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Chapter 1

Introduction

1.1 Chemistry in Space

1.1.1 Space is not empty
People tend to think of space as a vast, empty void. This is not so surprising, considering
how low the number densities in outer space are. In the interstellar medium (ISM), the
space between solar systems, densities vary between 106 and 10−4 molecules per cm3,
while what we consider a high vacuum on Earth contains about 1010 molecules per cm3.
Even at these low densities, a wealth of different, interesting processes happen, due to
the long timescales, harsh radiation and the immense sizes of the involved environments.
Interstellar molecular clouds can vary in size from a radius of less than a light year [1]
to more than 600 light years [2], meaning that starlight originating from the inside of
such an astronomical object passes through a large amount of matter before it reaches our
telescopes. An example of how the passage of light through such an object affects our
observations, is shown in Fig. 1.1.1 It displays a very small cloud (Barnard 68), only a
quarter of a light year in radius. This cloud still contains enough dust to block all visible
light attempting to pass through. Due to its vicinity to Earth, there are no stars between
us and the cloud. When it is observed in the infrared (IR), the stars behind the cloud
become detectable because they heat the dust and cause it to emit black-body radiation in
the IR regime. By observing space at different parts of the electromagnetic spectrum, the
properties of the dust itself can be explored. A smaller dust grain has a lower heat capacity,
so it produces black-body radiation at a shorter wavelength. The grains on the outside of
the cloud are exposed to more UV star light, and will likely have fragmented partially. This
makes them smaller than those at the center, allowing them to begin emitting at 0.90 µm,
while the center is still obscured. The gravity of the cloud and the cold environment at the
core promotes clustering to larger grains, which is reflected through the gradual decrease
in opacity at longer wavelengths.

1Image credit to the European Southern Observatory (ESO).
https://www.eso.org/public/images/eso9934b/
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Chapter 1. Introduction

FIGURE 1.1: Observations of the dark molecular cloud Barnard 68 at various wavelengths, showing
how the extinction of the light reduces with increasing wavelength (clockwise). Visible light (blue at
0.44 µm, and green/yellow at 0.55 µm) is blocked for the most part. Starting from the near-infrared
at 0.90 µm, the edges begin to blur, and then for the three bottom frames, an increasing number of

stars becomes visible as the wavelength increases. Image credit in footnote.

1.1.2 On the origin of matter
Molecular clouds form both the nursery and cemetery for stars in our galaxy, but they are
not the only chemically relevant part of the interstellar medium. Most matter in stars does
not exist in a molecular form, but as a plasma. In our galaxy, the Milky Way, gas and dust
accounts for 8×109 solar masses (M�), while stars account for 1011 M� [3].

To understand the life cycle of matter in a galaxy, it is important to understand where
this matter comes from, and what its composition is. H is the most abundant element in
the Universe by orders of magnitude, followed by He-4 [4]. Right after the Big Bang, only
three other nuclei were formed, D (H-2), He-3 and a relatively very small amount of Li-3.
All other elements are the result of stellar nucleosynthesis processes, where one or more
nuclei merge into a heavier nucleus, releasing an abundance of energy in the form of pho-
tons in the process. The fusion of hydrogen and deuterium is exothermic, and primarily
produces He-4. Oxygen, and at a lower abundances carbon and then nitrogen, are formed
through less efficient processes at the end of a star’s life [5]. Even though these elements
are orders of magnitude less abundant than H and He, their ability to form several bonds
creates a far richer chemistry than H and He on their own. As it is on Earth, organic chem-
istry is central to the chemistry in space [6, 7]; as evidenced by the fact that most of the
detected interstellar compounds contain carbon [8].

2



1.1. Chemistry in Space

FIGURE 1.2: A graphical depiction of the life cycle of stars and clouds inside a galaxy. These
objects are not to scale. Image credit in footnote.

Most stars and objects in the Universe right now are of the second or third generation,
meaning that they are made up of matter that has already been cycled through one or more
stellar lifetimes [9]. In Fig. 1.2,2 a simple diagram of the cycle of matter in a galaxy is
given. In the center of this diagram (1) is a massive star, typically larger than eight solar
masses (> 8M�). These stars lead a relatively short life, ending in a supernova (SN)
explosion. These explosions produce a large component of the (far) ultraviolet (FUV)
radiation field in the ISM, the pressure needed to form the heaviest elements, and shock
waves that induce density changes in surrounding clouds [10]. The ripples in the density of
molecular clouds lead to the formation of clumps, and later pre-stellar cores [7], depicted in
stage (2). Sudden strong gravitational collapse will trigger fusion reactions, which create
an outward radiative pressure [11]. As the core shrinks, it begins to spin faster, and a
disk of matter is formed around it, which can be detected from its extinction (i.e. extreme
absorption) properties, using the principles introduced around Fig. 1.1. The process of
spinning and collapsing of these protoplanetary disks drives the formation of clumps of

2(1) Crab Nebula, image credit to ESO. (2) Possible protostar explosion in the Orion Nebula, image credit
ALMA (ESO/NAOJ/NRAO), J. Bally/H. Drass et al. (3) Visualization of TRAPPIST-1 and its seven planets,
image credit to NASA/JPL-Caltech (4) Artist’s impression of Antares, image credit to ESO/M. Kornmesser (5)
Planetary nebula NGC 7027, image credit to ESA, NASA Hubble, by J. Kastner (RIT) (6) Horsehead nebula,
image credit to SPECULOOS Team/E. Jehin/ESO
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dust and grains, which can evolve into planetesimals, and later planets [12]. Smaller stars
of less than eight solar masses (< 8M�) lead longer, and less violent lives, ending up in
the outer cycle of this diagram. This low-mass star continues to exist in a rather steady
state, spending 90% of its life fusing hydrogen into helium, as depicted by stage (3) in
Fig. 1.2 [11]. The lives of most of these stars end as red giants, which begin to expel their
outer shells through solar winds once they run out of hydrogen and helium as fuel for their
nuclear fusion, shown in stage (4). In this process, they lose a large amount of their mass,
and produce C, N and O in less efficient nucleosynthesis processes [13]. This expelled gas
forms a dusty circumstellar shell (CS), which is rich in silicates and oxides (sand) for O-
rich giants, and rich in carbonaceous clusters (soot) for C-rich giants [14]. Various kinds of
organic molecules are also present in these ejecta [15]. Typically, the giant produces bursts
of intense FUV radiation, ionizing the gas on the inside of the CS. The continued radiative
pressure and stellar winds push the shell further away, eventually creating a planetary
nebula (PNe, 5). The resulting PNæ are often made up of ionized molecular and atomic
gas, as the giant becomes a white dwarf. The next stage in the life cycle, is the return of this
matter into the ISM. The PNe falls apart into a diffuse cloud, which mixes with material
from other systems. Gravitational forces pull several of these clouds together, forming
molecular clouds, which end up becoming stellar nurseries again, coming full circle at
stage (6). The insides of these clouds are shielded from radiation, and can become very
cold (10–20 K). The gas is mostly neutral, will often freeze out, and accumulate further on
grains. Isotopic ratios are heavily influenced by the cold chemistry in molecular clouds,
because differences in bonding energy that would seem negligible at room temperature
become very significant at 10 K [16]. The ratios between different nucleic isotopes (H/D,
13C/12C, 15N/14N, 18O/16O) are an excellent tracer for specific chemical processes in the
interstellar medium [17–21], and can even be used to trace back the origins of meteorites
that land on Earth [22–24]. Considering that the D/H ratio of our oceans far exceeds
the primordial ratio and that of the giant planets in our Solar System, it has also been
hypothesized that the water on Earth is of cometary origin [25, 26].

1.1.3 Detecting molecules
Detecting interstellar compounds, especially molecules, is far from trivial. The theory of
molecules was first put forward in the second half of the 19th century, but only in 1937 the
first molecule was found in space — CH [27]. Before that time, only atomic compounds
such as H and He could be detected. The principle behind the astronomical detection of
many molecules is shown in Fig. 1.3.3 Light originating from a star passes first through a
layer of hot gas first, the circumstellar medium (CSM), giving rise to broad absorption lines
as shown on the left side of the figure. When this light passes through a large, cold cloud,
the chemical composition of the cloud is reflected through the narrow, cold absorption
lines in the spectrum.

3Image credit to Fraknoi & Wolff [11], Fig. 20.4.
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FIGURE 1.3: A cloud of cold dust and gas is present in the line of sight between the observer and a
star. The star’s own spectrum exhibits broad, hot absorption lines caused by the CSM, whereas the
cold cloud only filters narrow lines out of this spectrum, making it easy to distinguish between their

respective origins [11]. Image credit in footnote.

To find out which line belongs to which compound requires laboratory studies on Earth.
The laboratory study of visible emissions from plasmas of various molecules (called a
glowing arc, analogous to neon discharge lights) provided a great wealth of lines that
could be assigned to optical lines in astronomical observations [28]. The detection of
polyatomic and many more diatomic molecules had to wait until the 1960s, when the
concurrent advent of radio- and microwave astronomy, and the development of masers
and lasers for laboratory study led to a boom in the detection of new interstellar molecules
[15]. Currently, at least 210 molecules have been confirmed in the ISM and CSM [8].
Table 1.1 lists the molecules included in the Cologne Database.

Most molecules in space contain less than 13 atoms, with diatomics and triatomics,
and then organic molecules dominating the list. There are three main causes for the rela-
tive dominance of small molecules. Firstly, there is a certain bias in the available detection
methods towards smaller molecules, considering their detection by radio- or optical as-
tronomy, and their identification by both experiment and theory is easier. Most laboratory
methods are more easily applied to smaller molecules because there are fewer degrees of
freedom, and thus spectroscopically fewer levels to distribute available populations over.
This greatly simplifies the unequivocal assignment of astronomically observed lines to
one molecular species. These degrees of freedom are likewise limited in highly symmetric
species, such as the large, astronomically-detected molecules C60, C60

+, and C70 [29, 30].
Secondly, there are fewer steps to take for the formation of smaller species, creating a bias
in their favor. As a third reason, fragile molecules are readily destroyed due to the intense
(F)UV fields, which are present in most environments, except the insides of cold molecular
clouds. This means that molecules found in space need to be continually produced, or able
to survive those harsh conditions. The three large, symmetric species mentioned before
have shown to be able to survive these harsh conditions. They derive their stability from
their large, cage-like aromatic structure [31]. However, the gap in size between c-C6H5CN
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Chapter 1. Introduction

(the smallest aromatic molecule in space) and C60 is so large that there needs to be a range
of species of intermediate size as well in the interstellar medium. Clues for their presence
are found in the infrared part of the electromagnetic spectrum.

1.1.4 Finding PAHs
Even though infrared signatures are commonly used to distinguish between chemical com-
pounds on Earth, it was not possible to do infrared astronomy until the mid 1970s. At-
mospheric H2O and CO2 block most infrared lines, while thermal background radiation
makes it difficult to see faint objects in the sky. These two aspects posed a great challenge
to observers. Airborne and space observatories changed this, as physicists developed new
methods that astronomers at first considered to be of little use [33]. Broad, but resolved
emission features were observed around 8.6 and 11.2 µm in three PNæ [34], and later new
bands were found at 3.3, 6.2 and 7.7 µm in two reflection nebulæ [35]. The carriers of
these bands went unidentified for nearly a decade, leading to them being referred to as the
Unidentified InfraRed (UIR) bands.

