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Chapter 1

Introduction




1.1 The structure of carbon

The ouroboros returns

This thesis is about polycyclic aromatic hydrocarbons (PAHs). Although it originates in
first instance from the importance of these compounds in astrochemical research, the
topic by itself would definitely have appealed quite a lot to the organic chemists in the
mid- and late 19t century as well. In fact, one could very well say that present astrono-
mers are taking the interest in the structure of carbon that organic chemists had in the
19t century. The detection of over 200 abundant and widespread molecules in space
nowadays with most of the larger molecules containing carbon has prompted astrono-
mers to look at matter and space between stars on a molecular level. At the same time,
the interpretation of such astronomical observations heavily relies on knowledge ac-
quired here on earth in the laboratory, thereby giving molecular physicists a leading role
in elucidating the complexities of carbon evolution in space and providing an excuse to
perform laboratory experiments.

One of the first scientists, and certainly one of the most influential, to represent an
organic molecule using a ball-and-stick model is Friedrich August Kekulé. While this par-
ticular schematic view of molecules consisting of atoms linked together by bonds is now-
adays trivial for most people (think of the Atomium in Brussel), this so-called atomistic
view of molecules was at that time only just being accepted. It is remarkable that with
the limited experimental tools chemists had then and there, they were able to deduce the
microscopic atomic architecture of molecules. Before that, chemists had concluded that
the composition and sequence of atoms in a molecule relates to the physical properties
of the bulk material, such as boiling point, melting point etc. However, the observation of
molecules with the same composition but with varying physical properties, isomers, in-
cited chemists to expand their molecular models. It became the major drive in discover-
ing the structure of molecules: the desire to explain the number of possible isomers or
derivatives of a molecule.

Kekulé linked the physical properties of bulk chemicals to the three-dimensional ar-
rangement of atoms within a molecule. Specifically, he suggested the use of tetravalence
and the tetrahedral structure of carbon. With this suggestion, he laid the groundwork for
his students (of which three were given the Nobel prize in chemistry!) and many other
organic chemists. One of the organic molecules that Kekulé is particularly known for is
benzene, belonging to the class of aromatic molecules, characterized by their pleasant
odor. He writes about these aromatic compounds: “when one performs forceful reactions
on aromatic substances, often a part of the compound is eliminated, but the major prod-
uct consist of at least six carbon atoms that can bind six other atoms”.12 The major prod-
uct of six carbon atoms, called benzene, is now indeed known to be stabilized by
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aromaticity (a different meaning of the word), and therefore survives the forceful reac-
tions. Only one isomer was found for every mono-substituted benzene and three isomers
for every disubstituted benzene, implying an equivalence of the six carbon atoms. Kekulé
wanted to explain, in light of the tetravalence of carbon, which structure of six equivalent
carbon atoms could bind six other atoms. The most obvious, a chain of six carbon atoms
with alternating single and double bonds would be able to bind more than six atoms, so
would not be a workable solution. After what must have been a horrifying dream about
a snake biting its own tail, he concluded the following: “if the two carbon atoms at the
end of the chain are connected to each other by a bond, so that one has a closed chain,
one arrives at a core of six carbon atoms that still has six free bonds”. Kekulé hypothe-
sized further that the six carbon atoms form a symmetric ring so that they occupy analo-
gous places in the molecule and are therefore truly equivalent. Benzene, he says, could
be represented by a hexagon (Figure 1.1). The symbol of a snake biting its own tail, the
ouroboros, intentionally or ironically, is one of the oldest symbols in alchemy, represent-
ing the eternity and endless return of matter.

o
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Figure 1.1: The hexagonal structure of benzene drawn by Kekulé?

1.2 Molecular structure and light

The third dimension

Jacobus Henricus van 't Hoff, a theoretical physical chemist, was a student of Kekulé. Less
than ten years after Kekulé’s proposal of the hexagonal structure of benzene, van ‘t Hoff



published his “Voorstel tot uitbreiding der tegenwoordig in de scheikunde gebruikte
structuur-formules in de ruimte; benevens een daarmee samenhangende opmerking om-
trent het verband tussen optisch actief vermogen en chemische constitutie van organi-
sche verbindingen”.3 With this publication, van 't Hoff introduced the idea of the asym-
metric carbon atom. He wanted to account for some cases of substances where more iso-
mers were found than models at that time could account for. He realized that if a carbon
atom is saturated with four different groups, two tetrahedrons can be constructed that
are each other’s mirror image, and that they can never be superimposed: one has two
isomeric structures. With this hypothesis he was able to systematically account for all
observed isomers, but equally important, he was able to make a connection between the
three-dimensional structure of a molecule and its optical activity. Van ‘t Hoff concluded
that every organic solution that rotates the polarization of light must contain such a
three-dimensional asymmetric carbon atom. The work of van ‘t Hoff established a new
paradigm in all areas of chemistry, where understanding the three dimensional structure
of a molecule is key to explaining its properties. In a way, the theory of Van ‘t Hoff added
one extra dimension to chemistry: where Kekulé and others represented molecules
mostly in two dimensions, the new paradigm made chemists use a three-dimensional ar-
rangement of atoms to explain molecular properties (Figure 1.2). Later, van ‘t Hoff was
allowed to set up his own laboratory in Amsterdam and received the first Nobel Prize in
Chemistry for his work in physical chemistry on dilute solutions and osmosis. The direct
connection between the three-dimensional structure of a molecule and its optical -that
is, in the case of the present thesis, spectroscopic- properties is used throughout the pre-
sented studies; it is no exaggeration to say that one could not do without.

Figure 1.2: Tetrahedrons used by van ‘t Hoff as models for the structure of tetravalent carbon. The double tet-
rahedrons are used as model for structures containing a carbon-carbon double bond. Credit: Rijksmuseum
Boerhaave



Not much later, in the beginning of the 20t century, a technique was developed that gave
unprecedented insight into the structure of matter, x-ray crystallography. After pioneer-
ing work by von Laue and William Henry and William Lawrence Bragg, it became possi-
ble to determine atomic positions within a crystal. In 1914, father and son Bragg applied
the new method of x-ray crystallography to diamond and found an ‘extremely simple’
structure.* They confirmed the tetrahedral arrangement of carbon that was already be-
ing used by chemists such as van ‘t Hoff. Hypotheses made by chemists were thus being
confirmed by physicists. One further example of interest comes from 1917. In that year,
Peter Debye and Paul Scherrer used the recently discovered method of crystal powder x-
ray diffraction to investigate the structure of graphite. They concluded that the carbon
atoms in graphite were arranged in plane hexagons and that benzene itself might be of a
similar form. X-ray work on liquid benzene suggested they were dealing with a very flat
molecule.5 In 1929, Kathleen Lonsdale confirmed that the benzene ring in hexa-
methylbenzene is indeed hexagonal and planar, similar to the structure and size of the
carbon arrangement in graphite.6 As yet, we have primarily focused on explaining optical
properties as a result of the three-dimensional arrangement of atoms. It is clear that the
other way around, namely to use light to investigate the structure of molecules, is highly
rewarding and one of the points of focus of current research.

1.3 Quantization of energy

“An act of desperation” - M. Planck

Concurrent with the development of the atomistic model of molecules was the discussion
on the relation between mechanics and thermodynamics. Max Karl Ernst Ludwig Planck
was fascinated by the second law of thermodynamics that the entropy of an isolated sys-
tem can only increase or remain constant: the law that gives an arrow of time to natural
processes. At around the same time, a major challenge in physics was to describe the
radiation emitted by a black body, a concept introduced in 1860 by Kirchhoff, professor
of physics in Berlin prior to Planck. A black body is an object that absorbs all incident
electromagnetic radiation and although an ideal black body does not exist, it proved to
be crucial in the development of quantum theory. A black body emits radiation depend-
ing on its temperature: a hot body emits more radiation and radiation with a shorter
wavelength than a colder body. Think of an iron nail in a flame which first becomes red
and then bright white as it gets hotter. To explain these properties, physicists made suc-
cessive comparisons between theoretical and experimental spectra of black-body radia-
tion, which led to new insights (Figure 1.3). Such a practice can in fact also be recognized
all throughout the present thesis.
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Figure 1.3: The successive comparison of different theoretical models of black body radiation to experiments
led to the concept of energy quantization (extracted from 7)

In first instance, Planck used Wien’s empirical radiation law, which was in good agree-
ment with measurements performed in Berlin, and gave it a theoretical foundation. In
1899 he established a true physical character of Wien’s law based on the entropy of an
ideal oscillator.8 However, new results from Berlin showed a disagreement between the
experiment and Wien’s law at low frequencies and this prompted Planck to go back to
the drawing board. Planck was reluctant to use Boltzmann'’s ideas about the connection
between entropy and probability which were based on an atomistic concept of mole-
cules. But in what he recalls as ‘an act of desperation’, he obtained a fundamental basis
of a new law that agreed perfectly with all measurements using Boltzmann'’s theory on
probabilistic entropy.® The latter theory established a direct relation between entropy
and disorder as expressed in what is now known as the Boltzmann equation. To quantify
disorder, Planck distributed the total energy of a black body amongst oscillators that
have finite ‘energy elements’, the number of possible ways a distribution can be realized
yields the entropy.

One would say that with the introduction of ‘energy elements’ and Planck’s constant,
quantum theory is born, but the essential role and consequences of energy quantization
were only realized later by, in particular, Einstein. By introducing the quantization of
light he consolidated quantum theory. After all, both Planck and Einstein received the
Nobel prize for their contribution to quantum physics. Other creative scientists further



developed the new description of atoms, molecules and their properties known as quan-
tum mechanics: Niels Bohr added the atomic model accounting for the stability of atoms,
Louis de Broglie postulated that matter had wave-like properties, Werner Heisenberg
formulated the uncertainty principle for wave-like systems, Erwin Schrédinger postu-
lated the Schrédinger equation that governs the evolution of a quantum mechanical sys-
tem. Together with Paul Dirac, Max Born, Wolfgang Pauli and other scientists they con-
ceived the quantum mechanics which forms the foundation on which we rely nowadays
for interpreting experiments. The quantized particles of light, photons, still offer us the
most direct experimental probe into the structure and quantum mechanical nature of
atoms and molecules.

1.4 Carbon in the universe

Molecular physics comes to life

The scientific discipline that focusses on the interaction between light and matter is
called spectroscopy. As will become clear below, quantization of energy is key in this re-
spect, because quantum mechanics tells us that atoms and molecules have discrete en-
ergy levels. Transitions between these levels -as occurring when light interacts with mat-
ter- are thus only possible for particular frequencies of light. In other words, the unique-
ness of atoms or molecules is imprinted into its electromagnetic spectrum. Thus, we can
use light not only as a probe to examine quantum mechanical properties, but also to iden-
tify atoms and molecules.

The latter feature makes spectroscopy come to life in astronomy, since the most prac-
tical way to study distant astrophysical objects is by studying the light that is absorbed
or emitted by these objects and that reaches our ‘eyes’ by means of ground- or space-
based telescopes. Fraunhofer was the first to detect a number of dark lines in the emis-
sion spectrum of the sun, mostly in the visible region of the electromagnetic spectrum.
Already in the early 19t century, he concluded that the dark lines contain information
on the source of the light. Sadly, only after his death, Kirchhoff (Planck’s predecessor in
Berlin) assigned the lines to atomic absorptions, because they coincided with emission
lines in the spectra of specific heated elements.10 Fraunhofer thus was correct in saying
that the dark lines contained information about the source, and more specifically, about
the chemical elements present in the star’s atmosphere.

The first molecule to be detected in space was the carbon-containing diatomic CH, by
means of its strong electronic transition in the visible region of the spectrum.!! A true
revolution in astrochemistry came with the development of radio astronomy in the
1960s that enabled scientists to detect a vast amount of new molecules in the interstellar



medium (ISM) or circumstellar medium (CSM). One major shortcoming, however, is that
radio astronomy is ‘blind’ to (highly) symmetric molecules. The reason for this is that the
strength of a rotational transition of a molecule (occurring at radio frequencies) is pro-
portional to the square of the permanent electric dipole moment. Symmetric molecules
are often non-polar and therefore pure rotational transitions are not allowed. Moreover,
as molecules increase in size, the number of accessible energy levels increases at a given
temperature. This results in substantial decrease of the chance that molecules in an en-
semble absorb or emit at the same frequency. The technique thus has a bias towards
smaller molecules. Nowadays, the two largest molecules detected in space are the fuller-
enes Ceo and Cro, specifically in a young planetary nebulal2. These highly symmetric, large
molecules were not identified using electronic or rotational transitions, but based on vi-
brational emission spectra in the infrared region. Later, the C{, ion was assigned using
two electronic transitions in the near-infrared.1314

Despite the vast number of smaller molecules identified and the detection of fuller-
enes, many spectral features remain unidentified. An old mystery, discovered almost a
hundred years ago in 1922 by Mary Lea Heger, concerns spectral features caused by the
absorption of light by the interstellar medium and now referred to as the diffuse inter-
stellar bands (DIBs).1> These are sharp features observed from the near-infrared to the
UV part of the spectrum and have remained nearly completely unassigned (an exception
being CZ, ). Moreover, in the mid- and far-infrared region, distinct emission features are
observed towards many different phases of the ISM, including planet-forming disks, sur-
faces of dark clouds, star-forming regions, carbon-rich stars in their last stage, and the
general diffuse ISM. Airborne, ground- and space-based telescopes observe the infrared
emission in these different regions referred to as the unidentified infrared bands (UIRs).

