder is en wordt bepaald
door drie sterk gekoppelde elektronische toestanden. We laten zien dat in de gemeten
excitatiespectra niet alleen vibronische banden te zien zijn die afkomstig zijn van de “heldere” ππ* toestand, de toestand die bij verticale excitatie de laagst aangeslagen singlet
toestand is. In plaats daarvan speelt een “donkere” 1 nπ* toestand in beide moleculen
een belangrijke rol. Bij verticale excitatie is dat één van de hoger-gelegen elektronisch
aangeslagen toestanden, maar adiabatisch hebben de nπ* toestanden een lagere excitatieenergie dan de “heldere” ππ* toestand. Vanwege deze quasi-ontaarding kunnen overgangen naar de “donkere” nπ* toestand intensiteit krijgen door menging met de “heldere”
ππ* toestand en zijn er aanzienlijk meer overgangen te zien dan aanvankelijk verwacht.
Verder is het interessant dat de vervalsdynamica van de twee moleculen behoorlijk blijkt
te verschillen, ondanks het feit dat ze elektronisch nagenoeg identiek zijn. Geavanceerde
kwantumchemische berekeningen laten zien dat de oorzaak daarvoor gevonden moet worden in subtiele verschillen tussen de relatieve energieën van de elektronisch aangeslagen
singlet en triplet toestanden. Sterke spin-baan koppeling tussen de 1 ππ* en de 3 nπ*
toestanden leidt tot een efficiënte intersystem crossing naar de triplet toestand, maar
omdat de 3 nπ* toestand in NA een iets hogere energie heeft dan de 1 ππ* toestand kan
stralingsloos verval naar de grondtoestand hier voor lage excitatie energieën wedijveren
met verval via intersystem crossing. Dit is niet het geval voor NI, waar de 3 nπ* toestand een lagere energie heeft dan de 1 ππ* toestand. Hierdoor wordt de dynamica in NI
volkomen gedomineerd door het intersystem crossing vervalskanaal.
In Hoofdstuk 6 worden REMPI en pump-probe studies besproken die gedaan zijn aan
een prototypische moleculaire rotor gebaseerd op zogenaamde overvolle chirale alkenen.
In eerdere studies aan deze rotors, maar dan uitgevoerd in oplossing, werd geconcludeerd
dat er na excitatie een ultrasnel verval van de elektronisch aangeslagen toestand optreedt.
Daarom werd verwacht dat excitatiespectra opgenomen onder moleculaire bundel condities aanzienlijk verbrede banden zouden laten zien. Het excitatiespectrum waargenomen
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op de massa van het moleculaire ion laat echter een serie van smalle, goed-opgeloste banden zien, die duidelijk niet levensduur-verbreed zijn. In overeenstemming met deze door
het excitatiespectrum gesuggereerde langzame dynamica laten ook pump-probe experimenten een verval zien van de elektronisch aangeslagen toestand op een tijdsschaal van
nanosecondes. Op basis van het golflengtegebied waarin het spectrum wordt waargenomen en resultaten van kwantumchemische berekeningen concluderen we dat het excitatiespectrum moet worden toegekend aan een isomeer van de oorspronkelijke rotor die in situ
wordt geproduceerd door een katalytisch mogelijk gemaakte 1,3-waterstofverplaatsing.
In het resulterende isomeer is de dubbele binding–die in de oorspronkelijke rotor fotoisomeriseert waardoor rotatie in één richting geı̈nduceerd wordt–omgezet in een enkele
binding waardoor de fotogeı̈nduceerde rotatie wordt uitgeschakeld.
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