Many types of grains were proposed as carriers, but Sellgren [36] found in 1984 that
the particles responsible for this radiation would need to be relatively small, with a lim-
ited heat capacity. In the same year, Leger and Puget [37] compared the spectrum of a
reflection nebula to the emission spectrum of coronene, C24H12, and concluded that the
two spectra showed a remarkably good match. Building on that hypothesis, the ground-
breaking work of Allamandola et al. [38] showed one year later how the Raman spectrum
of soot from car exhausts matched the emissions from the Orion Belt. This made it ev-
ident that the UIRs were produced by a large group of aromatic compounds, that would
have to be present in myriad astronomical objects. The observed MIR bands are indicative
of C – C stretching and C – H bending modes in aromatic species, correlating particularly
well with known spectra of Polycyclic Aromatic Hydrocarbons (PAHs). The UIRs are thus
presently referred to as the Aromatic Infrared Bands (AIBs). The AIB spectra recorded
from three different objects, the center of the HII (ionized hydrogen) type galaxy NGC
4536, the planetary nebula NGC 7027, and a photodissociation region (PDR) in the Orion
Bar, are shown in Fig. 1.4,4 exhibiting the same typical aromatic C – C and C – H vibra-
tions characteristic of PAH species. Small spectral shifts and differences in band intensity
ratios indicate that dissimilar PAH populations exist in these various environments.

1.2 PAHs in the interstellar radiation field
To understand the role that PAHs play in the ISM, the nature of the radiation field needs
to be understood as well. Throughout the life cycle of matter in a galaxy, the radiation
emitted or absorbed by the different forms of matter, varies widely in both intensity and

4Image credit to Els Peeters [32] who also supplied the high-resolution figure. Used with permission from
Cambridge University Press.
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TABLE 1.1: Size-sorted molecules detected in the interstellar medium and in circumstellar shells,
up to the year 2019. [8]

2 atoms 3 atoms 4 atoms 5 atoms 6 atoms 7 atoms 8 atoms
H2 C3 c-C3H C5 C5H C6H CH3C3N
AlF C2H l-C3H C4H l-H2C4 CH2CHCN HC(O)OCH3
AlCl C2O C3N C4Si C2H4 CH3C2H CH3COOH
C2 C2S C3O l-C3H2 CH3CN HC5N C7H
CH CH2 C3S c-C3H2 CH3NC CH3CHO C6H2
CH+ HCN C2H2 H2CCN CH3OH CH3NH2 CH2OHCHO
CN HCO NH3 CH4 CH3SH c-C2H4O l-HC6H
CO HCO+ HCCN HC3N HC3NH+ H2CCHOH CH2CHCHO
CO+ HCS+ HCNH+ HC2NC HC2CHO C6H– CH2CCHCN
CP HOC+ HNCO HCOOH NH2CHO CH3NCO H2NCH2CN
SiC H2O HNCS H2CNH C5N HC5O CH3CHNH
HCl H2S HOCO+ H2C2O l-HC4H HOCH2CN CH3SiH3
KCl HNC H2CO H2NCN l-HC4N H2NC(O)NH2
NH HNO H2CN HNC3 c-H2C3O
NO MgCN H2CS SiH H2CCNH
NS MgNC H3O+ H2COH+ C5N–

NaCl N2H+ c-SiC3 C4H– HNCHCN
OH N2O CH3 HC(O)CN SiH3CN
PN NaCN C3N– HNCNH C5S
SO OCS PH3 CH3O MgC4H
SO+ SO2 HCNO NH4

+

SiN c-SiC2 HOCN H2NCO+

SiO CO2 HSCN NCCNH+

SiS NH2 H2O2 CH3Cl
CS H3

+ C3H+ MgC3N
HF SiCN HMgNC
HD AlNC HCCO
FeO SiNC CNCN
O2 HCP HONO
CF+ CCP MgC2H
SiH AlOH
PO H2O+ 9 atoms 10 atoms 11 atoms 12 atoms >13 atoms
AlO H2Cl+ CH3C4H CH3C5N HC9N c-C6H6 C60
OH+ KCN CH3CH2CN (CH3)2CO CH3C6H n-C3H7CN C70
CN– FeCN (CH3)2O (CH2OH)2 C2H5OCHO i-C3H7CN C60

+

SH+ HO2 CH3CH2OH CH3CH2CHO CH3OC(O)CH3 C2H5OCH3 c-C6H5CN
SH TiO2 HC7N CH3CHCH2O
HCl+ C2N C8H CH3OCH2OH
TiO Si2C CH3C(O)NH2
ArH+ HS2 C8H–

N2 HCS C3H6
NO+ HSC CH3CH2SH
NS+ NCO CH3NHCHO
HeH+ CaNC HC7O
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Chapter 1. Introduction

FIGURE 1.4: Astronomically observed mid-infrared spectra for three different objects, each dis-
playing the characteristic vibrational modes of PAHs. All three spectra are highly similar, but show
significant spectral variations pointing to differing PAH populations [32]. Image credit in footnote.
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FIGURE 1.5: Mean intensity in erg·cm−2s−1Hz−1sr−1 of the interstellar radiation field in our
solar neighborhood. The curve comprises a collection of different observations: hot gas, OB stars
(highly luminous blue giants), older stars, large molecules (PAHs), dust, and the cosmic microwave

background [7]. Image credit in footnote.

wavelength, as is shown in Fig. 1.5.5 Massive (young) stars account for most of the
radiation produced at the shortest wavelengths. Small quantities of hydrogen gas that are
efficiently ionized, also re-emit in this region, giving rise to the forest of X-ray lines shown
by the leftmost curve. The abrupt cut-off of this part is caused by the Lyman limit (912
Å), above which the ionization of hydrogen goes directly into the continuum. The OB
stars, as they are labeled in the figure, are relatively rare, but emit very strongly in the
(F)UV. Cooler stars are responsible for most of the visible radiation field. The radiation
field evolves into relatively broad IR emission lines, which, as we know, are caused by the
UV excitation of PAHs. Even though the interstellar radiation field in the UV and visible
range is intense, carbonaceous materials (i.e. PAHs and dust) extinguish a large part of
this radiation [39]. The largest extinction feature in the UV (217.5 nm, not visible on this
scale) can be attributed for at least 2/3 of the total extinction to absorption by PAHs [40–42].
The re-emission of this absorbed light is in turn responsible for a large part of the discrete
IR lines (PAHs) and the sub-mm continuum (dust). As is shown in the middle of Fig. 1.5,
the PAH and dust curves rise above UV/VIS emissions in terms of mean intensity. Beyond
these wavelengths, the Cosmic Microwave Background (CMB) is found, which represents
the residual energy emitted after the recombination of matter right after the formation of
the Universe.

As was hinted at in the previous section, Sellgren [36] found that the carriers of the
UIRs would have to be able to reach temperatures as high as ∼ 1000 K to be able to emit

5Sources for these individual spectra are indicated in Tielens [7], page 12, from where the figure was taken,
with permission from Cambridge University Press.
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in the mid-infrared (MIR), and dust would not be able to become that hot. PAHs are able
to reach such temperatures when absorbing a UV photon. They can also efficiently release
this energy through infrared emission [43]. An isolated PAH that absorbs a UV photon is
excited to an electronically-excited state, after which the molecule undergoes rapid internal
conversion to a highly vibrationally excited electronic ground state. The vibrational energy
is dispersed over many vibrational states through intramolecular vibrational redistribution.
Due to the low pressure in the ISM, there is ample time for infrared emission to occur
from all of these different occupied vibrational states. When the excitation energy is high
enough, the PAH may also lose an electron or a hydrogen atom, while the fused hexagonal
system remains intact. The band positions in the emission spectra of these partly dehy-
drogenated or ionized molecules remain very similar, although small spectral shifts may
occur and the corresponding intensity ratios will differ [7, 43, 44]. The high aromaticity of
hydrocarbons in space is a consequence of this hostile environment filled with high-energy
radiation. The percentage of carbon that is present in aliphatic, rather than aromatic form,
seems to be quite limited (<15%) [45, 46]. So, even though the AIBs also reveal some
aliphatic features, the dominant character of the hydrocarbon species responsible for these
emissions is aromatic.

In spite of all of the research that has been done on PAHs, not a single PAH molecule
has been unambiguously identified in the ISM up to this point. Considering that the C – C
and C – H modes that make up the spectra in Fig. 1.4 are present in all PAH molecules,
none of them are diagnostic to one specific species of PAHs [47]. The band positions are
however weakly dependent on the size and structure of the molecules and as mentioned be-
fore, the intensity ratios can vary as well. The spectra from different astronomical objects
reveal this varying spectral behavior, which has been attributed to populations of PAHs
with different sizes and charge states. A typical example is shown in Fig. 1.6.6 Composite
spectra of PAHs of different charge states needed for assignment of astronomical spectra
such as in Fig. 1.6a, are primarily derived from theoretical surveys. Similarly, theoretical
work has led to the proposition that the size of interstellar PAHs is between 30 and 150
carbon atoms, depending on the environment in which they are found [37, 48–51].

Molecule-specific spectral signatures may be found in FIR region. As many PAHs do
not possess a dipole moment, radio discovery is not possible. However, FIR spectroscopy
can reveal low-intensity vibrational modes that are more strongly dependent on the size
and the structure of the PAH molecule [54–57]. This field of PAH research is relatively
unexplored, both due to the large dust background that makes it difficult to observe clear
PAH signatures (see Figs. 1.4 and 1.5), and the difficulty in recording laboratory spectra
of FIR modes. This is both due to the limited availability of suitable table-top light sources
and the low oscillator strength associated with these molecular modes.

6Taken from Tielens [47], with permission from Annual Reviews
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FIGURE 1.6: (a) Spectra recorded for three different sections of the reflection nebula NGC 7023.
Each spectrum was normalized by its integrated intensity [52]. (b) A spatial map of the same nebula,
showing the distribution of the different types of PAHs around the central star, using the same color

code. Red and green combine to yellow [47, 53]. Image credit in footnote.

1.3 PAHs in interstellar chemistry
PAHs contain up to 20% of all cosmic carbon [43, 58], making them undeniably an impor-
tant part of the chemical network in the ISM. A clear example how PAH spectra change
under the influence of their environment is given in Fig. 1.6. The right panel shows how
the IR spectrum of the gas in a reflection nebula is composed of different PAH spectral
components, which are plotted in the three curves in the left panel. The PAHs closest to
the hot, young star in the center are mostly ionized. Moving away from the star, they are
neutral, and further away, they are increasingly clustered [47].

This allows AIBs to be used as a direct probe of the stellar formation rate throughout
the Universe [59–62]. PAHs that were originally produced in the carbonaceous outflows
of a dying star are eventually returned to the ISM, and gathered in molecular clouds, as
described by Fig. 1.2. When a star is born in such a cloud it begins to illuminate the sur-
rounding gas. The PAHs in the cloud that were formed in the stellar outflows of previous
cycles are excited once again, and start emitting AIBs.