In 1984 Léger and Puget hypothesized that polycyclic aromatic hydrocarbons (PAHs)
are the carriers of the UIR bands (Figure 1.4).16 They based their hypothesis on the ther-
modynamic properties and the chemical stability of PAHs. PAH molecules, temporarily
heated by absorption of a UV photon, would lose their energy through radiative transi-
tions between vibrational levels that occur in the infrared. One year later, Allamandola
et al. presented the first spectroscopic indications of the presence of PAHs in the ISM by
comparing nothing less than Raman spectra of car exhaust (PAHs are major constituents
in soot particles) to the UIR spectra of the Orion Nebula.l” The hypothesis that PAHs are
responsible for the UIR bands is now widely recognized and the UIR bands are now often
termed the aromatic infrared bands (AIBs).1® Some intensity of the UIRs may be the re-
sult of aliphatic hydrocarbons, but the dominating contribution is from aromatic species.
PAHs can not only explain the UIR bands, but also form a link between the smaller or-
ganic molecules identified by radio astronomy and fullerenes. Moreover, there are strong
indications that electronic transitions of molecules such as PAHs are responsible for the
DIBs. PAHs are thus key species to understand the organic inventory in space and are



quite probably the stepping stone for assigning and understanding many, still unidenti-
fied spectral features in astronomical observations.

Although there is a diverse distribution of PAHs, there are indications that this distri-
bution is dominated by a limited set of PAHs. One such an indication is that there is a
remarkable spectroscopic similarity up to the smallest details between observed spectra
of photodissociation regions (PDRs) in different reflection nebulae.l® Moreover, it has
been shown that a preference for a small set of theoretical spectra of large and compact
PAHs exists to fit particular spectral features (the 15-20 um band patterns).2® Addition-
ally, only a small number of PAHs are able to account for the strong absorption at one
particular wavelength (the 11.3 um band). The subtle variations that do exist between
the observed spectra can be explained by slight variations in the distribution of such a
small set of PAHs.1921 This set of larger PAHs thought to be stable enough to survive the
harsh conditions of the ISM have been branded grandPAHs.

H H

Fizure 1.4: Molecular structure of the PAH coronene (C24H12) described by Clar’s aromatic m-sextet model

The term polycyclic aromatic hydrocarbon (PAH) is autological and refers to molecules
composed of multiple, often fused, rings (polycyclic), consisting of hydrogen and carbon
(hydrocarbon), stabilized by aromaticity (aromatic). Although one may not realize, we
are constantly surrounded by PAHs in our daily life. They are a major constituent in soot
in almost all natural and anthropogenic combustion processes, they are present in
burned food, and even mothballs are made of PAHs. Derivatives of PAHs are already used
in electronic devices because of their tunable photophysical properties?223, but also their
stability holds great promise and will most likely make them much more common in fu-
ture technological applications. PAHs are stabilized due to aromaticity, where the term
aromaticity is no longer used for referring to their odor, but to aromatic stability as will
be explained later in this paragraph. As a result, this particular form of hydrocarbons is
more fit to withstand the hostile environment of the ISM, and this is the reason that much



carbon in space is locked up in PAH molecules. Kekulé described benzene as rapidly in-
terconverting between two structures with alternating single and double bonds.2* How-
ever, it was Erich Hiickel working with Peter Debye in Ziirich who used a number of ap-
proximations to describe the electronic structure of polyenes - fully utilizing the sym-
metry of the molecules and breaking free from the classical chemical bond- thereby un-
covering the quantum mechanical origin of aromatic stability.25 One approximation was
that all carbon atoms are identical and having equal bonds to all its neighbors, resulting
in the delocalization of electrons. Another Erich -Erich Clar- worked on extending the
theory of aromatic systems to larger benzenoid species. Based on many experiments, he
described in The Aromatic Sextet how a myriad of properties of PAHs can, at least quali-
tatively, be explained by the number and location of aromatic m-sextets, that is to say,
benzene moieties.2® He formulated a rule stating that the resonance structure of a PAH
with the largest number of aromatic m-sextets (or a superposition of equals) contributes
most to the electronic characteristics of the molecule. The other rings are generally more
reactive. Moreover, he stated that isomers containing more aromatic m-sextets are more
stable than isomers with less aromatic m-sextets and that the non-m-sextets in the domi-
nant resonance structure are most reactive. Using Clar’s insights, spectroscopic proper-
ties such as the HOMO-LUMO gap, the ionization potential, and others can amazingly well
be understood.

In the previous, PAHs and their properties have been considered from a more histor-
ically oriented perspective. This is important because it has set the stage for starting to
explore the unknowns that the studies in this thesis aim to put light on. To this purpose,
the remainder of this chapter will focus in more detail on the spectroscopic properties of
PAHs and their role in the universe.

1.5 Spectroscopy of cosmic PAHs

Molecular probes to follow the evolution of the universe

Besides fullerenes, PAHs are the largest molecules found in space. They are the result of
combustion-like chemistry in stellar ejecta and continue being processed in the ISM, but
also influence the very same chemical processes and physical environment. Thereby,
they catalyze other chemical reactions and even influence star and planet formation. PAH
emission features are detected across all phases of galactic evolution, from star forming
regions to proto-planetary disks and even in meteorites. Depending on their environ-
ment, they can interact with other atoms or molecules and are subjected to energetic
particles and photons. They can act as a nucleation site (also in the earth’s atmosphere)
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for grain formation and thereby affect the condensation in dense molecular clouds. In
these molecular clouds they also influence the temperature and charge balance, and can
function as a radiation shield for the clouds interior.2’ It is therefore clear that under-
standing the composition and evolution of molecules -and PAHs in particular- in space is
key to comprehend the evolution of the universe.

Figure 1.5: PAHs are valuable tracers for following the evolution of galaxies. This observation shows the spiral
arms of the nearby galaxy Messier 81 located in the constellation of Ursa Major made by the Spitzer Space
Telescope at 8 um (red, PAH emission, processed). Credit: NASA/JPL-Caltech

The widespread presence and involvement of PAHs in the universe makes them valuable
tracers for star and planetary formation. Most ultraviolet (UV) and optical light emitted
by young stars is absorbed by dust and PAHs and re-emitted in the infrared. This makes
the PAH emission dependent on the radiation intensity of a star and thereby its formation
rate. In star-forming regions, this IR emission even dominates over the stellar emission
beyond about 5 pm.28 Observing and interpreting the IR emission provides us with a solid
basis for understanding the interstellar environment and setting up astronomical models
for its chemical evolution, as well as the formation of stars and planets.2® With this recog-
nition, it should be said that the infrared space observatories revolutionized PAH re-
search. The Infrared Space Observatory and subsequently NASA's Spitzer Space Tele-
scope provided us with both images and spectra of emission by PAHs associated with
star formation in our own galaxy or in the distant universe (Figure 1.5). The Spitzer Space
Telescope was named after Lyman Spitzer, who suggested the use of space telescopes to
avoid the limitations that arise by looking through the earth’s atmosphere. The capabili-
ties of the upcoming James Webb Space Telescope will bring this research to an entirely
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new level by providing higher sensitivity and spatial resolution and covering a broad
wavelength range.3? The interpretation of the wealth of observations that will be un-
leashed relies on a profound understanding of the photophysical properties and chemis-
try of molecules in space and PAHs in particular. For spectroscopists the task is here to
support such understanding by laboratory experiments and theory. A major challenge
and yearning objective that this task accompanies is to investigate the infrared spectra
of grandPAHs under cold and isolated conditions.

In order for a PAH to make a vibrational transition and absorb or emit infrared light,
the electric dipole must change during the vibration. The vibrational motion of molecules
consisting of N atoms can (in the harmonic approximation) be described by a set of (3N-
6) orthogonal vibrations called normal modes that can be excited independently. Within
this approximation one can associate each normal motion with a specific harmonic po-
tential energy surface on which the vibration takes place. The shape of the potential en-
ergy surface determines the vibrational energy levels between which transitions can take
place. The extent to which the dipole is affected and the spacing between energy levels
in vibrational modes determines the resulting intensity and frequency of IR bands, re-
spectively. Since the structure of PAHs is very similar, many modes of different PAH spe-
cies will have similar potential energy surfaces, and thus coinciding IR transitions. Hence,
spectral identification using IR emission of a single PAH species from a mixture is fairly
complicated. The strong CH stretch mode in the mid-IR, for example, is a localized vibra-
tion involving the C-H bonds and is only marginally affected by the global PAH structure.
Delocalized vibrations such as the drumhead motion, on the other hand, are much more
dependent on the full structure of the molecule. Transitions of such vibrations occur at
longer wavelengths, making the far-IR a promising diagnostic region. A link between the
mathematical question: ‘can one hear the shape of a drum’ is suited here, teaching us that,
indeed, the shape of a drum can be estimated using a finite number of frequencies.3! For
PAHs, however, also observational limitations by the dust background emission and the
intrinsic weak transitions make the far-IR a challenging region.

Interstellar PAH emission originates from PAHs that relax to the ground state after
absorbing a (F)UV photon from, for example, nearby stars.32 The absorption of a UV pho-
ton brings a PAH into an electronically excited state and via internal conversion and in-
tersystem crossing, the photon energy is converted into vibrational energy. Due to the
low density in the ISM, PAH molecules do not lose their vibrational energy through colli-
sions with other molecules, as collisions occurs on the order of a day. As a result, they are
not in thermal equilibrium with their environment. Instead, PAHs lose the energy they
receive roughly yearly by the emission of infrared photons through a vibrational cascade
on the timescale of seconds.33 The observed infrared emission spectrum is an average
over different relaxation pathways of different PAHs. Because the laboratory reproduc-
tion of spectra of alarge number of (grand)PAHs under a wide variety of directly relevant
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interstellar conditions is extremely demanding and difficult, interpretation relies on the-
oretical modeling of such emission cascades. Then again, in the construction of these
emission models, experimental validation of the intrinsic infrared spectra of PAHs -that
is under cold and isolated conditions-is of fundamental importance.

In recent years, such experimental validation of calculated IR spectra has revealed the
much larger than expected limitations of the harmonic approximation in the CH stretch
region34. Especially in this higher-energy region with a high density of vibrational states,
anharmonic effects play an important if not dominantrole in determining the appearance
of the IR spectrums3s. In this thesis we therefore heavily rely on amending the insufficien-
cies of the harmonic approximations by using what will be called an ‘anharmonic treat-
ment’. This treatment firstly includes an improved asymmetric shape of the potential,
that can lead to a shift in transition frequencies. Secondly, in the anharmonic framework
modes can interact with each other, allowing for energy redistribution and causing shifts
in band positions of vibrationally excited molecules. Furthermore, if two vibrational en-
ergy levels are close in energy, they can interact and typically push each other apart in
energy. Finally, anharmonic perturbations do not only affect the energies of vibrational
levels but can also influence the intensity of transitions between them. Although the
above might seem to imply that anharmonicity rules the entire vibrational spectrum, this
is certainly not the case. In fact, one of the surprising conclusions of our studies is that
low-frequency modes -that a priori always were deemed to be anharmonic- are in fact
well described by the harmonic approximation.

Wavelength (um) Wavelength (um) Wavelength (um)
5.00 513 526 541 5.56 571 588 588 6.25 6.67 714 7.69 833 9.09 9.09 10.00 111 12.50 14.29 16.67
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Figure 1.6: Comparison between calculated and experimental spectra of pyrene indicated in top left corner.
Top, black: absorption spectrum obtained using IR-UV ion dip spectroscopy. Middle, green: anharmonic pre-
dicted spectrum, taking into account resonances and combination bands (no frequency scaling). Bottom, blue:
prediction with the harmonic approximation (NASA Ames Database, with linear frequency scaling).
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1.6 Chemistry of cosmic PAHs

“A tale of cold black giant clouds and warm red giant stars” - H. Kroto

The ability to form complex species such as PAHs makes carbon a major player in the
evolution of the universe. Although the abundance of carbon is much lower than hydro-
gen or helium, its capacity to form multiple bonds makes it chemically much more inter-
esting and results in the fact that most detected molecules contain at least one carbon
atom.