The detection of PAHs in meteors [22, 63, 64] and comets [65] reveal a possible key
role of PAHs in the formation of planets around new stars. In the next stage of a solar
system’s life (stage (3) in Fig. 1.2), PAHs are hypothesized to cluster, and form larger and
larger grains that will maintain their orbit around the star and eventually ‘snowball’ into a
planet. However, to form a planetesimal, the Van der Waals forces between the PAHs in
the clusters need to be strong enough to survive the nascent star’s shock waves. Biennier
et al. [66] found that the forces between pyrene molecules in a cluster were insufficient,
but considering that pyrene only contains fourteen carbon atoms, it is very small for an
interstellar PAH.
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Although it is clear that larger PAHs are found in more energetic radiation fields than
the smaller ones, there is a large uncertainty around the exact sizes and the formation of
PAHs [67]. In possibly the most popular theory, PAHs are proposed to be a by-product of
dust formation, produced in a top-down mechanism where the edges of graphitic dust are
exposed to FUV radiation and the deformed rims are hydrogenated to form PAHs [51, 68,
69]. It has also been suggested that PAHs can be formed through a combination of different
bottom-up mechanisms, in which small organic molecules react with one another to form
large PAHs. These mechanisms have been validated through the study of sooty flames
[70–74], but it is unclear to what extent this applies to inter- or circumstellar chemistry.

PAHs are important in various chemical processes, affecting ionization, molecular, and
isotopic balances in the ISM, particularly in relation to the ratio of atomic versus molecular
hydrogen. In cold parts of the ISM, most hydrogen is present in molecular form, but it has
been known since the 1940s [75] that the simple H+H−−→H2 +hν reaction is far too slow
to account for all H2 present [76, 77]. Many studies point towards dust and icy grains as
catalysts, although some suggest PAHs can act as catalysts too, allowing H2 to be formed
over a larger temperature range [78–84].

Due to their ability to maintain an intact carbon backbone through both severe dehy-
drogenation and superhydrogenation conditions [80, 81, 85–90], PAHs could play the role
of H2 formation catalyst in various environments, from PDRs [80, 81, 86], to the cold cen-
ters of molecular clouds [84, 91]. Recent work has revealed a possible role for PAHs with
edges containing bays or coves, in which the hydrogen atoms are sterically hindered and
more likely to shift to other carbon atoms, breaking the aromaticity [92]. Such processes
allow H2 to be stripped off at increased rates. The exact role of PAHs and the mechanisms
underlying these reactive networks is complicated, and is still under investigation.

The influence of temperature on hydrogen catalysis also opens the door to exaggerated
isotopic differences. Deuterated PAHs (D-PAHs) have been speculated to be the reason
for unexplained deficits in the deuterium background [17–19, 43, 93]. D-PAHs have been
shown to exist in the ISM through the observation of C – D vibrational bands at 4.40 µm
and at 4.63/4.75 µm [16, 94–98], but the underlying mechanism and the possible influence
on the interstellar D/H ratio is still unknown. The detection of C – D bands is strongly cor-
related with the strong aliphatic C – H stretch bands [95, 98], which suggest a shielded
environment where hydrogenated PAHs can exist. Further research, including an experi-
mental perspective on the reaction mechanisms is strongly needed.

1.4 Infrared spectroscopy for astrochemistry
PAH astrochemistry would not have been possible if it were not for the spectroscopic data
that is available for many of the candidate species [99]. Advances in astrochemistry are
hinged on the close collaboration of observational astronomers, theoretical chemists and
laboratory physical chemists. The large number of AIB candidate species, and their size,
necessitates the use of theoretical chemistry methods. These theoretical spectra need to be
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validated through experiments. Laboratory astrochemists, in turn, often need theoretical
calculations to identify experimental results and to be able to extrapolate these results to
astronomical contexts. This back-and-forth leads to a constant improvement of the avail-
able methods, and the development of new observational tools leads to big leaps forward
with every new telescope launch.

The spectroscopy of PAHs and related molecules of (partly) aromatic nature can be
roughly divided into four major spectral regions. The UV/visible relating to electronic
spectroscopy, the MIR relating to the AIBs and the local vibrational modes, the FIR relat-
ing to the skeleton vibrational modes, and the microwave/radio range related to rotational
transitions. Many studies have tried to link PAHs to visible absorption lines observed in
the ISM - the Diffuse Interstellar Bands (DIBs) [100–104]. To this date, the fullerene C60

+

is the only polyaromatic molecule to be matched [30] to the DIBs. PAHs have been linked
to MIR emissions and, as mentioned before, reveal information on size ranges, structure,
and PAH classes (such as ions, clusters, and those containing aliphatic carbons or nitrogen
hetero atoms). These MIR emissions can therefore give boundary conditions for interstel-
lar PAH populations and their evolution. Rotational spectroscopy is not feasible for most
PAHs as they possess a zero or negligible dipole moment.

Laboratory studies on the spectroscopy of astronomically-relevant PAHs are challeng-
ing, but necessary. Considering that the computational cost associated with theoretical
work on increasingly large PAHs puts tight constraints on the level of theory that can be
used, experimental benchmarking is of the utmost importance. However, for these exper-
iments to be of use, the employed methods either need to reproduce astronomical condi-
tions, and record the findings precisely, or deviations from the astronomical context and
the induced changes in the spectrum need to be known. For several spectroscopic meth-
ods, the involatile and photostable nature of astronomically-sized PAHs forms a substantial
hurdle, especially for measurements in MIR and FIR.

The most traditional type of laboratory spectroscopy is direct absorption spectroscopy.
Light with a known wavelength λ and intensity I0 is passed through a medium with an
optical path length l, and either a known density/concentration n or a known absorption
cross section σ(λ ). In order to be able to observe attenuation of the light, n needs to be
high enough, which is done by increasing the concentration in a liquid or the pressure in a
gas. This type of spectroscopy is practical and viable in many occasions, but much less so
as a model for interstellar environments.

The lack of density in the gas phase can be compensated by placing the dilute gas
sample in a reflective cavity, allowing the laser light to make many passages through
the medium, amounting to an l of several kilometers in a method known as cavity ring-
down spectroscopy (CRDS) [105, 106]. However, CRDS’s sensitivity is inhibited by high
backgrounds due to stray light, and difficulties with distinguishing spectra of different
molecules present in the sample. The background problem was amended, and the resolu-
tion greatly improved by the introduction of mode-locked laser techniques and improved
cavity quality in the methods NICE-OHMS (noise-immune cavity-enhanced optical het-
erodyne molecular spectroscopy) [107] and later a second modulation mode to correct
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for Doppler broadening in NICE-OHVMS (noise-immune cavity-enhanced optical hetero-
dyne velocity modulation spectroscopy) [108]. These methods have been used to record
infrared spectra with resolutions comparable to microwave spectra for small, astrochemi-
cal molecules such as H3

+[109], of even complex systems of hydrocarbon plasmas [110].
However, all these methods require a pristine cavity and lasers which can be mode-

locked to these cavities, making this a difficult experiment to run over large wavelength
ranges. Furthermore, mirrors that allow for the required precision in resonance are not
available for FIR frequencies, rendering this method impractical for surveys of the mid- to
far-infrared. For PAHs specifically, their tendency to lose H in ionization processes and the
impurities frequently encountered in commercially obtained samples introduce significant
complications, making CRDS a relatively unpopular method for PAH spectroscopy [111],
although it is used for UV spectroscopy in an effort to find the PAHs responsible for DIBs
[104].

Most of the early work in laboratory PAH astrochemistry has been done using ma-
trix isolation spectroscopy (MIS) [112–115]. In this method, the molecule of interest
is brought into the gas phase, and sputtered onto a cold substrate together with an in-
ert gas, such as para-hydrogen, argon or krypton [116, 117], which isolates the molecule
and brings it down to a vibrational and rotational ground state. The IR spectrum is then
obtained through Fourier Transform IR (FTIR) spectroscopy [118]. This method is less
sensitive than CRDS, but measurements can be performed over a much broader spectral
range, and the end result is still an absolute absorption spectrum. Although the cold spec-
tra obtained through MIS give narrow bandwidths, the matrix itself imposes a relatively
unknown variable on the band positions and intensities, and is therefore not an analogous
environment for interstellar, gas-phase PAHs [119, 120].

Gas-phase action spectroscopy provides a means to measure low-density samples of
truly isolated molecules or ions with zero to almost-zero background. Ionization (neu-
trals), electron detachment (anions), or fragmentation (cations) are induced by laser light,
which changes the molecular composition of the gas sample or beam. The actively-
induced change in molecular composition allows detection of absorptions on a single-event
sensitivity level, thanks to mass spectrometry techniques such as time-of-flight or Fourier
transform ion cyclotron resonance. The increase or decrease in the flow of particles can be
plotted as a wavelength-dependent spectrum.

A rather common technique takes advantage of the weak Van der Waals interaction that
can be established between a cold cation and a rare gas atom. Breaking this bond requires
less than the energy contained in a MIR photon. This photon is resonantly absorbed by
the cold molecule, and the heat causes the cation to lose the rare gas atom. This loss is
then detected through mass spectrometry as a function of the wavelength. Infrared photon
dissociation (IR-PD) requires cold molecules, and thus produces very narrow lines [121–
123]. When the tag is very small compared to the ion of interest, the measurements can be
very accurate, as was shown by the measurement of the high-resolution visible spectrum
of C60

+ – He [30, 109]. However, the rare-gas tag can lead to hard-to-predict shifts in
the spectra, which need to be taken into account, much like the shifts observed in MIS.
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Furthermore, the Van der Waals bond is often only a few hundred wavenumbers, meaning
that IR-PD cannot be used for measurement in the FIR.

The method of choice to record spectra of bare, cationic PAHs is InfraRed Multiple
Photon Dissociation (IRMPD) spectroscopy. Highly intense infrared light is used to in-
duce successive absorption of photons by the ion, thereby enabling to reach energy levels
at which dissociation can occur [124]. At least 2 eV/16000 cm−1 of energy is needed
to break a C – H bond, which means that absorption of at least five IR photons of 0.4
eV/3300 cm−1 is needed. The required high photon densities can only be achieved with
free-electron lasers (FELs) [125]. IRMPD spectroscopy using FELs has been proven to be
an indispensable method to record IR spectra of cationic PAHs with high sensitivity over
a large range of frequencies [126–130]. Furthermore, IRMPD spectroscopy can be used
to measure FIR spectra of PAHs, whereas rare-gas tagged IR-PD in that wavelength range
is quite difficult to do [131]. It should also be remarked that action spectroscopy based
on reaching photodissociation is also not just a means to an end, since the fragmentation
patterns that arise after photo-excitation (i.e. differences in C2H2/H2-loss or H/D-loss, the
subsequent formation of pentagonal structures) can provide unique insights in the frag-
mentation chemistry as for instance relevant in the UV photolysis of PAHs occurring in
space [132–134].

1.5 Scope of this thesis
IRMPD is the cornerstone of this thesis. It has allowed the study of photochemical pro-
cesses key for understanding the evolution of PAHs in space. Equally important, it has
allowed for spectroscopic studies with unprecedented detail that cover large frequency
ranges and that shed light on the MIR and FIR spectral features observed in astronomical
studies. The research presented in this thesis covers key characteristics of small model
systems for interstellar PAHs: fragmentation propensities, isomerization pathways, and
infrared signatures.

The physics and chemistry associated with the spectroscopic, mass spectrometric and
theoretical methods are treated in detail in Chapter 2. Chapter 3 contains the first, detailed
presentation of the unique FELICE FT-ICR apparatus, on which the work for Chapters
5, 6, and 7 has been performed. Chapter 3 also provides a detailed description of the
deuteration procedure developed to produce the molecules studied in Chapter 4.

Chapter 4 explores the role photochemical reactions PAHs have in causing variations
in the cosmic deuterium abundance. By studying the UV and IR-induced elimination of
H and D from D-containing anthracene and phenanthrene, we investigate photochemical
processes underlying deuteration in the ISM. The experimental data are key to validate
and advance astronomical models that use Density Functional Theory (DFT) calculations
to provide estimates of the interstellar abundances of deuterium-containing PAHs.

Chapter 5 presents the first infrared spectra recorded for bare, gas-phase phenylium
(C6H5

+). The role of phenylium in the formation of PAHs in both combustion flames and
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stellar outflows has been studied in detailed laboratory and theoretical studies, but little is
known about its own fragmentation pathways, nor has its spectrum been recorded in the
fingerprint region. The spectrum recorded here is used to validate previous assignments
of its ground-state spin configuration and to benchmark high-level anharmonic DFT cal-
culations. We present DFT calculations detailing the isomerization pathways phenylium
goes through before fragmentation, and compare this to our observed fragmentation after
IRMPD.

In Chapter 6 we present the gas-phase infrared spectra of three cationic PAHs —
phenanthrene, pyrene and perylene — in the 6–95 µm (1700–105 cm−1) range. The intra-
cavity setup of the Free-Electron Laser for Intra-Cavity Experiments (FELICE) allows the
recording of IR multiple photon dissociation (IRMPD) spectra of strongly-bound PAHs us-
ing low-energy photons below 18 µm (555 cm−1), and thereby the study of the molecule-
specific, low-lying skeleton modes of PAHs, for which investigations so far needed to rely
on models. The experiments described in the Chapter are the first ones to explore the
complete available wavelength range of the FELICE FT-ICR and its available power at-
tenuation methods. Anharmonic DFT spectra were calculated for pyrene and perylene in
order to assess the need for anharmonic calculations in the FIR, and to explain anomalous
low-intensity modes. We use our experimental data to validate trends that were found for
the propagation of certain skeletal modes into the FIR for increasingly large PAHs of the
same shape. Depending on the interstellar environment, such trends are quite useful for
the future identification of modes belonging to specific PAH molecules in astronomical
FIR spectra.

Lastly, in Chapter 7 we present the first infrared spectrum of a truly irregular PAH,
dibenzo[a,l]pyrene (C24H14

+), in the 6–40 µm (250–1650 cm−1) range. This molecule
is asymmetric and non-planar, which means that every vibrational mode can in principle
be IR-active. Furthermore, the molecule possesses nearly all possible edge geometries,
making its infrared spectrum a rich testing ground for many pre-conceived notions on
how PAH spectra are composed. The IRMPD spectrum is compared to harmonic DFT
calculations to interpret the observed modes. We also explore the role of the cove region
in this molecule’s photostability, and explore the possibility of similar molecules being
present in the ISM.
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Methods

PAHs appear in numerous interstellar environments, and play a significant role in the
chemistry of the ISM. Laboratory experiments can be used to record their infrared absorp-
tion spectra and explore the way PAHs behave after exposure to intense light exposure.
Such experiments are crucial to determine the validity of theoretical models, and provide
the foundation for interpreting astronomical observations.

In this Chapter, the mass spectrometric and infrared spectroscopic techniques are de-
scribed that are used to study the vibrational spectroscopy and fragmentation chemistry of
gas-phase PAHs. First, the principles behind Fourier Transform Ion Cyclotron Resonance
Mass Spectrometry (FT-ICR) are explained, after which the ultraviolet (UV) dissociation
and InfraRed Multiple Photon Dissociation (IRMPD) are discussed. The last part of this
Chapter is dedicated to a short introduction to Density Functional Theory (DFT), the
method used for the theoretical calculations in this thesis.
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2.1 Mass spectrometry
The detection of fragment ions is central to the action spectroscopy technique used in this
work. For this, Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometry
was used [135]. This technique uses magnetic fields to induce circular motion of ions, for
which the orbital frequency, called the cyclotron frequency ωc, is a function of its mass-to-
charge ratio (m/z). Ion packets that move close to a metal surface can be detected through
the image current generated by these ions. If this signal is Fourier transformed, ions of a
certain m/z ratio are revealed through a band in frequency space.

In a spatially uniform magnetic field ~B, an ion with charge z and velocity ~v is subject
to the Lorentz force ~Fl :

~Fl = z~v×~B. (2.1)

This cross product dictates that the force is both perpendicular to the particle’s velocity
and the magnetic field, creating a stable circular orbit, called a cyclotron orbit. To find the
associated cyclotron frequency ωc, we equate the Lorentz force to the centrifugal force:

zvB = m
v2

r
, ω = v/r, (2.2)

ωc =
zB
m

. (2.3)

Equation 2.3 reveals that the cyclotron frequency ωc is inversely proportional to m/z. The
radius of the orbit, which determines the amplitude of the detected image current, can
be derived from these equations using the thermal velocity. This thermal velocity equals
v =
√

2kBT /m in any single direction for a particle in equilibrium with its environment.
We thus find for the unperturbed cyclotron orbit:

rc =

√
2mkBT

zB
. (2.4)

A typical FT-ICR measurement cell consists of four parts: an entrance, an exit, excitation
plates and detection plates. The entrance and exit are open in the middle to allow ions
and laser light to enter. In the illustrations in Fig. 2.1, a typical setup is shown. Here, the
six-step sequence necessary for the measurement of photofragmentation is detailed, which
is the type of experiment this thesis focuses on. First, the trap needs to be emptied (1).
To this end, the entrance electrode is set to a positive potential, while the exit is set to a
negative potential, thereby extracting the remnant sample from the previous measurement
cycle. The new sample of gas-phase cations is then loaded into the cell (2) by setting the
entrance to a zero potential and the exit to a positive one.

The stored sample usually contains several masses, often consisting of contaminations
or unwanted isotopes. Each mass has its own cyclotron orbit, as the cyclotron frequency
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FIGURE 2.1: Illustrations of an ICR cell, going through a typical measurement cycle for photodis-
sociation experiments in an FT-ICR cell. End caps are displayed in gray, excite plates in green and
detect plates in orange. A simple sketch of the axial potentials and the particle color schemes are

given in the legends on the right.
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is a function of mass (see Equation 2.4). The orbits for three different masses are depicted
in step (3). The red particles are those of interest, the blue ones are too heavy, and the
yellow ones are too light. The masses that are not of interest can be removed using a
stored waveform inverse Fourier transformation (SWIFT) pulse [136]. An electric, radio-
frequency (rf) field is applied between the two opposing excite plates, depicted in green
in Fig. 2.1, panel (3). By applying a V0 cos (ωt) between the two opposing excitation
plates, the rotating ions experience opposing −V0 cos(ωt) and +V0 cos(ωt) rf potentials.
If frequency ω equals ωc, this process pushes the ions out of their initial orbit, making them
move closer to the excite/detect plates without breaking up the ion packets. With prior
knowledge of the contaminant masses (blue and yellow ions), an inverse FT to selected
portions of the mass spectrum is applied, selectively exciting the unwanted masses into
orbits outside of the cell.

In the case of PAHs, impurities are often produced in the vaporization or ionization
process. The necessary excitation can cause fragmentation [88, 137–139], and high initial
densities can lead to clustering. Furthermore, PAHs naturally occur with a significant
amount of 13C isotopes, which could for instance obscure losses of [H] versus [2H]. The
removal of these isotopologs is thus of the utmost importance. After the SWIFT pulse,
only a pure sample of “red” ions is left behind, ready to be irradiated, as depicted in Fig.
2.1, panel (4). Photodissociation results in one or several charged fragments which will
have smaller orbits, here presented in black.

After irradiation, the sample is mass-analyzed. All orbits need to be increased such
that the ions pass close to the detect plates, inducing a measurable image current. This is
achieved by applying a broadband frequency-sweeping excitation, a chirp, on the excite
plates. This is depicted in Fig. 2.1, panel (5), where the red and black masses both follow
their own orbit close to the excite/detect plates. The decay of these orbits is measured
as an envelope of damped alternating currents, called a time transient (6), which can be
Fourier transformed to frequency space, after which it is converted to a mass spectrum
using Equation 2.3.

2.2 Infrared spectroscopy
Infrared lines such as the AIBs are a direct probe of the vibrations between atoms in a
molecule and many functional groups possess characteristic vibrational frequencies. For
example: C–H stretch modes are found at 3.3 µm [32], C–H out-of-plane bends for PAHs
with two or three peripheral hydrogens at 10.5–13.5 µm [43] and structure-sensitive skele-
tal vibrations beyond 20 µm [140]. These vibrations can be modeled as harmonic vibra-
tions of a spring, where the spring constant k depends on the binding energy. For the sake
of simplicity, we will first limit ourselves to a diatomic molecules with atomic masses m1
and m2. For this example, Hooke’s law can be used to give the potential V (x):

V (x) =
1
2

kx2. (2.5)
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With µ as the reduced mass of the system, and one mass-weighted displacement x for both
atoms, this classical, parabolic potential can be put into the Schrödinger equation (SE):

µ =
m1m2

m1 +m2
, (2.6)

x =
m1x1 +m2x2

m1 +m2
, (2.7)

EΨ(x) =
−h̄2

2µ
d2Ψ(x)

dx2 +
1
2

kx2Ψ(x). (2.8)

Solving for the energy and the wave function [141] then yields:

En = hν

(
n+

1
2

)
= h̄

√
k
µ

(
n+

1
2

)
, (2.9)

ν =
1

2π

√
k
µ

, (2.10)

where ν is the frequency of the oscillation and n = 0,1,2 . . . the vibrational quantum num-
ber. The parabolic potential, and the equidistant rungs of the vibrational ladder, are de-
picted in the left curve of Fig. 2.2. Here, it is clearly shown that E0 is not the bottom of
the curve, but is slightly raised above it, giving the molecule a zero-point energy. D0 and
De are different ways to define dissociation energies, De is defined from the bottom of the
well, while D0, the energy needed for dissociation, is defined from the zero-point energy
level. The dependence on µ is important when isotopes are considered. Not only can the
inclusion of an isotope shift vibrational frequencies, the dissociation energies will also be
affected.

In many cases, the harmonic model provides an adequate description of vibrational
motion. However, an ever-increasing restoring force as the distance between the atoms
becomes bigger is unphysical. A commonly used potential for a more accurate description
is the Morse potential, which is given on the right hand side in Fig. 2.2 [142]. The shape
of this well is described by:

V (x) = De

(
1− e−

√
k/2De(x−x0)

)2
, (2.11)

in which x0 is the equilibrium distance between the atoms, and De is the depth of the well.
The solution of the SE with this potential leads to the following formula for the energy
levels in the Morse model:

En = hν

(
n+

1
2

)(
1−χ

(
n+

1
2

))
, (2.12)
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FIGURE 2.2: Comparison of the harmonic potential and Morse potential, as a function of the in-
ternuclear distance R. The horizontal lines in both wells depict the vibrational energy levels, which
are equidistant in the harmonic well and become increasingly dense for higher energies in the Morse

well.

in which χ is the anharmonicity constant, accounting for the increasingly dense ladder
spacing. The derivation for a polyatomic molecule is more complicated, but yields anal-
ogous results. The following is a brief summary of the detailed derivation in Demtröder
[118], for which we first return to the harmonic approximation.