The formation of organic molecules, including PAHs, starts with the formation of car-
bon. Carbon begins its cycle in the interior of stars, where it is produced by nuclear fu-
sion. Asymptotic giant branch (AGB) stars are important contributors in the formation of
carbon. Convective processes drive elemental carbon or oxygen to the surface and
around the exterior CO is formed. If carbon is more abundant than oxygen, it is not cap-
tured in CO. Especially towards the end of a star’s life, much of the interior of the star is
ejected into the interstellar medium (ISM). In a way, the ISM can be considered as a re-
pository of matter, as it contains ashes from previous stars that at some point can form
new stellar systems. In the ISM, material circulates in about hundred million years be-
tween more diffuse and dense regions, while being processed by cosmic radiation. At a
certain point, dense (molecular) clouds collapse and form new stars and planets, taking
up the carbon that was ejected by previous stars.3¢ One such cycle takes a few billion
years and considering that the universe is 13 billion years old, most stellar systems are
now from second or third generation. In fact, our sun is a third-generation star meaning
that most of the carbon on our planet and in our bodies has also been through such a
stellar cycle.

The formation mechanisms of larger molecules, PAHs and grandPAHs in particular,
are of great interest to astrochemists. They are expected to form the connection between
small organic molecules -of which many have been identified- and large fullerenes. But
also for the production of carbon-based technology that includes fullerenes, carbon
nanotubes or graphene, the chemistry of aromatic carbon is important. Also not to forget
is the chemistry leading to soot, which is emitted into the atmosphere in large quantities
by human combustion. However, current formation models are inadequate in accounting
for the observed production rates and abundance of PAHs in the ISM.3738 The shortcom-
ing is a consequence of an incomplete picture of the complexity of the network of reac-
tions.3?
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Figure 1.7: A card model of a truncated icosahedron with a map of the night sky that played a key role in the
discovery of Ceo Buckminster fullerene?

[tis up to laboratory experiments to discover yet unknown reaction pathways, especially
towards larger PAHs and fullerenes. The key role that laboratory astrochemistry plays
here is best exemplified by the story of Buckminsterfullerene discovered by Harold
Kroto.*! In experiments aimed to reveal the chemistry of carbon molecules that are
formed in interstellar space, Kroto and coworkers discovered a remarkably stable cluster
consisting of 60 carbon atoms. The cluster was formed in a laser-induced plasma of car-
bon from a graphite surface. With little to go on, Kroto suggested that the Ceso molecules
should have a truncated icosahedral structure (like a football). He named it Buckminster-
fullerene after consulting the studies of Richard Buckminster Fuller, living in Carbondale,
of all places! Received with skepticism in the beginning, the discovery of the so called
fullerenes, a new allotrope of carbon, was crowned with the Nobel Prize in Chemistry in
1996. The success story does not end there, turning full circle back to astrochemistry.
The very same molecule discovered in 1985 in the laboratory has quite recently been
detected in the young planetary nebula Tc 1 by the Spitzer Space Telescope!2.

To date, fundamentally new bimolecular reactions are continuously being revealed
and as for the complexity of the reaction network involving PAHs, laboratory astrochem-
istry has just scratched the surface. In this thesis, the reaction network of relatively sim-
ple aromatic hydrocarbons in a discharge is revealed by mass selective IR spectroscopy.
The experiments are complementary to other gas-phase complex mixture analyses such
as microwave spectroscopy, as a wealth of new, non-polar molecules such as PAHs -not
observed by microwave spectroscopy- are identified to be formed here. In constructing
astrochemical models that describe the chemical evolution of the interstellar or circum-
stellar medium, the intermediate and product species that we identify serve as key in-
gredient. Combined with quantum chemical calculations on reaction surfaces, one can
start to build quantitative models, where the polar intermediate abundancies can be
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benchmarked against the microwave studies. But because PAHs are expected to play a
major role the interstellar carbon chemistry, the identification of their specific configu-
ration and place within a reaction network in gas-phase conditions will be a pillar in con-
structing reliable astrochemical models.

1.7 In this thesis

In this thesis, infrared light is used to probe the potential energy surface and intrinsic
spectroscopic properties of large PAHs and PAH complexes. Using a cold molecular beam
in combination with narrow-band lasers, the experiments in this thesis provide detailed
insights into the spectroscopic properties of PAHs, from the near- to the far-IR. Experi-
mental spectra are compared to theory with special attention given to the astrophysical
implications of the interpretation of the AIBs. Such comparisons allow us to come to a
true understanding of the fundamentals governing these spectra, and this in turn is -and
must be- the basis for advancing the state-of-the-art of models interpreting astronomical
observations. At the same time, infrared spectroscopy is applied to explore gas-phase
chemistry of PAHs in controlled conditions aimed at understanding the formation mech-
anisms of PAHs in interstellar space, the other key element for advancing the state-of-
the-art of these models.

In the experiments reported on in this thesis, rather than examining the effect of the
molecules on light by absorption spectroscopy, the effect of light on molecules is probed
indirectly using action spectroscopy. The reason for this is that the attenuation of light
by a dilute molecular beam is very small. Instead, the ions that are created by laser light
via Resonance Enhanced Multi-Photon Ionization (REMPI) are monitored by a time-of-
flight mass spectrometer. If the laser light is resonant with an electronic transition in a
molecule, an increase in ion yield at the corresponding mass is detected, which can be
translated to an electronic absorption spectrum. IR spectra are also recorded using ac-
tion spectroscopy, via the IR-UV ion dip scheme. This scheme relies on the change of the
vibrational population in the electronic ground state after IR absorption. Resonant IR ex-
citation results in a decrease of the ion signal (ion dip) produced by the REMPI process.
Knowing the exact mechanism of IR-UV ion dip is essential to relate the magnitude of ion
dips to absolute absorption cross sections. In Chapter 2, REMPI spectra recorded after
far- and mid-IR absorption provide unique insights in the mechanism of IR-UV ion dip in
the far-IR, but also in the properties of delocalized modes of PAHs. The delocalized char-
acter of far-IR vibrational modes generally makes them more dependent on the complete
structure of a PAH and therefore valuable for astronomical identification of specific mol-
ecules. So far, this region has been relatively unexplored under relevant conditions in the
laboratory, that is, under isolated conditions and at low temperatures. The far-IR region
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is covered by the free-electron-laser FELIX located in Nijmegen, where most experiments
have taken place.

The successful comparison between high-resolution gas-phase experimental and the-
oretical spectra in previous studies involved relatively small PAHs in the CH-stretch re-
gion. It is not clear at all to what extent the currently employed models need to be
adapted for larger molecules such as the ones classified as grandPAHs, but this clearly is
crucial for assessing astronomical observations in which gransPAHs are thought to play
a prominent role. Producing a sufficient amount of gas-phase grandPAHs to seed into a
molecular beam has so far restricted many experiments to smaller species. Generally, the
transition to the gas phase is achieved by resistive heating but at temperatures that in
practice can still be reached, the vapor pressure of grandPAHs is insufficient. In order to
meet this challenge, grandPAHs are brought into the gas phase by laser desorption and
subsequently entrained and cooled in an expansion of a noble gas. Laser desorption is
routinely used to bring large biomolecules that cannot be heated without fragmentation
into the gas phase. The desorption laser is mildly focused on a graphite sample bar on
which the sample is deposited. The laser pulse instantly heats a small portion of fresh
sample, which desorbs nearly without fragmentation. For grandPAHs, the fast and ex-
treme heating is more than sufficient to bring ample amount of molecules into the gas
phase. In Chapter 3, the gas-phase mid-IR spectra of the polyacene series from naphtha-
lene to pentacene are characterized, thereby expanding the comparative studies to
longer wavelengths. Considering that the mid-IR is potentially a more diagnostic region
for identifying certain classes of PAHs in the ISM, an accurate description of this spectral
region is quite important to astronomers. Using the free electron laser FELIX, a broad
wavelength range is covered that is used to evaluate (anharmonic) theoretical methods.
We show that a significant fraction of intensity is associated with combination bands in
the 5-6 pm region that cannot be ignored. At longer wavelengths, the anharmonically
predicted spectra are in good agreement with experimental results. Laser desorption
made it possible to extend studies to the larger, involatile pentacene species, opening a
route to investigate even larger PAHs under suitable conditions.

Motivated by the hypothesis that a small set of most stable PAHs could dominate the
population, the laser desorption route to larger PAHs is pursued in Chapter 4. The infra-
red spectra of coronene, ovalene, hexa(peri)benzocoronene and peropyrene under cold
and isolated conditions are reported and compared to harmonic and, where available,
anharmonic calculations. The grandPAHs are investigated in both in the mid- and far-IR,
from 3to 100 pm (3150 to 100 cm-1) thus covering the entire relevant wavelength region.
The different regions of the infrared spectra all have their advantages and disadvantages.
Whereas the 3 um CH-stretch region is accessible by ground-based telescopes, our stud-
ies show that this region is dominated by resonances and anharmonic shifts, complicat-
ing the analysis. Furthermore, the dependence on large-scale structure is considerably
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less at shorter wavelengths where moreover interstellar emission is broad. This changes
when moving to longer wavelengths. However, in the CH out-of-plane region, which is
more dependent on size and topology, we find that the anharmonic treatment of grand-
PAH spectra -in contrast to the same treatment applied to smaller PAHs- leads to unre-
alistic results that impede the comparison between experiment and theory. The holy
grail, therefore, seems to be found in the far-IR where the delocalized modes are most
diagnostic for specific molecules and the emission is more narrow. Here, however, the
major drawback arises from the observational side as the bands in this region have a low
intensity, which, together with the dust background emission, impedes identification of
spectroscopic signatures of PAHs. Evidently, the most promising way forward is to use a
combination of all regions to determine the composition of the PAH population, which is
one of the incentives for the full-spectrum approach taken in Chapter 4.

The chapters 2, 3 and 4 elucidate mainly on the mechanical potential energy surface
of vibrational motions. In Chapter 5 the focus is on the electric potential and oscillator
strength of transitions in the infrared. By combining data from several theoretical and
experimental sources, predicted oscillator strengths of the CH out-of-plane and CH
stretch vibrations are examined. The ratio between these bands is commonly used to de-
termine the size distribution of PAHs in the ISM and appears to have been underesti-
mated. Chapter 5 gives an impression of the implications of this underestimation on the
determination of the size distribution of PAHs in the universe.

Until now, we only considered covalent interactions between carbon atoms. More and
more, however, it is realized that non-covalent, long-distance interactions can play a ma-
jor role in supramolecular chemistry, the properties of materials, the function of biomol-
ecules and many more fields. Chapters 6 and 7 concern homo- and hetero complexes of
PAHs that exist by the grace of the weak intermolecular forces, collectively called van der
Waals forces, named after a colleague of van 't Hoff, Johannes Diderik van der Waals. Non-
covalent complexes of PAHs are of particular relevance to astrochemistry, or combustion
chemistry for that matter, as they embody the initial steps of condensation and soot for-
mation. They bridge the gap between gas phase and solid-state configurations of carbon.
Moreover, the condensation of small molecules such as water on the surface of aerosols
is at the core of cloud formation. Soot particles consisting of PAHs can form a major frac-
tion of aerosols in polluted areas. A detailed understanding of the non-covalent interac-
tions is essential to determine and understand the structure of such molecular complexes
and their (spectral) characteristics. Chapter 6 focusses on the far-IR and UV spectral sig-
natures that result from the interactions between PAHs and water.

A special type of non-covalent interactions, m-m stacking, manifests itself in stacked
aromatic units. The m-1 stacking effect, can be viewed as the energy difference between
stacked aromatic rings and saturated rings of the same size. It is not common knowledge
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that the m-m stacking effect solely occurs in parallel oriented aromatic molecules and
does not originate from m-orbital overlap or electrostatic forces. Instead, theory indicates
that the m-1t stacking effect results from non-local electron correlation from systems with
spatially close m-orbitals. Moreover, for small aromatic units, such as the ones often pre-
sent in biomolecular systems, the m-mt stacking effect is calculated to be less important
than other non-covalent interactions. In fact, the benzene dimer is found to adopt a T-
shaped rather than a parallel configuration. For large aromatic systems, on the other
hand, it is well established that the strong adhesive force between monomers is due to a
significant m-m stacking effect. In Chapter 7, infrared spectroscopy is used to probe the
weak interactions that exist between systems consisting of two aromatic rings. The ex-
periments provide strong indications for the geometry of the dimers and thereby con-
tribute to insights in the peculiar -1 stacking interactions between aromatic molecules.

It is remarkable that in the dilute conditions of the interstellar medium, large organic
molecules such as PAHs or even grandPAHs are formed. Now, more than ever, it is of
interest to elucidate the formation pathways because both polycyclic species (1- and 2-
cyanonaphthalene, fullerenes) and small aromatic molecules (benzene, benzonitrile)
have been detected. So far, most models describing gas-phase bottom-up formation path-
ways have proven insufficient to reproduce the observed abundancies of PAHs or their
derivatives. It appears that either the existing reactions proceed more efficiently than
expected or that additional routes, which have not been considered yet, play a significant
role in the formation process. In recent years, multiple new and efficient reaction routes
have been identified in crossed molecular beam experiments or in the pyrolysis of dilute
gases. The pathways to polycyclic species discovered in the laboratory are supported by
quantum chemical reaction surface calculations and often appear to be efficient at low-
temperature conditions.

Despite these major advances in uncovering possible reaction routes, it is likely that
quite a number of other routes still need to be discovered, especially when larger PAHs
are concerned. Laboratory experiments play in this respect a key role. A complicating
factor is the simultaneous operation of multiple, possibly entangled, pathways. Disentan-
gling this complex network requires systematic identification of intermediates, products
and abundances of reaction of PAHs under controlled conditions. Whereas in stellar out-
flows or the ISM photons ionize atoms or molecules and induce gas-phase reactions lead-
ing to larger species, the experiments reported here use an electrical discharge to make
ions and/or radicals and initiate gas-phase reactions. Multiple spectroscopic techniques
are complementary here to identify species in the complex reaction mixture. Microwave
spectroscopy allows for the identification of the structure of a large number of molecules
and to determine the relative abundances of different products. A major drawback is that
the method is only sensitive to polar molecules and that species with larger masses are
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harder to detect. It is expected that many polycyclic species are symmetric and do not
have a permanent dipole moment. Since these species would be ‘invisible’, obtaining a
complete picture of the reaction routes would become quite complicated. Mass-selective
infrared spectroscopy in combination with quantum chemical calculations, on the other
hand, is ideally suited for identifying non-polar, larger molecules. In Chapters 8 and 9,
using naphthalene or benzene as precursor, many new species resulting from the com-
plex network of PAH formation pathways are identified. The products reveal that multi-
ple reactions leading to PAH growth occur simultaneously and competitively, findings
that serve as a key ingredient for constructing reliable models of the carbon chemistry in
the universe.

References

1 A. Kekulé, Bull. la Société Chim. Paris, 1865, 3,98-110.

2 A. Kekulé, Ann. der Chemie, 1866, 137, 129-196.

3 J. H. Van 't Hoff, Voorstel tot uitbreiding der tegenwoordig in de scheikunde

gebruikte structuur-formules in de ruimte; benevens een daarmee samenhangende

opmerking omtrent het verband tussen optisch actief vermogen en chemische

constitutie van organische verbindingen, Utrecht, 1874.

W. H. Bragg and W. L. Bragg, Nature, 1913, 91, 557.

P. Debye and P. Scherrer, Gétt. Nachr., 1916, 16.

K. Lonsdale, Proc. R. Soc. L., 1929, 123, 494-515.

H. Rubens and F. Kurlbaum, Astrophys. J., 1901, 14, 335-348.

H. Kragh, Max Planck: the reluctant revolutionary, physicsworld.com, (accessed

23 April 2021).

9 M. Planck, Ann. Phys., 1901, 309, 553-563.

10 G. Kirchhoff, Verhandlungen des naturhistorisch-medizinischen Vereins zu
Heidelb., 1859, 1, 251-255.

11 W.S. Adams, Astrophys. J., 1941, 93, 11-23.

12 J. Cami, ]. Bernard-Salas, E. Peeters and S. E. Malek, Science, 2010, 329, 1180-
1182.

13 B.H.Foing and P. Ehrenfreund, Nature, 1994, 369, 296-298.

14 E. K. Campbell, M. Holz, D. Gerlich and J. P. Maier, Nature, 2015, 523, 322-323.

15 M. L. Heger, Lick Obs. Bull.,, 1922,10, 141-145.

16 A.Leger and ]. L. Puget, Astron. Astrophys., 1984, 137, L5-L8.

17 L.]J.Allamondola, A. G. G. M. Tielens and ]. R. Barker, Astrophys. J., 1985, 290, L25-
L28.

(ol e & B

20



18

19

20

21

22

23
24
25
26
27
28
29

30
31
32

33

34
35
36
37

38

39

40
41

A. G. G. M. Tielens, Molecular Astrophysics, Cambridge University Press,
Cambridge, 2021.

H. Andrews, C. Boersma, M. W. Werner, ]. Livingston, L. J. Allamandola and A. G.
G. M. Tielens, Astrophys. J., 2015, 807, 24pp.

C. W. Bauschlicher, A. Ricca, C. Boersma and L. ]. Allamandola, Astrophys. J. Suppl.
Ser., 2018, 234, 32.

B. A. Croiset, A. Candian, O. Berné and A. G. G. M. Tielens, Astron. Astrophys., 2016,
590, A26.

J.-H. Lee, C.-H. Chen, P.-H. Lee, H.-Y. Lin, M. Leung, T.-L. Chiu and C.-F. Lin, J. Mater.
Chem. C, 2019, 7,5874.

D. Zhang and L. Duan, J. Phys. Chem. Lett., 2019, 10, 2528-2537.

A. Gero, J. Chem. Educ., 1954, 31, 201-202.

E. Hiickel, Zeitschrift fiir Phys., 1931, 70, 204-286.

E. Clar, The Aromatic Sextet, Wiley, London, 1972.

A. G. G. M. Tielens, Rev. Mod. Phys., 2013, 85, 1021-1081.

D. Calzetti, Nat. Astron., 2020, 4, 437-439.

E. Herbst and E. F. Van Dishoeck, Annu. Rev. Astron. Astrophys., 2009, 47, 427-
480.

M. Clampin, Adv. Sp. Res., 2008, 41, 1983-1991.

M. Kac, Am. Math. Mon., 1966, 73, 1-23.

E. Peeters, C. Mackie, A. Candian and A. G. G. M. Tielens, Acc. Chem. Res., 2021, 54,
1921-1933.

C. ]. Mackie, T. Chen, A. Candian, T. ]. Lee and A. G. G. M. Tielens, J. Chem. Phys.,
2018, 149, 134302.

A. Candian and C. ]. MacKie, Int. . Quantum Chem., 2017, 117, 146-150.

T. Chen, Astrophys. J. Suppl. Ser., 2018, 238, 18.

T. Henning and F. Salama, Science, 1998, 282, 2204-2211.

A. M. Burkhardt, R. A. Loomis, C. N. Shingledecker, K. Long, K. Lee, A. ]. Remijan,
M. C. Mccarthy and B. A. Mcguire, Nat. Astron., 2021, 5, 181-187.

L. Cherchneff, ]. R. Barker and A. G. G. M. Tielens, Astrophys. J., 1992, 401, 269-
287.

R. I. Kaiser and N. Hansen, J. Phys. Chem. A, 2021, 125, 3826-3840.

H. W. Kroto, Nobel Lect., 1996, 44-79.

H. W. Kroto, |. R. Heath, S. C. O’'Brien, R. F. Curl and R. E. Smalley, Nature, 1985,
318, 162-163.

21



22



Chapter 2

Far-infrared absorption of neutral
polycyclic aromatic hydrocarbons

This chapter is published as:

Alexander K. Lemmens, Daniél B. Rap, Johannes M. M. Thunnissen, Sébastien Gruet,
Amanda L. Steber, Sanjana Panchagnula, Alexander G. G. M. Tielens, Melanie Schnell,
Wybren Jan Buma, and Anouk M. Rijs, The Journal of Physical Chemistry Letters, 11, 21,
2020.

23



2.1 Abstract

Gas-phase IR-UV double-resonance laser spectroscopy is an IR absorption technique
that bridges the gap between experimental IR spectroscopy and theory. The IR
experiments are used to directly evaluate predicted frequencies and potential energy
surfaces as well as to probe the structure of isolated molecules. However, a detailed
understanding of the underlying mechanisms is, especially in the far-IR regime, still far
from complete, even though this is crucial for properly interpreting the recorded IR
absorption spectra. Here, events occurring upon excitation to vibrational levels of
polycyclic aromatic hydrocarbons by far-IR radiation from the FELIX free electron laser
are followed using resonance-enhanced multiphoton ionization spectroscopy. These
studies provide detailed insight into how ladder climbing and anharmonicity influence
IR-UV spectroscopy and therefore the resulting IR signatures in the far-IR region.
Moreover, the potential energy surfaces of these low-frequency delocalized modes are
investigated and shown to have a strong harmonic character.

2.2 Introduction

Infrared absorption spectroscopy has proven to be a powerful technique for character-
izing and monitoring the physical and chemical properties of molecules. The technique
provides vibrational fingerprints that give direct access to their electronic and confor-
mational structure. At the same time, they are also essential for obtaining insight into
their thermochemistry and reaction dynamics. At the core of these applications is a full
and detailed understanding of vibrations in terms of nuclear motions and the character-
istics of the multidimensional electronic potential energy surface on which these motions
take place. This is most effectively realized by comparing experimentally measured
quantities with theoretical predictions. Such comparisons provide on one hand the
means to assign an experimental spectrum but, equally importantly, are also key to as-
sessing theoretical methods. High-resolution spectroscopy on isolated molecules plays
in this respect an important role as it is the most direct means for making such compar-
isons. IR-UV ion dip spectroscopy is the ideal method for obtaining high-resolution,
mass- and conformer-selective IR spectra.! In an astronomical context, IR-UV spectros-
copy has proven to be indispensable for providing accurate band positions for relevant
molecules such as polycyclic aromatic hydrocarbons (PAHs) and for evaluating various
theoretical methods that aim to incorporate anharmonicity.2-8 More widely, it is being
used for the structural characterization of neutral and isolated molecules that range from
peptides and DNA bases to molecular machines.12-13
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The comparison between experiment and theory relies on not only the band positions
but also their intensities. The latter are of particular importance within the framework
of astrophysics where relative and absolute cross sections are used to determine the
composition and abundance of molecular species in the universe.l# To relate IR-UV ion
dips to absolute absorption cross sections, a detailed understanding of the IR-UV ion dip
mechanism is essential. Although the general principles of the method are well under-
stood, detailed insight into the underlying processes is to a large extent lacking. The far-
IR region is of special interest because it is less congested!>16 than the mid- or near-IR
regions, and the emission from interstellar space in the far-IR region is inherently less
broad.l” Moreover, the low-frequency modes of PAHs involve their global structure and
thereby provide diagnostic fingerprints of their size and topology.

IR-UV ion dip spectroscopy is based on the change of the vibrational population in
the electronic ground state of a molecule by IR absorption, which is probed by resonance-
enhanced multiphoton ionization (REMPI) spectroscopy. Resonant IR excitation leads to
a decrease in the magnitude of the REMPI signal due to the difference in vibrational fre-
quencies in the electronic ground and excited state, and/or the change in the overlap of
the vibrational wave functions.!® Often, a decrease of >50% is observed, which implies
that the IR absorption step cannot simply be described with a two-level model consisting
of the vibrationally ground and excited state. Instead, different processes involving more
than two states, such as IR-induced fragmentation or intramolecular vibrational energy
redistribution (IVR), must occur within the time scale of these experiments.1920 More in-
sight into the IR-UV depletion mechanism can be obtained by probing the molecule after
IR absorption and determining the vibrational state(s) thatis populated. This can in prin-
ciple be done by recording REMPI excitation spectra after IR excitation.1821-24 Such an
approach is especially attractive for far-IR vibrational modes where excitation localizes
the population in a few eigenstates, whereas in the case of near-IR excitation, statistical
inhomogeneous broadening by IVR impedes a straightforward interpretation of the UV
excitation spectrum.18

Here we report far-IR studies on naphthalene, anthracene, phenanthrene, acenaph-
thene, acenaphthene-dio, chrysene, pyrene, and benzo[ghi]perylene, all of which are pro-
totypical PAHs that feature various topological aspects of importance. The far-IR region
has so far remained out of reach for PAHs under astronomically relevant conditions, that
is, as isolated gas-phase molecules and at low temperatures. Table 2.1 summarizes the
experimental IR frequencies found for each molecule in the region of 80-250 cm-! to-
gether with the calculated frequencies in this region.

Generally, delocalized, low-frequency vibrational modes of aromatic rings, such as
ring puckering and other large-amplitude motions, are being termed anharmonic,?5-
29 but from an experimental point of view, this is far from clear. In our experiments, we
probe not only the depopulation of the vibrational ground state but also the population
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of distinct low-energy vibrationally excited states. Our studies, therefore, enable us to
obtain insight into the mechanism of IR-UV ion dip spectroscopy and to determine the
(an)harmonic character of delocalized low-frequency vibrational modes of PAHs.