In a molecule consisting of N atoms, R = {Rl} with {l = 1, . . . ,N} denotes the nuclear
coordinates. Assuming a well-established geometry for the ground state, an equilibrium
coordinate R0 is defined. To find vibrational eigenstates, we have to solve for minima in the
potential. To this end, a second-order Taylor approximation for the vibrational potential is
made:

V (R) = V (R0)+
3N

∑
l=1

∂V
∂Rl

(Rl−R0)+
1
2

3N

∑
l=1

3N

∑
m=1

∂ 2V
∂RlRm

(Rl−R0)(Rm−R0). (2.13)

The first term is constant and does not need to be considered. For a stationary point
(∇V = 0), the second term reduces to zero. Furthermore, the coordinates can be defined
arbitrarily, which is why we can set R0 to zero, which leaves only the quadratic term:

V (2)(R) =
1
2

3N

∑
l=1

3N

∑
m=1

∂ 2V
∂Rl∂Rm

RlRm. (2.14)

This is where we introduce a 3N × 3N matrix K̂, which contains the vibrational force
constants klm. By simultaneously introducing mass-weighted normal coordinate vectors,
~Q, the differential equations are uncoupled, yielding:
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klm =
∂ 2V

∂Qi∂Q j
, (2.15)

V̂ = ~Q†K̂~Q, (2.16)

Ei = hνi

(
n+

1
2

)
. (2.17)

This closely reproduces the harmonic solution that was also found for diatomic mole-
cules, with a quantum number n describing the energy level. In the case of symmetric
molecules, some of the vibrations are degenerate, resulting in less than 3N−6 vibrational
frequencies. The frequencies ν = {νi}with {i = 1,2, . . . ,3N−6} are the eigenfrequencies
for a specific vibration i.

Although this harmonic approximation works well, the (3N− 6) dimensional poten-
tial for polyatomic molecules is anharmonic too. For anharmonic approximations, cou-
plings between different vibrational modes needs to be included, which leads to non-
equidistant energy levels. The deviation from the harmonic model also breaks the dipole
selection rules, allowing for IR excitation of overtones (n = 0,νi → n = 2,νi), or com-
bination modes, wherein two different vibrations are excited together with one photon
(n = 0,νi + n = 0,ν j)→ (n = 1,νi + n = 1,ν j). To accommodate the couplings between
different modes, anharmonic frequency calculations include the cubic and quartic terms of
the Taylor expansion [143]:

V̂ (3) =
1
6

3N

∑
l=1

3N

∑
m=1

3N

∑
n=1

∂ 3V
∂Rl∂Rm∂Rn

RlRmRn, (2.18)

V̂ (4) =
1
24

3N

∑
l=1

3N

∑
m=1

3N

∑
n=1

3N

∑
o=1

∂ 4V
∂Rl∂Rm∂Rn∂Ro

RlRmRnRo. (2.19)

For polyatomic molecules, we assume that the well shapes for the individual modes νi are
similar to those in Fig. 2.2. In a harmonic well, it would be possible to climb the ladder
with photons at a single frequency n= 0→ n= 1, and reach an ionization or fragmentation
level (n = 0→ n = 1→ n = 2 . . .). In the anharmonic well, this is no longer possible,
because the n = 1→ n = 2 transition has a different energy — which is generally lower —
than the n = 0→ n = 1 transition. This effect, commonly referred to as the anharmonicity
bottleneck [124], is illustrated in the right panel of Fig. 2.2 by the red, vertical arrows.

2.2.1 Infrared multiple photon dissociation
To circumvent the anharmonicity bottleneck, the IR spectra in this thesis are measured us-
ing infrared multiple photon dissociation (IRMPD) spectroscopy. Combined with a high-
power free-electron laser, it is possible to scan long ranges in short amounts of time, and
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FIGURE 2.3: Simple model for IVR after resonant IR excitation. The energy from the n = 0,νi→
n = 1,νi coordinate is funneled towards a superposition of several, anharmonically coupled states
n = 1,νx, which amount to the same energy. This leaves the initial vibrational ground state open

(n = 0,νi) for sequential absorption.

measure low-frequency modes of gas-phase, bare molecules down to 100 cm−1/100 µm.
Furthermore, photodissociation is not just a means to an end; instead, fragmentation also
provides valuable information in the quest for a better understanding of the processes oc-
curring in PAHs under the influence of harsh interstellar conditions.

Due to the anharmonic coupling between different normal modes, the energy deposited
in a particular vibrational coordinate νi can be transferred to another coordinate ν j within
nanoseconds, via intramolecular vibrational redistribution (IVR) [144–146]. In Fig. 2.3,
the IVR principle is displayed. Absorption of a resonant IR photon populates, for exam-
ple, the n = 1 level of a particular vibration νi. This level is embedded in a bath of ‘dark’
background levels ν j involving excitations of other, lower-energy, vibrational modes. An-
harmonic couplings between the ‘bright’ excited level of vibration and these ‘dark’ levels
result in the transfer of the population from the ‘bright’ to the ‘dark’ states. This opens
up the ground state of νi again, allowing the molecule to absorb an additional, resonant
infrared photon. This process can be repeated until the energy absorbed by the molecule
is such that the dissociation level – D0 – is reached (see Fig. 2.2), leading to the fragmen-
tation of the molecule.

Three prerequisites need to be met for IVR to be successful, otherwise the absorbed
IR photon will simply be re-emitted. Firstly, the density of ‘dark’ states needs to be large
enough. If there are not enough states at the same energy of the accepting mode, IVR will
limit the excitation rate. Second, the coupling between these states (i.e. the anharmonicity)
needs to be strong enough. Third and last, the laser used for this transition needs to ensure
that multiple absorptions can occur within a laser pulse. The best tool for this is the free-
electron laser, which will be introduced in Chapter 3.

Dissociation energies of C – H bonds in from fully aromatic PAHs are 4.5 eV, making
these molecules notoriously difficult to fragment. When the fluence of the (free-electron)
laser is not high enough to achieve fragmentation, an intense, non-resonant laser can be
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FIGURE 2.4: Illustration of IRMPD spectroscopy. A tuneable high-intensity IR laser is used to
irradiate ions to the point of dissociation. a) Mass spectra. Off resonance, only the parent ions
are present (black curve). On resonance, fragment ions appear (red curve). b) Illustration of an IR

spectrum obtained by measuring the normalized fragment yield as function of laser frequency.

used to help, such as a high-power CO2-laser [147, 148]. Shortly after resonant excita-
tion, the vibrationally hot molecule can be heated with a highly intense nonresonant laser
to reach the dissociation threshold. For successful use of this technique, the CO2 laser
intensity must be sufficiently low, so that it cannot fragment the ions without resonant
pre-excitation.

The appearance of charged fragments, detectable with MS, is a signature of resonant
IR absorption. This principle is laid out graphically in Fig. 2.4. The IRMPD spectrum can
be found by monitoring the total fragment mass count Nfrag, parent mass count Npar and
power P as a function of the frequency ν , and then applying the subsequent formulas to
find the normalized fragment yield Y (ν) [149]:

Y (ν) =
1

P(ν)
ln
(

Npar(ν)

Npar (ν)+Nfrag (ν)

)
, (2.20)

for Nfrag� Npar,

Y (ν) ∼ 1
P(ν)

Nfrag

Npar
. (2.21)

Recent work has shown that the relation between the laser fluence and the normalized
fragment yield is linear if saturation effects are avoided and fragmentation below the low-
est measurable mass is limited [150]. For experiments where the laser produces highly
intense light, and highly excited molecules can fragment into particles smaller than the
mass spectrometer’s lowest measurable mass, extra caution needs to be taken in directly
comparing experimental spectra to theoretical spectra or spectra obtained from interstellar
observations.
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FIGURE 2.5: A Jablonksi diagram, showing the D0, D1 and D2 states of a cationic PAH molecule,
and their vibrational manifolds. The open bullets show which state is occupied. The straight arrows
depict radiative energy transfer, whereas the wavy lines depict non-radiative transfer. On the right,
the vibrational states of D0 are depicted at excitation energies higher than the excitation energies of
higher-lying electronically excited states. Timescales for these processes are equal on the order of

ps and faster.

2.3 Ultraviolet photodissociation
IRMPD spectroscopy reveals different fragmentation channels along with the spectra, pro-
viding insights in the potential energy landscapes of the studied molecules. Like for IR
spectral comparison, caution needs to be taken when putting the results from IR frag-
mentation mass spectra of PAH into astronomical contexts, due to the inherently different
nature of interstellar UV photodissociation processes. We will briefly explain how these
processes are different.

In Fig. 2.5, a diagram is shown of the electronic states in a cationic PAH with a doublet
ground state. UV/Vis photons (blue and green) excite the molecule to a higher electronic
state (D1 or D2), and this energy can then be transferred to a highly excited vibrational state
in the electronic ground state D0, in a rapid internal conversion (IC) process (∼ 10−12 s)
[151]. The vibrational energy is redistributed through intramolecular vibrational redistri-
bution (IVR) at a similar timescale, and then released through IR radiation (∼ 1 s) from
various vibrational states, which we detect as the AIBs [7, 43].
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When the supplied energy is above the dissociation threshold the molecule undergoes IC
and IVR, and is then most likely to lose hydrogen atoms [7, 43]. Through UV excitation
and subsequent mass spectrometry in the laboratory, reaction mechanisms governing criti-
cal interstellar photodissociation processes can be studied [88, 137–139, 152]. In the case
of IRMPD, the internal energy is built up from the vibrational ground state. Although the
time scales are comparable, fragmentation channels with lower energies could be favored
due to the incremental rise in internal energy. Both of these methods are used for the de-
termination of the D/H ratio in aliphatic hydrogen groups in Chapter 4, as they provide
complementary information.

2.4 Computational methods
Quantum chemical predictions of PAH spectra have always been central to interpretations
of interstellar spectra. By using numerical methods to solve the SE, it is possible to find
accurate spectra for whole ensembles of molecules, which can be used to approximate the
contents of interstellar clouds based on their emission spectra. Furthermore, as much as
the development of theory leans on laboratory benchmarking, the laboratory experiments
in turn lean on computational chemistry to support, interpret, and guide experimental find-
ings. The most common quantum chemical method to predict the potential energy surface
and IR spectral properties of large molecules is Density Functional Theory (DFT). A brief
explanation of the general principles will be given here, for more detailed reading, the
reader is referred to [153]. All calculations performed for the work in this thesis have
either been done with the Gaussian09 [154] or Gaussian16 [155] software suite. Visual
inspection of the calculated modes and structures was performed using the Chemcraft pro-
gram [156] and the open-source software suites Avogadro [157] and Gabedit [158].

2.4.1 Fundamentals of density functional theory
The calculations presented in this work begin by finding the ground state geometry for
the molecule. This involves solving the SE using the Hamiltonian (Ĥ), which contains
the kinetic energies for the nuclei (Tn) and the electrons (Te), and the potential energies
coming from the Coulombic attraction between electrons and nuclei (Ven), the Coulombic
repulsion between the electrons (Vee), and the between nuclei (Vnn). For a molecule with N
atoms, R ={Rl , l = 1, . . . ,N} denotes the nuclear coordinates, and r = {ri, i = 1, . . . ,P}
denotes the electronic coordinates:
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Ĥ = T̂n + T̂e + V̂ne + V̂ee + V̂nn, (2.22)

= −
N

∑
l

h̄2

2ml
∇

2
l −

P

∑
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1
4πε0
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∑
l
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∑
i

e2Zl

|Rl− ri|
(2.23)

+
1

4πε0

P

∑
i=1

P

∑
j 6=1

e2

2|ri− r j|
+

1
4πε0

N

∑
l=1

N

∑
m 6=1

e2ZlZm

2|Rl−Rm|
.

The Born-Oppenheimer approximation is applied to this Hamiltonian, which means that
the heavy nuclei are seen as immobile compared to the much lighter electrons. For min-
imum energy calculations, this automatically discounts the Tn term, because we assume
|Rl−Rm| to be constant. The wave functions and operators are now be rewritten as:

ψ(R,r) = ψe(r;R)ψn(R), (2.24)
H(R,r) = He(r;R)+Hn(R), (2.25)

and thus,
He(R,r)ψe(R,r) = Eeψe(R,r), (2.26)

Hn(R)ψn(R) = Enψn(R). (2.27)

For any given configuration of the nuclei, the electronic SE can be solved, making it easier
to find a geometry with a minimum energy with a step-by-step strategy. In DFT, instead
of solving for all of the electrons, a key variable called the electron density n(~r) is defined
for a system with P electrons:

n(~r) = P
∫

d3~r2 . . .
∫

d3~rPψ
†(~r,~r2, . . . ,~rP)ψ(~r,~r2, . . . ,~rP).

For every operator contributing to the Hamiltonian, α (T̂e,V̂ne,V̂ee), and longer-range po-
tentials, an energy density εα [n(~r)] and corresponding energy Eα is defined, calculated
locally at a value assumed by the electron density at every point in space:

Eα [n] =
∫

n(~r)εα [n(~r)]d~r.

Eα [n] is a functional, i.e. a function of a function. The way the different components of the
Hamiltonian are approximated define how a DFT method performs for different molecular
systems, and which energies are calculated with greater accuracy. A basis set is chosen
to describe n(~r), treated in terms of distribution over different valence orbitals. Both the
functional and basis set will have a large influence on the trade-off between computational
accuracy and cost.

For PAHs, the B3LYP functional [159, 160] has been the workhorse for most calcu-
lations [99], and with great success. It performs well in spectral predictions, but other

28



2.4. Computational methods

functionals perform better for ground-state energy predictions. To that end we used the
Minnesota functional, M06-2X. This choice was motivated by the improved accuracy of
M06-2X in predicting barrier energies and relative energies of isomers with respect to
B3LYP [161].

Most often, these functionals are combined with the 6-311++(2d,p) basis set [162],
or a slight variation thereof. These basis sets account for the electron densities associ-
ated with covalent bonding, but not with influences of long-range, dispersive effects such
as Van der Waals bonding. The chosen functional should also be able to produce this
additional long-range potential if needed, as occurs for example in the case of noble gas-
tagged molecules. Such corrections are implemented using, amongst else, by Grimme’s
D3 correction scheme [163].

2.4.2 Harmonic frequency calculations
Once the geometry of the ground state is optimized, it is possible to study the vibrational
frequencies, calculating the force constant matrix (Eqn. 2.14) and diagonalizing it (Eqn.
2.16). The individual line positions are calculated in cm−1 with corresponding integrated
absorption cross sections in km·mol−1. The theoretical stick spectra are convolved with
a Gaussian line shape with an FWHM that simulates the spectral widths in the observed
spectrum. Due to anharmonic effects, the experimental spectrum could be redshifted with
respect to the theoretical predictions, which can be corrected for by implementing an artifi-
cial scaling factor on the predicted vibrational frequencies, ranging between approximately
0.940 – 0.983 ([131] and [164], respectively), chosen to match the calculated lines to the
measured spectrum.

2.4.3 Transition states
Vibrations as they were described before are local minima of V (R), and using this potential
energy surface (PES), it is also possible to find saddle points. These saddle points are the
transition states (TS) connecting PES minima, i.e., different conformers. The frequency
calculation or vibrational spectrum of a TS is characterized by having only one imaginary
frequency (negative force constant k), which indicates that the energy has a maximum in
only one direction (which is along the reaction path) [165]. The energy shows a minimum
in the other (orthogonal) directions. Figure 2.6 shows a 3D representation of such a poten-
tial energy surface, where the saddle point is denoted by the white dot in the middle, and
the two minima on either side represent both conformers, connected through the saddle
point.

To find a TS, it is most helpful to have an educated guess of the TS structure. If no
educated guess can be made, an alternative guess can be provided by stepwise changing
the bonds involved in forming the other conformer. At each of these steps, the geometry is
optimized and frequencies are calculated at a low-level basis set to reduce computational
costs. When the TS is found, the calculation is repeated at a higher level, preferably
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FIGURE 2.6: A potential energy landscape with two maxima, a saddle point – denoted by the white
dot, and minima on the either side of the y axis. Credit to Wikipedia user Nicoguaro, re-use under

Creative Commons Attribution 4.0. [166]

with a functional optimized for energy calculations, such as M06-2X. Finally, an intrinsic
reaction coordinate calculation is performed to make sure that this maximum is connected
to minima on either side, by moving through the minimum energy reaction pathway.

2.4.4 Anharmonic calculations
With the growing accuracy and sensitivity of the available laboratory methods, deviation
from the scaled harmonic spectra becomes more evident. By including the cubic and quar-
tic terms of the Taylor expansion for vibrational displacement (see Equation 2.18), it is
possible to compare the measured spectra to unscaled theoretical predictions, and explain
features that were not predicted in the harmonic predictions [143, 167–171]. As the anhar-
monic terms involve the treatment of three- and four-dimensional K-matrices (following
the method in equation 2.16), the computation of anharmonic spectra can become very
computationally expensive for an increasing number of atoms N. The functional and basis
set must be carefully considered to minimize the computational cost.
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Instrumentation

The following Chapter describes the operational principles of, and the developmental
steps taken for the instrumentation used in this thesis. First, the basic operation of a
Free Electron Laser (FEL) is described. In the subsequent section, a general schematic
and the most important features of the FELIX FT-ICR apparatus used for the work on
deuteronated PAHs in Chapter 4 are given. Also, the method that was developed to bring
the deuteronated PAHs in the gas-phase using electrospray ionization is explained in de-
tail. In the last section, the first detailed exposition on the full capabilities of the FELICE
FT-ICR apparatus is given. This setup was used for the work in Chapters 5, 6 and 7 to
study the radical cations of photoresistant aromatic species. Here, special attention will
be given to the development of the ion source, the radio-frequency guiding and trapping
systems, and the spectroscopic measurement using an intra-cavity FT-ICR.
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accelerator

gun

mirror

IR-beam, 
to experiments

e-beam

undulator
outcoupling mirror

FIGURE 3.1: Diagram showing the basic operation of the infrared free-electron laser FELIX. For
conventional operation, i.e. not intra-cavity, a fraction escapes through an outcoupling hole.

3.1 The free-electron lasers FELIX and FELICE
Free-electron laser (FELs) are lasers that are able to produce high-intensity, pulsed laser
light over long wavelength ranges that are difficult to access with table-top laser systems.
The basic operation of an FEL relies on free electrons producing coherent radiation, rather
than electrons bound in atoms, molecules or a crystal lattice. The underlying electromag-
netic principle is that an accelerated charged particle emits radiation that becomes more
longitudinally directed and higher in energy as they reach relativistic speeds. For a more
detailed, mathematical description, the reader is referred to Oepts et al. [125] and Mc-
Neil & Thompson [172]. The experiments presented in this thesis were performed at the
Free-Electron Laser for Infrared eXperiments (FELIX) Laboratory in Nijmegen [125].

The operating principles of FELIX are illustrated in Fig. 3.1, which shows the most
relevant components. Pulses of electrons are produced in an electron gun, which are ac-
celerated and compressed in a pre-buncher and a buncher, yielding bunches at a 3 GHz
repetition rate. Every third bunch is accelerated in one or two radio-frequency (rf) linear
accelerators, which produce 5 or 10 Hz macropulses of 4–10 µs duration.

The accelerated electrons are then deflected into an undulator, consisting of two rows
of magnets, between which the electrons oscillate and emit radiation. The emitted light is
amplified if the wavefront moves ahead of the electrons with an integer number of wave-
lengths for each oscillation of the electrons in the undulator with length λu. By injecting
the electrons with a slight phase shift with respect to the light, the gain and loss of kinetic
energy of the electrons to the photon field is tipped towards loss, such that the electrons
bunch increasingly and emit light in coherent pulses. This process is reminiscent of stim-
ulated emission in conventional lasers, as the light is amplified through an exponential
feedback loop. The final pulse structure is divided into macro- and micropulses, as shown
in Fig. 3.2.

The wavelength of the produced light (λ ) depends on three variables: the electron
beam energy E, the magnetic field strength of the undulator magnets Bu, and the undulator

32



3.1. The free-electron lasers FELIX and FELICE
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FIGURE 3.2: The duration and repetition rates of the macropulse and micropulse

length λu, as is summarized in the following formula

λ =
λu

2γ2

(
1+K2) , (3.1)

wherein K is a dimensionless parameter which depends on the magnetic field strength of
the undulator magnets Bu and me is the electron mass

K =
eBuλu

2πmec
, (3.2)

and γ represents the relativistic Lorentz factor

γ = 1/
√

1− v2/c2, (3.3)

with v as the longitudinal electron velocity. For an infrared FEL it is possible to put the
undulator in a cavity formed by mirrors, allowing the light to stimulate electron bunching,
which increases the coherent photon field in a manner very much similar to a conventional
laser.

For the experiments presented in this thesis, two different undulators at FELIX are
used. FELIX-1 produces light from 30–150 µm after one accelerator stage and FELIX-2
produces light from 3–45 µm after a second acceleration stage. The light is coupled out
through a hole at the end of the cavity mirror and directed to the correct user station using
a system of gold-plated mirrors inside a vacuum-pumped beamline. One such user station,
the FELIX FT-ICR, was used to the work in Chapter 4, and this apparatus is described in
the following section.

Electrons can also be directed into the undulator of FELICE, the Free-Electron Laser
for Intra-Cavity Experiments. Instead of the light being directed through an outcoupling
mirror towards one of many user stations, the light remains in the cavity and can be guided
into either the molecular beam apparatus (see Bakker et al. [173]) or the FT-ICR apparatus,
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FIGURE 3.3: Technical drawing of the upper cavity section of the FELICE FT-ICR, showing the
laser beam path and movable magnet on rails.

TABLE 3.1: Spectral characteristics of FELIX and FELICE

FELIX FELICE
Spectral range [cm−1] 3600-66 2000-100
Micropulse energy [µJ] ≤40 ≤1000
Macropulse energy [mJ] ≤200 ≤5000
Spectral bandwidth FWHM [cm−1] 0.4-5 0.5-3

which is used for the work in Chapters 5, 6, and 7, and is treated in full detail in the last
section of this Chapter.

The spectral characteristics of FELIX and FELICE are given in Table 3.1. The intra-
cavity configuration leads to reduced spectral and bandwidth ranges, although large gains
are made in terms of pulse energy. The high pulse energy of FELICE opens up the oppor-
tunity to perform IRMPD experiments on astronomically sized, photoresistant PAHs, and
to detect low-frequency bands down to the far-infrared (FIR).

Figure 3.3 shows a cross section of the upper part of the FELICE FT-ICR cavity. Light
enters bottom left and is guided into the upper section of the FELICE cavity, where it
passes through the four mass spectrometer cells of the FT-ICR and finally meets the cavity
end mirror on the right. A 0.5 mm radius hole allows for a fraction of the light to be
coupled out of the cavity for wavelength calibration and power measurement. Gas-phase
samples are introduced into the cavity at low densities, so that they neither block the light,
nor impede laser function.
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3.2. The FELIX FT-ICR mass spectrometer

FIGURE 3.4: Schematic of the original FELIX FT-ICR mass spectrometer, that was decommissioned
in 2020. Figure adapted from [174].