2.3 Methods

Acenaphthene, acenaphthene-d10, chrysene, phenanthrene, naphthalene, anthracene,
pyrene, and benzo[ghi]perylene were injected into a molecular beam by resistively heat-
ing the samples around their melting point just in front of a Series 9 pulsed valve from
General Valve. The source was operated at 20 Hz with argon as carrier gas and a backing
pressure of around 2.5 bar. The gas was expanded into vacuum, passed through a skim-
mer and delivered vibrationally and rotationally cold to the interaction region. In the in-
teraction region, the molecular beam was probed with a perpendicular UV laser beam of
about 1 m]/pulse provided by a Nd:YAG laser pumped dye laser, a +100 pJ/pulse UV
beam of 193 nm from an ArF excimer laser, and the far-IR radiation of FELIX (10 ps
pulse)30. To record the far-IR absorption bands, the molecular species were ionized via
Resonance Enhanced Multi-Photon ionization (REMPI) preceded by the FELIX laser
beam with a few ps which was scanned over the range of approximately 85-250 cm-1,
performing IR-UV ion dip spectroscopy.3! The precise far-IR band positions were ob-
tained by scanning the IR laser with steps of 0.25 cm-1 and fitting the observed band
with a Gaussian function. The laser beam was propagating colinearly with the molecular
beam, ensuring full use of the 10 ps, 2.5-30 m] laser radiation. FELIX has a bandwidth of
approximately 1% of the photon frequency. In order to record the far-IR ion gain REMPI
spectra, the IR laser FELIX was positioned on a resonant transition and the UV dye laser
was scanned in the indicated range. In both cases, the IR beam was set to alternate be-
tween on and off to simultaneously obtain a background signal, directly correcting for
fluctuations in the ion signal. The assignments are supported by harmonic IR frequency
calculations performed using density functional theory at the B3LYP/6-31G* level of
theory in the Gaussian16 program package.3233 Anharmonic frequency calculations are
performed using the same package at the B3LYP/NO7D level of theory.

2.4 Results and discussion

The black traces in Figure 2.1 show the UV excitation spectrum near the 03 origin band
of acenaphthene-dio, while the red traces correspond to REMPI spectra taken after reso-
nant IR excitation of a mid-IR band at 1604 cm-! (CC in-plane vibration) and a far-IR band
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at 189 cm-! (drumhead motion). Excitation in the mid-IR region causes depopulation of
the ground state and leads to statistical inhomogeneous broadening of the origin band
due to the high density of states at this energy.18 IR absorption in this region thus results
in depletion at the band origin frequency and a smoothly varying IR ion gain (IRIG)2324 at
frequencies other than the band origin. In contrast, in the far-IR excitation experiment, a
low-frequency vibrational state is populated at an energy where the density of states is
much lower. As a result, IR excitation produces a vibrational population distribution over
only a few eigenstates, leading to resolved features in the UV excitation spectrum that
probes this distribution. In the following, we will first assign these resolvable IRIG bands
and then discuss the implications of these assignments on the mechanism of far-IR-UV
ion dip spectroscopy. Finally, we will evaluate the (an)harmonic properties of the low-
frequency modes of the studied PAHs on the basis of the observed spectral features.

Table 2.1: Overview of predicted and experimentally determined far-IR modes in the 80-250 cm-! region for
indicated PAHs.

molecule experimental cm-1 harmonic anharmonic
NASA Ames (B3LYP/NO7D) cm1
cm1

anthracene 88.2+0.13 90.7 88.1
phenanthrene 97.2+0.10 99.7 97.1
benzo[ghi]perylene 127.4 £0.22 130.2 126.05
acenaphthene-dio 143.5 £ 0.06 - 147.7
acenaphthene 157.4 £ 0.06 - 160.6
naphthalene 166.8 + 0.14 171.5 170.8
acenaphthene-d1o 189.1 £0.02 - 192.7
benzo[ghi]perylene 197.0 £ 0.24 199.9 194.757
pyrene 207.1£0.17 209.4 211
acenaphthene-d1o 208.9 +0.56 - -
acenaphthene 212.5+0.05 - 217.7
phenanthrene 223.0 £0.08 226.2 224.2
chrysene 230.3+£0.28 232.8 2311
anthracene 232.0+0.08 230.3 232
phenanthrene 2445 +0.27 2442 243
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Figure 2.1: Experimental REMPI excitation spectrum (black traces) of the origin band of acenaphthene-dio at
31599 cm- recorded in the absence of IR excitation. The colored traces show spectra with the IR laser FELIX
preceding the REMPI process at a resonant frequency of (a) 1606 cm-! (pulse energy of 13 m], red) or (b) 189
cm-1[6 m] (red) and 1.5 m] (blue), red and blue traces scaled such that the (v3).,-2"=2 bands have the same
intensity]. In both cases, there is a decrease [ion dip (see 34)] at the origin transition and an increase (ion gain)
at frequencies other than the origin after IR absorption. The unresolved gain in panel a reflects the outcome of
statistical inhomogeneous broadening, while panel b shows distinct bands indicating that vibrational excitation
is restricted to only a few eigenstates.

The appearance of resonant transitions in the ion gain spectrum (Figure 2.1b) at fre-
quencies lower than the origin band, after excitation of vz at 189 cm-1, indicates that dis-
tinct vibrational levels in the electronic ground state are populated after far-IR excita-
tion. The ion gain bands show a regular spacing of 25.5 cm-1, which necessarily must be
associated with (v3)y,/ 2%, transitions because 25.5 cm-!is lower than the lowest-fre-
quency vibrational mode of acenaphthene-dio. Such a regular spacing is possible only if
the potential energy surface in the electronic ground and excited state along the normal
mode viis highly harmonic. Indeed, we find from the variation in band spacings an an-
harmonicity of ~0.1%.

A schematic energy diagram with the possible IR and UV excitation routes is shown
in Figure 2.2. The ladder-climbing pathway displayed in Figure 2.2a results in the popu-
lation of higher vibrational levels of the harmonic vibrational mode at the IR frequency
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for which the fundamental transition is excited (possible deviation of 1% resulting from
the full width at half-maximum of FELIX). Vibrational overlap considerations dictate that
UV transitions will predominantly take place between vibrational levels with the same
vibrational quantum number in the electronic ground and excited state. Because the fre-
quencies of vibrational modes in these two states are different, with typically lower fre-
quencies in the excited state, the (v3)7,/2, transitions are observed as a regular red-
shifted progression with a spacing corresponding to the difference in the vibrational en-
ergy of mode v; in the two electronic states. Such a ladder-climbing pathway was consid-
ered in the far-IR study of tryptamine, but the presence of multiple conformers precluded
an unambiguous assignment of the observed transitions, unlike what is possible in the

study presented here.?2

v
St
RO~
™~ Doorway states  Bath states Doorway states  Bath states
— — N > —
Vo — — — ———
Vuy' —
X
V”farfIR Viar-R Viar-R
S, m—— So So
a) IRIG harmonic regular b) ‘restricted’ depopulation of ground state ¢) ‘unrestricted’ depopulation of ground state

progression (v’ > v’)

Figure 2.2: (a) Schematic representation of ladder climbing leading to a regular red-shifted progression in IRIG
spectra. (b) “Restricted” absorption in an anharmonic potential with nonequidistant vibrational levels, which
results in IVR for low-frequency vibrational modes being largely inhibited. (c) “Unrestricted” depopulation of
the ground state in a harmonic potential with equidistant vibrational levels where ladder climbing in low-fre-
quency vibrational modes allows access to otherwise nonaccessible IVR pathways.

Figure 2.1 shows that the IR pulse energy has a marked influence on the REMPI spec-
trum. First, we observe that with a lower pulse energy (blue trace) higher vibrational
quanta levels are not reached. Second, the red trace taken at higher pulse energies shows
bands marked with an asterisk that are not (or hardly) present in the blue trace. These
bands are associated with transitions involving the (v,)% -} transition. Their presence
implies a redistribution of vibrational energy to the (v,),,,=; level that clearly occurs only
if levels of vz are reached with sufficiently high quantum numbers. Similar redistribu-
tions are observed at other IR frequencies and for the other molecules we have studied

(see Figure 2.4). Generally, we find that at very low IR frequencies, we can still assign
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quite reliably transitions occurring upon IVR, but for higher-frequency transitions, the
number of possibilities becomes too large for unambiguous assignment.

Ladder climbing in harmonic vibrational modes has important consequences for the
interpretation of IR ion dip intensities. In the case of anharmonic modes, only one photon
can be absorbed (Figure 2.2b). For low-frequency modes, the density of states at the ac-
cessed vibrational energy is so low that IVR is not possible, resulting in a maximum de-
population of 50% of the ground state. Ladder climbing followed by IVR from higher vi-
brational levels (Figure 2.2c) allows for multiple IR photon absorption and depopulation
of the ground state by >50%. The (an)harmonic character of a vibrational mode thus
strongly determines the amount of depopulation of the ground state and, thereby, the
observed IR ion dip intensity.

The pathways described above imply that REMPI spectra obtained after far-IR exci-
tation should depend critically on the IR laser pulse energy. On one hand, the harmonic
ladder is climbed to relatively low vibrational quantum numbers at low energies and IVR
is restricted. At higher pulse energies, on the other hand, vibrational levels with higher
quantum numbers are accessed and IVR is enhanced. Our experiments confirm this: at a
low IR laser pulse energy (Figure 2.3d, red trace), distinct, narrow transitions are ob-
served and IVR-induced broadening is limited. As we move to higher pulse energies,
these features disappear as an IVR threshold is reached and only a broadened IR-induced
REMPI feature remains (Figure 2.3a, purple trace).

Ace-dy, IR off’
a)50 mJ IR @ 624 cm™

P . " e Y

b) 16 mJ IR @ 624 cm"

—— umw:*"“mw o

c)5mJIR @ 624 cm™

d)1.6 mJ IR @ 624 cm™

31000 31100 31200 31300 31400 31500 31600
Wavenumber (cm™)

Figure 2.3: REMPI spectra near the origin region of acenaphthene-dio at an IR excitation frequency of 624 cm-
1. The IR laser pulse energies used were approximately (a) 50 m] (purple), (b) 16 m] (green), (c) 5 m] (blue),
and (d) 1.6 m] (red). The black trace in each plot shows the REMPI excitation spectrum without IR excitation
and serves as a reference. Unscaled REMPI spectra are provided in 34.
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Another important consequence of this power dependence is that one should be cautious
when interpreting signal intensities in IRIG spectra because a lower IR pulse energy
might very well result in a stronger IRIG signal at particular UV probe frequencies. IRIG
signals are, thus, not necessarily related to IR cross sections in a 1:1 manner. Moreover,
normally an exponential relation between laser power and IR depletion is assumed, but
this model is based on the assumption of a fast irreversible IVR process without a thresh-
old. This may clearly fail under conditions such as those used in our experiments.

Figure 2.4 displays an overview of REMPI spectra measured near the origin transition
to the lowest electronically excited singlet state of selected PAHs with (color) and with-
out (black) IR pre-excitation. The IR frequencies range from the far-IR to mid-IR. For IR
excitation up to 600 cm-1, regular progressions are observed, while excitation at higher
frequencies leads to broadened spectra. The vibrational modes are either out-of-plane
butterfly or drumhead motions, except for those of acenaphthene-dio (383 cm-1) and an-
thracene (232 cm-1), which are in-plane scissoring modes. A full overview of the transi-
tions that have been assigned on the basis of quantum chemical calculations in the elec-
tronic ground and excited states of the pertinent compound is provided in 34 Secondary
progressions associated with transitions involving a decrease in the vibrational quantum
number are visible for acenaphthene-dio upon excitation with IR frequencies of 189 and
383 cm1. In the case of 189 cm! excitation, a second progression is shifted by exactly
twice the fundamental frequency, while for the 383 cm-1 excitation, the second progres-
sion is shifted by exactly the fundamental frequency. The assignment of the progression
of naphthalene to a transition between two different vibrational mode numbers is justi-
fied by the fact that these modes are the same normal modes and, therefore, have the
largest vibrational overlap. A similar situation exists for the 232 cm-! IR-pumped REMPI
spectrum of anthracene. In some IR ion gain spectra, the red-shifted bands consist of a
doublet or series of bands, e.g., for acenaphthene-dio with 189 cm-! and acenaphthene
with 210 cm-! IR excitation. We tentatively assign these bands to result from lower-fre-
quency (v;)¥72, transitions that become observable after IVR to a lower-frequency mode
Vi.
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Figure 2.4. Experimental REMPI spectra of naphthalene, acenaphthene, acenaphthene-dio, anthracene, and
phenanthrene (black traces) near the origin bands (set to zero). The colored traces show REMPI excitation
spectra with the IR laser at the resonant IR frequency indicated within each subplot preceding REMPI probing.
Full unscaled spectra are provided in 34,

260 — T T T T T T T T 260

240 - Harmonic
Intercept 4.57 + 1.89
220 - Slope 0.98 +0.01
200 R-squared 0.9992

180

140

120 - Anharmonic 1120

Intercept 1.05 + 2.61

Slope 1.00 + 0.01

80 | R-squared 0.998 | gg
. . L L . L L . L

80 100 120 140 160 180 200 220 240 260

100 - 100

harmonic calc. wavenumber (cm™")
anharmonic calc. wavenumber (cm™)

experimental wavenumber (cm™)

Figure 2.5: Calculated harmonic!# (black) and anharmonic (red) frequencies as a function of the experimentally
determined frequencies. Scaled harmonic calculations are at least as accurate as anharmonic calculations.
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Figure 2.4 (bottom, left) also displays a “hot” molecular beam REMPI spectrum of
acenaphthene that illustrates the difference between the population of vibrational states
at a higher temperature3> and the population of vibrational states due to resonant IR ex-
citation. A clear difference in structure is observed between the hot bands in the “hot”
spectrum and the IR ion gain features in the REMPI spectra obtained with 1600 or 780
cm-! excitation. Compared to the 1600 cm-! IRIG spectrum, there is relatively more in-
tensity close to the band origin in the “hot” spectrum. The 780 cm-! gain spectrum shows
a broadening of the band origin to both the red and blue side of the band origin, whereas
the “hot” spectrum shows the most intensity on the red side. Resonant vibrational exci-
tation cannot simply be seen as creating a Boltzmann distribution of vibrational energy.
Even well within the mid-IR range, a notable difference in structure is observed in the IR
ion gain, which becomes clear when the 624 and 1606 cm-! excitation REMPI spectra of
acenaphthene-dio are compared. Similarly, this can be seen in the 780 and 1600 cm-! ex-
citation REMPI spectra of acenaphthene. These observations indicate that the redistri-
bution of vibrational energy follows quite different pathways after excitation at 780 or
1600 cm1.

An interesting case arises when the vibrational frequencies of the ground and elec-
tronically excited states are very similar; the normally observed red-shift in the ion gain
REMPI spectra is no longer resolvable. This occurs partly in the case of the IR excitation
of acenaphthene-dio at 144 cm-1. REMPI spectra taken after IR excitation show a red shift
of ~7 cm-1, partly falling within the width of the origin transition and impeding optimal
detection of depletion. This observation is in particular important in the context of stud-
ies of large PAHs as these PAHs undergo only a small structural change upon electronic
excitation and have similar vibrational energies in the electronic ground and excited
state. To be able to probe the effect of IR absorption, one relies on a change in Franck-
Condon factors upon excitation or of the ionization cross section from the electronically
excited state.

2.5 Conclusions

REMPI spectra obtained after IR excitation of specific vibrational levels in the far-IR and
mid-IR regions have provided unique insight into the mechanisms of IR-UV ion dip spec-
troscopy in the different frequency regimes. At low IR frequencies, vibronic transitions
from distinct vibrational levels have been observed that unambiguously prove ladder
climbing occurs. This is an important conclusion as it means that many more transitions
can contribute to the depletion of the vibration-less ground state than what has been
assumed to date. Moreover, vibrational energy redistribution pathways become availa-
ble that previously were not taken into account. The IVR threshold that, depending on
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the IR photon energy, can or cannot be reached can introduce nonlinearity into the in-
tensity of IR ion dip absorption bands. This conclusion provides a gratifying explanation
for puzzling observations from the past, in which low-frequency modes appeared with a
much higher intensity in IR-UV ion dip spectra than predicted by theoretical calculations.
At higher frequencies, vibrational energy redistribution readily occurs, which, in combi-
nation with differences in vibrational frequencies in the electronic ground and excited
states, leads to a reasonably smooth ion gain feature.

The observation of ladder climbing in low-frequency vibrational modes is surprising
because it has been assumed that these modes would be quite anharmonic as calculated
anharmonic force constants are relatively large. To calibrate (an)harmonic theory for the
PAHs in the far-IR range, we have compared experimental IR frequencies obtained in this
work with theoretical predictions of harmonic and anharmonic frequencies (Figure 2.5).
As expected from the IRIG results, the scaled harmonic frequency predictions are at least
as accurate as anharmonic frequencies. Contrary to a priori expectations, the low-fre-
quency modes are very harmonic (some with a deviation of only 0.1%), which is, from
an astronomical point of view, positive news because harmonic models are often used to
interpretinterstellar infrared emission features. They can thus be used to accurately pre-
dict far-IR frequencies.
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3.1 Abstract

In this work we determine the effects of anharmonicity on the mid-infrared spectra of
the linear polycyclic aromatic hydrocarbons (PAHs) naphthalene, anthracene, tetracene
and pentacene recorded using the free electron laser FELIX. Comparison of experimental
spectra obtained under supersonic jet conditions with theoretically predicted spectra
was used to show if anharmonicity explicitly needs to be taken into account. Anharmonic
spectra obtained using second-order vibrational perturbation theory agree on average
within 0.5% of the experimental frequencies. Importantly, they confirm the presence of
combination bands with appreciable intensity in the 5-6 um region. These combination
bands contain a significant fraction of the IR absorption, which scales linearly with the
size of the PAH. Detection and assignment of the combination bands are a preliminary
indication of the accuracy of far-IR modes in our anharmonic theoretical spectra. De-
tailed analysis of the periphery-sensitive CH out-of-plane band of naphthalene reveals
that there is still room for improvement of the VPT2 approach. In addition, the implica-
tions of our findings for the analysis of the aromatic infrared bands are discussed.

3.2 Introduction

Currently, the generally accepted hypothesis for the origin of the aromatic infrared bands
(AIBs) is the IR emission of UV-pumped polycyclic aromatic hydrocarbons (PAHs).1-3 Be-
cause of their ubiquity, PAHs can have major effects on heating and ionization processes
in the interstellar medium (ISM), and thereby on the chemistry occurring in molecular
clouds.* Vice versa, the spectral features of these compounds are in principle sensitive
probes for the physical environment of particular regions in the ISM and their chemical
evolution. The relative strength of the observed AIBs implies that astronomically rele-
vant PAHs have sizes of the order of 50 carbon atoms.5-8 Our knowledge on the photo-
physical properties of such large PAHs is as yet far from complete, but is key to advancing
the interpretation of astronomical observations.? Laboratory spectroscopy is therefore
needed to gain more insight into these properties.1? Such experiments should preferably
be carried out under astronomically relevant conditions, that is, under low-temperature
and isolated conditions such that spectral shifts and/or intensity variations by the envi-
ronment can be excluded.!!

In recent years we have pioneered an approach in which we employ mass-selective
ion detection in combination with high-resolution laser spectroscopy to obtain mass-
and conformation-selective IR absorption spectra with a resolution and sensitivity that
by far exceed what was hitherto possible.12-14 This work has primarily focused on the
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3 um near-IR region associated with aromatic and aliphatic CH stretch vibrations, and
has shown how extensive the influence of anharmonicity?® is on the appearance of the
spectra.1316 State-of-the-art anharmonic calculations were shown to be able to accu-
rately reproduce the experimental spectra.l’-1° This conclusion is important as it pro-
vided strong and unambiguous support for the use of theoretical spectra calculated with
such a methodology in cases where experimental spectra are not available.

The studies on the near-IR region were used to determine the presence of specific
classes of PAHs based on the overall shape of the near-IR emission. A more detailed char-
acterization - and potentially a probe for identifying individual PAHs - is in principle
available by considering the mid- and far-infrared spectral features.6¢ The mid-IR part of
the spectrum of neutral gas-phase PAHs has so far, however, remained largely unex-
plored, with the exception of individual emission bands of naphthalene.?® Mid-IR studies
have been performed employing matrix isolation spectroscopy (MIS)2, but these spectra
are subject to spectral shifts, intensity distortions'# and sample impurities.!? A further
aspect impeding gas-phase mid-IR studies is the availability of appropriate light sources.
Here, we resort to molecular beams and use a Free Electron Laser to obtain cold, gas-
phase IR absorption spectra of isolated molecules that can be used without further mod-
ification to validate theory. The far-IR (below +660 cm-1) is another spectral regime con-
taining signatures that can be directly related to the identity of specific PAHs.6822 The
interpretation of the spectral features in this region heavily relies on properly taking an-
harmonic effects into account and validation of calculated far-IR frequencies of PAHs is
therefore necessary. Anharmonic bands in the mid-IR can be associated with combina-
tion bands built upon one or more far-IR fundamentals. Mid-infrared spectra may there-
fore aid in the validation of both mid-IR and far-IR calculated vibrational frequencies.

In the present study we obtained the mid-IR spectra of the full range of polyacenes
from naphthalene to pentacene. This series gives us the possibility to assess the effect of
molecular size on photophysical properties and to extrapolate these results to larger spe-
cies. It will be shown that anharmonic calculations lead to theoretically predicted spectra
that are in good (0.5% deviation) agreement with the experimental ones. Combined,
these experimental and theoretical studies underpin the importance of anharmonicity in
this region of the spectrum, and provide key handles for furthering the development of
astronomical models.

3.3 Methods

Experiments have been performed at the FELIX laboratory?3 using the molecular beam
setup described in bu Rijs et al.* Samples of naphthalene, anthracene, and tetracene
were heated close to their melting point in a glass container and expanded into vacuum
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with a Series 9 pulsed valve from General Valve using argon as a carrier gas. The backing
pressure was typically around 2.5 bar. The low vapor pressure of pentacene at our max-
imum heating temperature required the use of laser desorption2526 to get sufficient mol-
ecules into the gas-phase. The sample was mixed with graphite powder and applied on a
solid graphite bar. A pulsed 1064 nm laser beam (Polaris Pulsed Nd:YAG Laser, New
Wave Research) with a typical energy of 1 m]/pulse was used to desorb the pentacene
molecules. Subsequently they were picked up by a jet of argon (4 bar backing pressure)
created with a Jordan pulsed valve. The skimmed molecular beam was crossed by a UV
excitation laser beam with typical pulse energies of a few millijoules that was provided
by a Nd:YAG laser pumped UV dye laser (Spectra-Physics/Radiant Dye), an ionization
laser beam of 193 nm provided by an ArF excimer laser (Neweks) and an IR laser beam
provided by the free electron laser (FEL) FELIX. The ions were mass-separated using a
time-of-flight spectrometer and detected with a multichannel plate detector. A delay gen-
erator (SRS DG645) was used for synchronization and triggering of the equipment. In-
frared spectra were acquired by IR-UV ion dip spectroscopy, tuning the UV excitation
laser beam to the S1 < So transition!327 of the investigated compound and scanning the
IR wavelength. The bandwidth of the IR source FELIX is about 1% of the photon fre-
quency produced.

Experimental spectra have been compared to simulated spectra on the anhar-
monic2822 B3LYP30/N07D19231 level of theory - hereafter referred to as anharmonic - and
the harmonic B3LYP/4-31G level of theory - hereafter referred to as harmonic. The an-
harmonic spectra were calculated using the Gaussian16 suite of programs using default
thresholds32, whereas the harmonic spectra were downloaded from the NASA Ames PAH
database and scaled with multiple scaling factors as described in by Bauschlicher et al.33
For comparison with the experimental spectra, theoretical spectra have been convolved
with a Gaussian line shape with a full width at half maximum (FWHM) of 0.3% of the
photon frequency (slightly narrower than the FEL bandwidth of 1% for clarity).

3.4 Results and discussion

Figures 3.1a-d report the mid-IR spectra of jet-cooled naphthalene, anthracene, te-
tracene, and pentacene, respectively, in the 5-18 ym region. The linewidths are deter-
mined by the bandwidth of FELIX, which is approximately 1% of the photon frequency.
This means that a narrower linewidth is obtained in the far-IR part of the spectrum
(about 3 cm~! FWHM) than in the 5 yum region. The experimental spectra are compared
to both harmonically calculated spectra obtained from the NASA Ames PAH spectral da-
tabase®33 (Figures 3.1a-d in blue) that are conventionally used, and spectra obtained
from high-level anharmonic calculations (Figures 3.1a-d in green, present work).
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Figure 3.1: Molecular beam gas-phase IR absorption spectra of (a) naphthalene, (b) anthracene, (c) tetracene
and (d) pentacene (black). Predicted IR spectra using the harmonic and anharmonic approximation are given
as blueand green traces, respectively. The harmonic spectra have been obtained from the NASA Ames PAH
spectral database.3? The predicted spectra are multiplied by a factor five, truncating the strongest bands to
enable a better visualization of the low-intensity bands (normalized spectra can be found in 34).