3.2 The FELIX FT-ICR mass spectrometer
The instrument used for the work in Chapter 4 is the FELIX FT-ICR mass spectrometer,
for which a schematic is shown in Fig. 3.4. It is a home-built instrument, consisting of
an electrospray source (ESI; Micromass, Z-Spray) and a 4.7 T, actively shielded magnet
(Cryomagnetics). The electrospray ionization (ESI) source allows, among others, for the
production of gas-phase, protonated molecules. Once in the gas phase, the ions are ac-
cumulated in an rf linear hexapole trap. After accumulation, the ions are extracted, bent
90° into a 1 m long octopole ion guide, and transferred into the ICR trap. Via the optical
access port used for FELIX, IR light is coupled in through a multipass arrangement, made
possible by the ICR cell’s reflective, polished copper interior, as indicated in the insert in
the Figure. There is also direct optical access (as opposed to the multi-pass trajectory)
which in this thesis has been used to irradiate the ions with UV light (266 nm, fourth
harmonic, Nd:YAG at 10 Hz) or intense IR radiation from a 30 W, continuous CO2 laser.

3.2.1 Electrospray ionization
An ESI source was used to produce the protonated species studied in this work. A schema-
tic of this ESI is given in Fig. 3.5 and the basic working principle and developments to
produce gas-phase protonated species is presented here.

A solution, containing an acid (supplying the H+) and an analyte, is pumped through a
capillary at a high electrical bias with N2 gas flowing out along the tip. The N2 nebulizing
gas helps to form the spray that emerges from the tip. The high positive potential —
2–4 kV in our case — draws the electrons out of the solvent mixture, creating excess
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FIGURE 3.5: Schematic of the first stage in the FELIX FT-ICR Z-Spray electrospray source, in
positive ion mode. Solvent flowing out of the capillary is shaped into a Taylor cone under the
influence of a nebulizing gas, exploding into small, positively charged droplets (blue). Solvent
evaporates due to the drying gas, and the remaining ions (red) are guided into the entrance cone.

Leftover solvent droplets and neutral particles collide with the cathode opposite the capillary.

positive charge. At the capillary tip, this charge comes to the liquid’s surface and spreads
out, forming a Taylor cone as shown in Fig. 3.5. A jet emerges from the tip of the cone,
creating droplets that disperse due to the excess positive charge that is still contained in the
liquid. At this stage, the jet is exposed to a continuous flow of N2 drying gas present in the
chamber, typically at a temperature of 100 °C, with the aim to evaporate the solvent from
these droplets. As they become smaller, the surface tension rises and the repulsion due to
the positive charge rises as well. This finally leads to a Coulomb explosion, resulting in
the formation of protonated molecules. The cations are guided towards the entrance cone
of the next vacuum chamber, both by a mild negative voltage on and a pressure gradient
behind the entrance cone. Neutral particles and heavier droplets continue to travel straight
on and will meet the needle’s counter-electrode, which is set to ground.

The protonation of the sample molecule is achieved by selecting a donor molecule M (a
protonating agent) which is more acidic than the sample molecule. However, the interplay
between solvent, solute, and protonating agent in the source is not as straightforward as
may seem [175]. Commonly in chemistry, acidity is defined as the ability to donate H+

in solution in water. Strong acids donate all of their protons to water, whereas weak acids
exist in a chemical balance with their conjugated bases, the water, and dissolved H+. For
ESI, the most relevant reactions take place in the gas phase. Since the solvent is sprayed
out of a metal needle with an offset of approximately + 2–4 kV, the anionic conjugated
bases will be oxidized, i.e. neutralized, at the metal needle surface. The remaining acids
will carry the positive charge on to the gas phase. As a consequence, not aqueous acidity,
but gas-phase basicity is the relevant molecular property [176], which is the negative of
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TABLE 3.2: Gas-phase basicities, for donors and analytes relevant to
this work [177].

species basicity (kJ/mol)
water 660

trifluoroacetic acid 680
methanol 724

acetic acid 752
phenanthrene 795

ammonia 819
anthracene 846

the Gibbs free energy change associated with the following reaction:

M(g)+H+ −−→MH+(g).

Table 3.2 lists the basicities for donors and analytes relevant to the following discussion.
Acetic acid, a proton donor commonly used in ESI for the protonation of biomolecules
in aqueous solution, has a basicity lower than that of anthracene, phenanthrene, and most
other PAHs, and should in principle work as a proton donor. However, PAHs do not dis-
solve in water and must be solvated in methanol, which has a basicity similar to that of
acetic acid, resulting in an environment with few free protons. In contrast, ammonium
acetate is an efficient proton donor for linear PAHs (such as anthracene) [126]. In solu-
tion, ammonium acetate decomposes in acetate (CH3COO– ) and NH4

+. Acetate will be
neutralized on the ESI needle and NH4

+ becomes the donor, with ammonia as its conju-
gated base. This ionization method does not work for non-linear PAHs (such as phenan-
threne), which have lower basicities than ammonia. To ionize phenanthrene, we used tri-
fluoroacetic acid (TFA), a strong acid, which, unlike ammonium acetate or acetic acid, do-
nates all of its protons to the solvent. The remaining protonated methanol (CH3OH – H+),
or traces of H3O+, will donate their protons to the PAHs in the gas phase. In the case
of deuteronation (D+) instead of protonation (H+), deuterated donors and solvent must be
used. It is thus necessary to use sealed vials of perdeuterated TFA (D-TFA) and deuterated
methanol (MeOD) and prepare each new solution shortly before measurement. Both com-
pounds are hygroscopic, i.e. they absorb water from ambient air, which leads to strong 1H
contamination. Working within an Ar atmosphere is also an effective counter-measure.

3.3 The FELICE FT-ICR mass spectrometer
The experimental work in Chapters 5, 6, and 7 was performed on the FELICE FT-ICR
mass spectrometer, for which a detailed schematic is given in Fig. 3.6. The FELICE
cavity extends over two floors, of which the bottom floor contains the FEL undulator and
accelerator, and the upper floor the FELICE FT-ICR mass spectrometer — consisting of
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FIGURE 3.6: Schematic drawing of the FELICE FT-ICR mass spectrometer. See text for a detailed
description.
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a 7 T magnet and four individual trapping– and detection cells. Coupled to the FT-ICR
MS are an electron impact source, an intermediate ion trap for ion collection and an ion
transfer system between the source, ion trap and FT-ICR MS. In the following, the three
stages of the machine with differing (software) control and function are described. The
effusive sublimation source and electron impact (EI) ionizer are controlled manually, and
are used to produce the desired ions. The section from the Source Quadrupole Deflec-
tor (SQD) down to the asymmetric Intra-cavity Quadrupole Deflector (IQD) assembly is
mostly controlled by the Tempus software (Ardara Tech). Finally, the intra-cavity section
where the IRMPD spectroscopy takes place, consisting of an intra-cavity ion guide and
FT-ICR mass spectrometer, is controlled by the custom AWG3 software [178] developed
at AMOLF, as is the bunching quadrupole outside of the cavity.

3.3.1 Evaporation and Electron Impact ion source
The compounds studied for this work were either liquid or solid, and thus needed to be
evaporated or sublimated. Liquid samples are evaporated from a glass vial behind a leak
valve (not shown). Solid PAH samples are sublimated from a graphite cylinder with a 1
mm diameter aperture through which the molecules can effuse, see Fig. 3.7. The graphite
sample holder is placed inside a molybdenum resistive heater (HeatWave Labs, Model
101144-02) capable of heating up to 1000 °C. For this work, sublimation temperatures
range from 40–130 °C, requiring currents of 4.2–7.4 A. Heating to 130 °C takes 1.5 hrs, so
to prevent unnecessary pollution of the interior of the apparatus in the meantime, a shutter
is placed behind the opening of the graphite container. The temperature of the sample
holder is monitored using a K-type thermocouple. To allow for fast sample changes (30
mins), a gate valve is installed between the evaporation chamber and the main body of the
FELICE FT-ICR apparatus.

In the gas phase, the molecules are ionized by an EI ionizer (Ardara Tech). The ionizer
consists of four parts: a cathode, an anode, a mesh that defines the potential at which
the ions are formed, and an extraction plate that accelerates the ions towards the ion-
transfer system. A 0.127 mm-thin, tungsten wire is spot-welded onto four posts that are
ceramically glued onto the anode plate, while two of the posts are longer than the others
and stick into small holes in the cathode plate to make an electric connection. The filament
is typically set to 5.5 A/8.5 V. The cathode is biased at +30 V and the ion energy mesh
is set to −20 V, leading to 50 eV electrons ionizing the molecules. Other typical settings
involve an additional 30 V of electron energy that is applied to the cathode and an ion-
energy mesh that is set to –20 V. The extraction plate, set to –400 V, extracts the ions out
of the source, into the SQD.

3.3.2 Ion trapping and transport
The next stage of the setup is used to assess and optimize the ion production, to analyze and
optimize the ion beam for the desired mass, and finally, to pre-store and create a pulsed ion
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FIGURE 3.7: Schematic of the sublimation and electron impact ionization source.

beam for the FT-ICR. For the ion production and pre-storage optimization, diagnostics are
included in this stage. Later fine-tuning happens in the FT-ICR. The ion optics that need
to be optimized are composed of various quadrupoles (explained below), einzel lenses for
beam-diameter control, and more (e.g. entrance/exit) plates for electric field manipulation.

The Quadrupole Mass Spectrometer (QMS, Ardara Tech) is a linear quadrupole made
of cylindrical rods, which can be used in both a scanning and an ion-guiding mode [179].
It is powered by an Ardara Quadrupole power supply, capable of resonating from 100 kHz
to 4 MHz. The mass range that can be covered extends between m/z = 30−3000 amu. In
scanning mode, the QMS allows one to analyze the produced masses and adjust production
parameters, such as the filament current and electron energy in order to produce high ion
yields with as few unwanted masses as possible. The subsequent ion-optics are optimized
for continuous ion beam transport, and the mass-selected ions fly in a straight trajectory,
towards the ion beam diagnostics in the back of the apparatus (see Fig. 3.6), allowing the
measurement of a low-resolution, diagnostic mass spectrum. Figure 3.8 shows an example
of such a mass spectrum, in this case for perylene. Other than the parent mass at m/z= 252
amu, five fragments are shown, which were formed in the EI process. Once parameters are
found that give the highest parent-to-fragment ratio and the best transport of the parent, the
QMS is set to the ion-guiding mode, and the optimized effusive ion beam is led into the
RIT. A smaller spread in masses allows for more narrowly defined, and better optimized
trapping parameters in the Rectilinear Ion Trap (RIT, Ardara Tech).