The spectral features with a large absorption match reasonably well with the spectra
predicted using the harmonic approximation. The strongest band by far in the experi-
mental spectrum of naphthalene (Figures 3.1a) is at 783 cm-! and can be assigned to a
CH out-of-plane (OOP) bending mode involving all CH bonds. The experimental spectra
of longer polyacenes (anthracene, tetracene and pentacene, Figures 3.1b-d) display in
this frequency region two intense bands with comparable intensities. The lower-energy
band corresponds to the CH OOP bending mode of the four adjacent hydrogens on the
outer aromatic rings (quartets), while the band on the blue side corresponds to the CH
OOP bending mode of the solo hydrogens on the inner aromatic rings. Since naphthalene
does not possess enclosed rings, it displays only one single band. The spectra show that
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the intensity of the solo CH OOP modes increases upon elongation of the polyacene chain.
This observation confirms that the CH OOP frequency region is sensitive to the periphery
of the molecule considered.35

70| & Combination Bands (1600-2000 cm™)in km/mol |- 0.5 |,
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Figure 3.2: Cumulative intensity of the combination band (CB) region (1600-2000 cm-!, black) and the ratio to
the 0-1600 cm! region (blue) as well as to the CH out-of-plane (OOPs) bands (green) as a function of the
number of aromatic rings in polyacenes (and benzene for the single ring species). The green trace corresponds
to a linear fit to the CBs/OO0Ps ratio data with a slope of 0.0698 + 0.0062 and an intercept of 0.070 + 0.021.

The most striking difference between the harmonic and anharmonic spectra is the activ-
ity in the 1600-2000 cm~! region. Below 1600 cm-1, high-intensity bands are predicted
reasonably well within the harmonic approximation, but at higher frequencies the activ-
ity observed in the experimental spectra can only be reproduced by calculations that ac-
count for anharmonicity (green traces). Such calculations show that these bands origi-
nate from combination bands built upon CH OOP bending modes. This assignment is in
line with studies on substituted PAHs (see e.g., Bellamy 197535 and references therein).
In the case of pentacene, these bands contain a cumulative intensity of 69 km mol-, com-
pared to a cumulative intensity of 350.5 km mol-! of the region below 1600 cm-! accord-
ing to the anharmonic calculations. Thus a significant amount of absorption (20%) in the
region between 1600 and 2000 cm™! is not predicted when using the harmonic approxi-
mation. The resolution of our experiments is limited by the laser bandwidth and thus
does not allow us to fully resolve all combination bands in the 5-6 ym region. The larger
polyacenes in particular show a high density of states in this region. However, based on
the features that are resolved, standard deviations in frequencies of 0.4, 0.7, 0.5, and
0.4% are found for naphthalene, anthracene, tetracene, and pentacene, respectively. A
table containing the assigned transitions is provided in the Appendix (Table 3.1).

The agreement between theory and experiment is very good for naphthalene, both
with respect to band position as well as shape. However, anthracene and tetracene show
more differences between experiment and theory in the “combination band” region. For
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anthracene, various distinct bands are measured between 1650 and 1800 cm-! whereas
theory predicts an absorption feature that is more spread out. Another example is the
rather strong band at 1767 cm~! in the experimental spectrum of tetracene whereas the
calculated spectrum predicts a broader feature with less peak intensity. The spectrum of
pentacene is overall in good agreement with theory. Particularly, the region between
1250 and 1400 cm-! changes significantly when anharmonicity is accounted for.

The excellent agreement between experiment and theory allows us to use the theo-
retical calculations with confidence to investigate how the size of the polyacene corre-
lates with the ratio of the integrated intensity in the 1600-2000 cm-! combination band
region and the integrated intensity of fundamental bands (see Figure 3.2).Figure
3.2 shows that upon increasing the size of the PAH, combination bands acquire a larger
absolute and fractional part of the total IR absorption intensity, which is in line with the
higher density of vibrational states in larger PAHs. The fractional increase is observed
both relative to the CH OOP bands as well as the integrated intensity of the bands below
1600 cm-1. These ratios could thus provide a sensitive means to determine the size of
(linear) PAHs in interstellar clouds. Remarkable in this respect is that the relation found
by Boersma et al.3¢ for a larger ensemble of PAHs is opposite to the trend found in this
study for polyacenes: for a larger number of carbon atoms, the combination bands/CH
OOP ratio decreases. This may simply be explained by the fact that in this study a partic-
ular subset of PAHs is taken into account rather than a diverse ensemble. Another inter-
esting observation that can be made concerns the general appearance of the 5-6 ym re-
gion. Only two distinct bands belonging to the AIBs appear in this region, at 5.25 and
5.7 ym36, The present study shows that this region is largely built upon combination
bands involving the CH OOP modes which, as discussed in the beginning of this section,
are very sensitive to the periphery of the molecule in question. The presence of only two
features in the AIB bands therefore strongly suggests a large similarity in the periphery
of the PAHs present in these regions since a variety of peripheries would lead to a more
uniform absorption in the combination band region.

Another region that is key to finding signatures directly related to the size of PAHs is
the far-1R region.®822 This region is prone to be susceptible to the effects of anharmonic-
ity, but has so far proven to be difficult to study, certainly under conditions relevant for
astronomical observations. In the far-IR region, large-amplitude vibrations such as the
anharmonic ring puckering motion of PAHs are active. Particularly for such large-ampli-
tude modes, the anharmonic VPT2 calculations may lead to inaccurate results since the
truncation of the Taylor expansion of the potential energy curve in VPT2 is an oversim-
plification and higher-order terms need to be taken into account.3’” Moreover, extreme
caution must be taken when applying VPT2 to modes where the harmonic term does not
dominate the shape of the potential energy curve.2938 For example, in the case of the het-
ero-PAH aminophenol it was shown previously that ring puckering is poorly described
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by the VPT2 treatment.3%40 The anharmonic bands in the mid-IR provide such a way to
assess the low-energy part of the potential energy surface as they involve combination
bands built upon one or more fundamentals from the far-IR. For example, in the case of
naphthalene, a broader band is presentat 1351 cm~! in both experiment and anharmonic
calculations. This band has contributions from an IR-active fundamental band at 1372
cm~land a combination band of the IR-inactive 387 and 970 cm-! modes. The good
agreement between experiment and theory thus indicates that the calculated mode at
387 cm! is well described. Similarly, we find for tetracene that several bands between
996 and 1123 cm~! involving far-IR fundamentals are well predicted in the anharmonic
calculations. On the other hand, in naphthalene a 479 and 772 cm-! combination band is
predicted at 1244 cm-! but is not observed in the experimental spectrum. Also for an-
thracene, some predicted bands are not present in the experiment: the predicted band at
614 cm-!is missing in the anthracene MIS spectrum?! and several combination bands
are not present in our gas phase spectrum around 1700 cm-1. Although the present study
provides some insight into the validity of calculations of the far-IR region, it is clear that
further far-IR studies - and in particular experimental studies in the region itself - are
needed for a more detailed characterization. Such studies will indeed shortly be per-
formed in our laboratories.
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16.67 14.29 12.50 1.1
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Figure 3.3: Zoom-in of the gas-phase IR absorption spectrum of jet-cooled naphthalene (black). The predicted
absorption spectrum using the anharmonic approximation is shown in green. The simulation is multiplied by
a factor 50 for better visualization of low-intensity bands.

Our studies have shown for the larger part excellent agreement between experimental
and anharmonic theoretical spectra. However, they also show that higher-order pertur-
bations in the Taylor expansion of the PES or dipole moment surface, which are as yet
not incorporated into the theory, do play a role. This is most evident from the intense
absorption feature at 783 cm~! in the spectrum of naphthalene. Previously, this feature
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was observed as a doublet in both matrix isolation?! and in cationic form in supersoni-
cally cooled gas phase*2. With the present resolution it becomes clear that this feature
actually consists of three well-resolved bands at 770.8, 782.7, and 800.5 cm-! (Figure
3.3). In a study at higher temperatures2?, the triplet band structure is not observed, but
clear rotational structure is shown. The side bands in our observation cannot be rota-
tional contours, since the rotational temperature in our experiments is much lower than
would be required for the given splitting. Our present anharmonic calculations that only
take double combination bands into account do not reproduce this splitting. One could
therefore hypothesize that triple combination bands might be the origin of the splitting.
This appears to be contradicted by the studies reported by Bloino*? where transitions
with three quanta in the final state are calculated. These calculations do not show intense
transitions at 770.8 and 800.5 cm~! but rather in the near-IR region. Inspection of the
vibrational levels at this energy shows that the state density is high enough to support
the presence of three bands. At the same time we have to conclude that the calculation of
their intensities is apparently still far from what it should be. A contributing factor might
be that for the involved motions the dipole moment surface is not well described by the
calculations. Studies focusing on this dipole moment surface are therefore of interest and
are being pursued.

3.5 Astrophysical implications

The present study confirms the far-reaching consequences of anharmonicity in the mid-
IR spectra of linear PAHs. Firstly, it demonstrates how anharmonic calculations are a sine
qua non condition to simulate the 5-6 um region. The combination bands that underlie
the observed activity in this region contain a significant amount of IR absorption
intensity, and this fraction increases with the size of the polyacene. In fact, the PAHs
studied here suggest a linear relationship between the length of the polyacene and the
intensity ratio of combination bands to fundamentals. A surprising aspect of the
measured spectra is that, while there are only one or two strong CH OOP modes, the
1600-2000 cmregion is rich in spectral detail. The strong CH OOP modes couple to
more than one IR inactive mode, leading to this rich spectrum. Interestingly, the
interstellar spectra are dominated by only two bands. From this it is clear that further
study of the relative intensities of larger PAHs is important, since deviating intensities in
calculations can lead to misinterpretation of astronomical data. Secondly, in addition to
the combination bands, the length of the polyacene also has a profound influence on the
overall appearance of the IR spectrum: the OOP CH bending modes are a sensitive probe
for the periphery of the molecule and since the combination bands are mostly comprised
of at least one CH OOP mode, this also holds for the combination bands. Thirdly,
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anharmonic effects well below 1000 cm-!have been observed - and naphthalene
provides in this respect a most prominent example - that cannot be neglected since
bands with a very strong absorption are involved. The present theoretical approach is
not capable of providing a consistent explanation for the observed activity, and we thus
conclude that higher-order perturbations associated with both the potential energy
surface and the dipole moment surface are more important than previously assumed.
The resulting intensity discrepancies can have important consequences in the context of
the analysis of astronomical observations and lead to an incorrect interpretation in
terms of relative abundances of charged or neutral species. Finally, the observations of
combination bands built upon far-IR modes give a preliminary indication of the accuracy
of the anharmonic calculations in predicting far-IR modes which are important as they
have the potential to be sensitive probes of PAH size.® Our results suggest that the far-IR
frequencies are accurately predicted within a few wavenumbers, but their coupling and
intensities still need further improvement.

3.6 Conclusions

High-resolution mid-IR absorption spectra of the polyacenes naphthalene, anthracene,
tetracene, and pentacene were obtained using IR-UV double resonance laser spectros-
copy under astronomically relevant conditions. Comparison of these spectra with theo-
retical spectra predicted by harmonic and anharmonic calculations unambiguously
shows the necessity to incorporate anharmonicity into astronomical models. Our anhar-
monically predicted spectra have a frequency deviation of 0.5% without the use of a scal-
ing factor. We show that the 5-6 um region contains a significant fraction of intensity
associated with combination bands that should not be ignored in the analysis of astro-
nomical spectra. For the polyacenes series studied here, the fraction of combination band
intensity scales linearly with the length of the polyacene. This underlines the importance
of incorporating anharmonicity in spectral analyses since PAHs in the interstellar me-
dium are generally thought to be much larger than pentacene. The assignment of several
combination bands has also provided a preliminary indication of the accuracy of current
computational methodologies for calculating frequencies of far-IR bands. These far-IR
bands are of interest since they could serve as a “label” for the substructure of PAHs, and
are currently being pursued in our laboratories.

Overall, the present anharmonic calculations lead to very good agreement with ex-
perimental results. However, detailed analyses of, for example, the out-of-plane CH bend-
ing region of naphthalene show that in particular regions considerable differences still
occur. Since these regions are often leading in astronomical analyses, further studies are
required to determine the cause of these differences. One of the aspects which in that
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respect needs further attention is the dipole moment surface, which so far has been as-
sumed to be constant near the equilibrium geometry.

In the present study, pentacene needed to be studied using laser desorption instead
of heating which up until now could be used to seed molecules into the molecular beam.
Our IR absorption studies show that spectra obtained with laser desorption compare fa-
vorably with spectra obtained under heating conditions. This opens up a route to inves-
tigate the spectral signatures of large PAHs at the same level of detail as has been shown
possible for smaller PAHs. Preliminary experiments performed in our laboratories on
much larger PAHs indeed support this conclusion.
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Appendix

Table 3.1: Measured and calculated (anharmonic) bands of naphthalene, anthracene, tetracene and pentacene
with frequencies in (cm-1) and normalized intensities.

Naphthalene Anthracene
Exp (cm-1) rel. calc. rel. Exp (cm-1) rel. calc. rel.
intensity cm-1 intensity intensity cm-1 intensity

618.24 0.11 627.4 0.05 724.8 0.84 727.6 1.00
770.8 0.30 877.6 1.00 879.0 0.60
782.7 1.00 784.6 1.00 908.8 0.25 904.2 0.03
800.5 0.54 795.9 0.00 956.3 0.03 955.8 0.09
956.0 0.24 958.5 0.02 979.0 0.15 1000.0 0.04
1007.7 0.53 1018.0 0.04 996.2 0.49 1013.0 0.02
1127.4 0.56 1133.2 0.03 1149.0 0.20 1157.2 0.02
1264.0 0.41 1269.0 0.02 1167.4 0.09 1171.9 0.02
1351.2 0.20 1350.0 0.01 1233.0 0.05 1230.0 0.01
1387.9 0.41 1388.0 0.02 1270.0 0.04 1271.0 0.02
14911 0.17 1496.0 0.00 1299.6 0.10 1300.9 0.00
1503.6 091 1503.0 0.00 1313.1 0.33 1317.4 0.07
1536.5 0.40 1537.0 0.03 1328.0 1327.0

1595.0 0.22 1606.0 0.01 13421 0.09 1356.5 0.02
1671.1 0.87 1673.0 0.01 1365.9 0.01
1717.0 0.34 1722.0 0.01 1397.4 0.08 1391.9 0.00
1768.1 0.14 1766.0 0.00 1409.6 0.04 1405.0 0.00
1802.1 0.10 1808.0 0.01 1447.1 0.24 1451.1 0.00
1849.3 0.33 1850.0 0.01 1454.5 0.30 1459.3 0.01
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1898.0 0.18 1896.0 0.01 1538.9 0.60 1543.0 0.01
1944.7 0.11 1947.0 0.03 1626.0 0.98 1633.0 0.02
1673.0 0.14 1664.0 0.03
1703.0 0.19 1689.0 0.01
Pentacene 1735.0 0.18 1723.0 0.00
Exp (cm-1) rel. calc. rel. 1760.0 0.41 1768.0 0.00
intensity cml intensity
574.5 0.02 573.0 0.02 1775.0 0.14 1789.0 0.00
621.2 0.04 630.0 0.04 1792.0 0.34 1799.0 0.00
730.2 0.36 732.0 0.71 1812.0 0.06 1815.0 0.02
823.3 0.22 823.0 0.22
897.9 1.00 905.0 1.00
948.9 955.0 Tetracene
967.0 0.41 964.0 0.09 Exp (cm-1) rel. calc. rel.
intensity cml intensity
993.5 0.32 1003.0 0.13 548.0 0.19 555.6 0.11
1017.4 604.0 0.11 614.1 0.02
1039.4 0.22 1033.0 0.03 623.0 0.05 624.6 0.00
1103.0 0.12 1116.0 0.02 631.3 0.04 633.4 0.01
11223 0.26 1128.0 0.11 738.7 1.00 746.3 1.00
1155.6 0.11 8929 0.96 900.0 0.81
1176.8 0.30 1189.0 0.05 934.4 0.21 938.7 0.01
1183.9 0.18 952.4 0.18 957.4 0.09
1204.0 0.16 1204.0 0.03 975.8 0.06
1218.0 0.10 996.6 0.29 1006.0 0.09
1232.8 1049.4 0.10 1067.3 0.01
1265.6 1123.8 0.35 1133.0 0.07
1288.0 0.67 1292.0 0.28 1081.3 0.11 1092.6 0.00
1297.3 1299.0 1195.4 0.16 1205.5 0.02
1315.0 1317.0 1289.1 0.62 1302.3 0.07
1319.6 0.74 1322.0 1328.6 0.42 1333.4 0.01
1326.7 1324.0 1381.7 0.17 1390.5 0.01
1349.1 0.47 1344.0 0.24 1410.0 0.32 1407.9 0.04
1393.9 0.48 1402.0 0.14 1457.7 0.18 1475.6 0.01
1446.2 1453.0 1498.6 0.13 1503.4 0.01
1459.1 0.27 1465.0 0.04 1536.9 0.29 1551.1 0.05
1500.0 0.41 1502.0 0.05 1563.4 0.08 1584.4 0.01
1512.0 1514.0 1574.4 0.08 1592.2 0.01
1546.9 1550.0 1632.1 0.28 1640.3 0.05
1560.3 0.35 1567.0 0.13 1670.6 0.33
1600.7 0.14 1603.0 0.03 1694.5 0.48 1698.2 0.01
1634.7 0.27 1637.0 0.19 1767.0 0.47
1668.3 0.14 1672.0 0.14 1779.6 1784.0 0.01
1689.5 0.19 1692.0 0.15 1809.5 0.21 1831.6 0.03
1720.0 0.10 1717.0 0.05 1885.7
1744.0 0.11 1747.0 0.10 1902.9 0.20 19119 0.02
17713 1776.0 1917.0 0.22 1929.1 0.02
1786.2 1791.0 1947.8 1948.7 0.06
1798.0 0.30 1799.0 0.32 1968.6 0.03
1827.4 0.14 1826.0 0.04
1845.5 0.07 1847.0 0.09
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Chapter 4

Infrared spectroscopy of jet-cooled
‘erandPAHs’ in the 3-100 pum region

This chapter is published as:
Alexander K. Lemmens, Anouk M. Rijs and Wybren Jan Buma, The Astrophysical Journal,
923, 238,2021
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4.1 Abstract

Although large polycyclic aromatic hydrocarbons (PAHs) are likely to be responsible for
infrared emission of gaseous and dusty regions, their neutral experimental high-resolu-
tion gas-phase infrared spectra -needed to construct accurate astronomical models- have
so far remained out of reach because of their nonvolatility. Applying laser desorption to
overcome this problem, we report here the first infrared (IR) spectra of the jet-cooled
large PAHs coronene (Cz24H12), peropyrene (Cz6H14), ovalene (C32H14) and hexa(peri)ben-
zocoronene (Cs2H1g) in the 3-100 um region. Apart from providing experimental spectra
that can be compared directly to astronomical data, such IR spectra are crucial for as-
sessing the accuracy of theoretically predicted spectra used to interpret interstellar in-
frared emission. Here, we use the experimental spectra to evaluate the performance of
conventional calculations using the harmonic approximation as well as calculations with
an anharmonic (GVPT2) treatment. The harmonic prediction agrees well with the exper-
iment between 100 and 1000 cm! (100 and 10 pm), but shows significant shortcomings
in the combination band (1600-2000 cm-1, 6.25-5 um) and CH-stretch (2950-3150 cm-1,
3.4-3.17 pm) regions. Especially the CH-stretch region is known to be dominated by the
effects of anharmonicity and we find that large PAHs are no exception. However, for the
CH out-of-plane region (667-1000 cm-1, 15-10 pm) the anharmonic treatment that sig-
nificantly improves the predicted spectra for small PAHs leads to large and unrealistic
frequency shifts as well as intensity changes for large PAHs, rendering thereby the de-
fault results unreliable. A detailed analysis of the results of the anharmonic treatment
suggests a possible route for improvement, although the underlying cause for the large
deviations remains a challenge for theory.

4.2 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are by now generally accepted to be responsi-
ble for the infrared emission referred to as aromatic infrared bands (AIBs) observed
from gaseous and dusty regions in the interstellar medium (ISM).1-3 Much effort has thus
been put into analyzing the IR emission spectra and determining the size distribution
and structure of the PAHs in the ISM.# Although in general IR spectroscopy is an effective
tool for structure elucidation5, when considering the conditions of the ISM combined
with that the of the heterogeneity of the mixture, it is challenging -and in fact as yet not
possible- to identify specific species in the ISM. A more detailed insight in the infrared
spectroscopic properties of directly relevant PAHs is imperative to interpret the inter-
stellar IR emission.
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Interstellar PAHs absorb UV radiation from a nearby star resulting in the excitation
of rovibronic levels of electronically excited states. Internal conversion to the electronic
ground state populates highly excited vibrational levels of the ground state that subse-
quently relax to the vibrational ground state by emitting IR photons through a vibrational
cascade.®’ As it is not trivial to produce the UV-pumped IR emission spectra of the PAHs
of interest under the relevant conditions®-19, current state-of-the-art analyses rely on
theoretical models.”!! Such analyses have led to the conclusion that the astronomically
relevant PAHs typically have 50-150 carbon atoms organized in a compact structure.!2
PAHs that meet these characteristics have been designated as grandPAHs.13 Currently
used models are, however, only validated with smaller PAHs and may require optimiza-
tion for larger molecules.1*

These theoretical models should include accurate frequency and intensity predic-
tions and be validated by laboratory experiments preferably carried out under cold and
gas-phase conditions, e.g. in a molecular beam experiment. Difficulties producing a suffi-
cientamount of gas-phase molecules to seed into a molecular beam by resistively heating
the sample have so far restricted cold, gas phase spectroscopy to smaller PAHs.15-17 To
overcome these problems, we make use here of laser desorption!® to bring a sufficient
amount of molecules into the gas phase and subsequently entrain and cool them in a mo-
lecular beam. This approach thus enables us to record high-resolution, cold, gas-phase
infrared spectra of much larger PAHs than have been reported so far.

In the present study we report on the infrared absorption spectra of the large and
compact PAHs coronene (Cz4H1z2), peropyrene (Cz6Hi4), ovalene (Cs2zHi4) and
hexa(peri)benzocoronene (Cs2H1s). Experimental infrared spectra in the range between
3 and 100 pm are obtained under cold and isolated conditions and compared to, where
available, state-of-the-art anharmonic calculations. As a result of its accessibility with
ground-based telescopes, the CH-stretch 3 um region is a well-studied region. Our recent
studies on smaller PAHs have shown that this region is dominated by Fermi resonances,
which considerably complicate its analysis.15-17 The CC-stretch region between 5 and 10
pm (1000-2000 cm't) shows most activity from cationic species, while neutral large
PAHs dominate the 15-10 um (667-1000 cm't) CH out-of-plane range.2 This range is most
diagnostic for the structure of PAHs. As shifts of only a few wavenumbers are observed
for different astronomical objects, a correct interpretation requires accurate reference
spectra.1920 Longer-wavelength, far-IR regions contain weak bands, but since these
bands are associated with unique global modes with molecule-specific infrared frequen-
cies they provide clear fingerprints of the size and global structure of the PAHs from
which they originate.2! Laboratory spectroscopic studies of large PAHs in this region are
therefore important to support the interpretation of new observational searches.12
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4.3 Methods

Experiments were performed using a laser desorption molecular beam apparatus?2 lo-
cated at the FELIX laboratory in the Netherlands.?3 Coronene (97%) was purchased from
Sigma-Aldrich, ovalene (99.6 %) and peropyrene (99.5%) from Kentax, while
hexa(peri)benzocoronene was synthesized using the procedure described by Liu et al.24
The compounds were, without further purification, mixed with carbon blackina 1:1 ratio
after which a graphite sample bar was pressed into the mixture. A slightly focused 1064
nm laser beam (10 Hz, Polaris Pulsed Nd:YAG Laser, NewWave Research) with a typical
energy of 1 m]/pulse was used to desorb the molecules while translating the sample bar,
thereby providing fresh sample at every shot. The sample bar was placed in front of the
nozzle of a pulsed valve (Jordan Co.) covering about half the orifice and the desorbed
molecules were picked up by an argon jet (10 Hz, 8 bar backing pressure). The expanding
gas pulse was skimmed before being crossed with three laser beams to perform IR-UV
ion dip spectroscopy: one IR laser to probe the ground state vibrational frequencies and
two UV/VIS lasers perpendicular to the molecular beam to perform 1+1’ Resonance En-
hanced MultiPhoton lonization (REMPI). IR light was provided by the free electron laser
FELIX for spectroscopy between 100 and 2000 cm™! counterpropagating the molecular
beam or by a high-resolution OPO laser (Laser Vision) covering the 2950-3150 cm™! re-
gion perpendicular to the molecular beam. The bandwidth of FELIX is 0.5-1% of the IR
frequency, while the bandwidth of the OPO is approximately 0.1 cm%. The idler frequency
of the OPO was calibrated continuously during measurements using a HighFinesse WS-7
wavelength meter. Excitation and ionization laser beams were provided by a Nd:YAG la-
ser pumped dye laser (Innolas Sp<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>