When operating the QMS in scanning mode, no collision gas is used and the peak-to-
peak voltage (Vpp) of the RIT is set to∼500 V to guide a wide range of masses through the
trap, with the pole biases set to 0 V. The RIT is a three-part-sectioned, linear quadrupole
ion trap with rectangular rods [180] as shown in Fig. 3.6. This rod shape creates a large
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FIGURE 3.8: Mass spectrum of EI ionized perylene, measured with the QMS in scanning mode and
the ion optics optimized for continuous ion transport..
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FIGURE 3.9: Linear fit and extrapolation for a range of masses measured in the FELICE FT-ICR
and their optimal Vpp in the RIT.
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FIGURE 3.10: Technical drawing of the detector setup used to measure the ion current in line with
the QMS and RIT. The signal cable is connected to the current-to-voltage amplifier on the outside of

the setup through a BNC connector.

effective trapping volume for a geometrically small volume compared to other trap geome-
tries. When the QMS is in guiding mode and the RIT in trapping mode, it is filled with
an Ar collision gas at a pressure of ∼ 10−2mbar to thermalize the ions. The RIT Vpp is
changed to an optimal voltage for the desired m/z. A linear fit of the ideal Vpp at differ-
ent m/z is depicted in Fig. 3.9, showing that the Ardara RF Power Supply will likely be
able to function for masses up to 600 amu. The biases on the three segments can be con-
trolled individually — typically from upstream to downstream (see Fig. 3.6 for reference)
in the order of 22–18–14 V (±3 V) — allowing for a potential drop which results in the
accumulation of ions in the last segment. The entrance electrode of the RIT remains at a
constant value of +30 V, which lowers the ion beam energy to allow for effective trapping.
It constitutes an energy barrier for the collisionally cooled ions, effectively trapping them.
The exit electrode is switched from +50 V during loading and trapping, to −50 to −200
V at extraction. The ions are accumulated for∼ 0.05 s, and then pulsed out to be deflected
and guided into the FT-ICR. To aid in the rapid extraction of the accumulated ions, four
wires are placed between the poles, from the inside diameter to the outside. The distance
from the trap axis increases towards the extraction end, forming a field gradient. They are
switched from roughly +12 V to +60 V. The effect of the wires is strong: they compress
the ion pulse length from ∼ 10 ms to ∼ 400 µs [180, 181].

Along the axis of the RIT and behind the IQD, a Faraday plate and an electron mul-
tiplier tube are installed, indicated as “ion beam diagnostics” in Fig. 3.6, and shown in
more detail in Fig. 3.10. For an initial verification that ions have been transported along
the correct trajectory, the Faraday plate can be used on its own. To measure the ion sig-
nal with the QMS in scanning mode, optimize and characterize the ion pulse created by
the RIT, the ions can also be detected using a multiplier detector aided by a dynode. The
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FIGURE 3.11: Sketch of the asymmetric Intra-cavity Quadrupole Deflector, including the einzel
lens before the entrance and the quartered exit plate.

multiplier tube is powered by a Detector Power Supply (Ardara Tech), which has a mul-
tiplier output ranging from 0 to −3 kV and a dynode output ranging from −5 kV to +5
kV. Typical values for the multiplier bias and dynode are −0.7 to −1 kV and 3 to 5 kV
respectively. The resulting signal is then passed through a DC-coupled current-to-voltage
amplifier (Advanced Research Instruments, PMT 5-V3), with a range from 10 pA to 1 µA.

After being extracted from the RIT, the ion package is focused through a vacuum
gate valve by an einzel lens, into the asymmetric, custom-built IQD (Ardara Tech). Free
passage of the FELICE’s Gaussian-shaped laser beam necessitates large dimensions and an
asymmetric shape, as shown in Fig. 3.11. This asymmetric design affects the ion deflection
trajectory, and as such, it is required that each pole of the IQD can be separately biased
[182]. Typical IQD voltage values are given in Fig. 3.11. The ions are primarily guided
by the inner, bottom left electrode, which is usually set to a potential of approximately
−100± 20 V. The other electrodes are then used to minimize the electric potential along
the center of the entrance and exit, such that the ions enter the optical cavity on axis as
much as possible. The exit deflection plates (downstream from the IQD) consist of two
horizontal and two vertical deflection plates to correct for any off-axis incidence.

The ions are further transported to the FT-ICR cells through of a 1 m long, 4 cm
diameter, in-house built quadrupole ion guide (see Fig. 3.12). This intra-cavity quadrupole
guide (IQG) directly precedes the four FT-ICR storage cells as indicated in the Figure. Its
poles are typically set to a bias voltage of –12 V to lower the energy of the ions and
increase trapping efficiency in the measurement cells. The superconducting, 7 T magnet
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FIGURE 3.12: Technical drawing of the four storage cells (C1–4) and the intra-cavity quadrupole
guide (IQG). The ions move from right to left and are stored in one of the storage cells (C#) by

connecting its electrodes and moving the 7 T magnet to center the selected cell.

is movable so that its center of homogeneous field can be positioned to coincide with the
desired ICR cell. This mechanism is best displayed in Fig. 3.3, showing the rails. The field
strength decreases towards the sides of the magnet, but extends beyond its dimensions.
Axial confinement of the ions is thus also influenced by the magnetic field lines. Moreover,
the magnetic field significantly affects the ion optics close to the magnet. The closer the
magnet is to the IQD, the stronger the magnetic field fixes the ion-beam incidence [182],
which is most noticeable in the position for cell 1.

Ion optics elements such as einzel lenses, end caps, or quadrupole bender elements,
of which most are not shown in Fig. 3.6, are controlled by five different, eight-channel,
remote-controlled Ion Optics power supplies from Ardara. Ardara’s Tempus software al-
lows to control ion optics voltages and save these settings, so that the different optimal
parameters for specific species can be accessed easily. A screen shot of the software is
given in Fig. 3.13, showing the list of different channels that can be accessed through
the Tempus interface. The Tempus software suite also includes an interface to control the
QMS in its scanning mode (not shown), and save these mass spectra. The pulsed ion optics
action (i.e. switching the RIT exit and wires) is enabled by the Pulsed DC Optics Power
Supply (Ardara Tech), with three channels that allow pulsing between two fixed settings
in the –200 to +200 V range with a rise time of less than a microsecond. The temporal
control of these pulses is governed by another software suite, which is covered in the next
subsection.

Mass spectrometry in the four-celled FT-ICR

The triggering and excitation for a typical measurement cycle is shown in Fig. 3.14. Tem-
poral control and data acquisition is managed via the AWG3 software that was developed
in-house [178]. The interested reader is referred to the PhD thesis of Grzetic [183] for a
more detailed explanation.

The procedure starts by selecting the appropriate cell for the experiment, depending
on the laser fluence requirements. The entrance, exit, excitation and detection plates of
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FIGURE 3.13: Screen shot of the Ardara Tempus software showing the tune file interface, which
allows for facile exploration of the available parameter space. A typical setting used for the transport

of PAH ion pulses is shown, in this case for dibenzo[a,l]pyrene.

45



Chapter 3. Instrumentation

0.0 s 0.1 s 0.2 s 0.3 s

FELICE gun enable
5 V
0 V

ICR detection

ICR excitation
5 V
0 V

IQD blanking
5 V
0 V

IQD bias 5 V
0 V

RIT wires 5 V
0 V

RIT exit 5 V
0 V

ICR exit 

10 V

0 V
-10 V

ICR entrance

10 V

0 V

-10 V

FIGURE 3.14: The triggering scheme for a single macropulse exposure sequence, mimicking the
lay-out of the AWG3 software. Note that the 0−5 V values below the ICR exit are logic signals, the
colors for the excite and detect coincide with those used for Fig. 2.1, and that the ICR detection is

not controlled.
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the desired ICR cell are connected to the correct cables manually, while those unused cells
grounded.

A measurement cycle begins with emptying the ICR cell, by switching the entrance of
the used ICR cell to +10 V and the exit to −10 V. The RIT is then loaded by switching its
exit to +50 V. After loading and trapping the ions for approximately 0.05 s, an ion pulse
is expelled by switching the RIT wires briefly while opening the RIT exit (−50 V) at the
same time. The ion pulse is then guided to the ICR cell by the IQG, for which the bias is
switched on. The ICR entrance voltage is switched to ground to allow entrance of the ion
pulse, and then switched back to +10 V to trap the ions. This timing is a crucial variable,
as it depends on the arrival time of the ion package at the cell. This means that both the
cell that is in use and the mass of the ion (and thus its velocity) need to be considered.
Once the ions are trapped, the IQG bias is turned off, and the rf on the IQG is switched off
(blanking) to prevent rf signal pick-up by the FT-ICR detection plates. The trapped ions
are mass-isolated using one or more SWIFT pulses (see Fig. 2.1) to eliminate unwanted
masses. The excitation pulses are generated with a 16-bits arbitrary waveform generator
(NI, PXI-5421) and amplified with a 5 MHz, wide-band DC amplifier (Toellner, 7607).
The selected mass can then be exposed to one or more FELICE pulses. In this Figure,
the sequence is set so that the trapped ion cloud is exposed to a single macropulse. After
FELICE irradiation, the resulting fragment ions are excited with a chirp pulse, and the
signal is detected. The detected wave forms are amplified by a low-noise differential pre-
amplifier (HMS elektronik, model 568, 40 dB), and passed through a home-built highpass
filter. The resulting signal is sampled by a 1 kS/s to 64 MS/s digitizer (NI, PXI-5620). The
AWG3 software then requests a change in FELICE wavelength for a new measurement
cycle. Transient curves and mass spectra can be visualized, and are used to tailor the
SWIFT pulses. To measure IRMPD spectra, the mass spectrum is saved for each FELICE
wavelength after each sequence using a custom, Python-based FT-ICR MS scan processor.
Pre-set mass gates can be filled in so that fragmentation yields can be traced on-line. The
resolution of this FT-ICR is m/∆m=105 for masses up to 1000 amu, creating distinct, well-
resolved features for species that are less than 1 amu apart in the 30–1000 amu mass range.
Mass gates can thus be chosen to follow the loss of single H atoms, an important asset for
the measurement of PAH IRMPD spectra.

To measure the power inside the cavity and calibrate the wavelength, a small fraction
of the FELICE light is coupled out through a 0.5 mm radius hole at the center of the con-
cave cavity end mirror, and directed through a diamond window, which is placed under a
Brewster’s angle, allowing 100% transmission. This is best visible in Fig. 3.3, where the
thin red line on the right of the Figure represents the outcoupled fraction of light. A 10 cm
long tube which is flushed with N2 gas is mounted behind the output window (not shown),
behind which a Coherent EPM1000 power meter and a grating spectrometer (Princeton
Instruments SpectraPro) are positioned. In the far-infrared, the outcoupled light is readily
absorbed by atmospheric CO2 and H2O, but it can travel uninhibited through the N2 flush-
ing gas.
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The measured light then needs to be corrected for the changing FELICE beam waist at dif-
ferent wavelengths, which will change the fraction of the outcoupled light. The derivation
for this fraction, and the changing waist at the different cells is given below. FELICE light
is approximated as a Gaussian beam, which means that we can describe its transverse elec-
tromagnetic amplitude as a Gaussian function of the radial distance r and axial distance
from the focus z [184]:

E(r,z) = E0 exp
(
− r2

w(z)2

)
, (3.4)

I(r,z) = I0 exp
(
− 2r2

w(z)2

)
. (3.5)

This intensity has no definite cutoff, and spreads out into infinity, so the Gaussian waist
w(z) is defined as the radius where the field amplitude has decreased to 1/e of the axial
amplitude. It is smallest at the focus, w0, and grows with the square root of the wavelength.
The only constant is the distance in the propagation direction for which the cross section of
the beam is doubled, which is called the Rayleigh length, zR. This leads to the following:

zR =
πw2

0
λ

, (3.6)

w(z,λ ) = w0

√
1+(z/zR)

2, (3.7)

=

√
zRλ

π

√
1+(z/zR)

2. (3.8)

There are four cells in the magnet, as shown in Figs. 3.6 and 3.12. Cell 1 coincides with
the focus of the FELICE laser beam. The cells are spaced 10 cm apart in a cavity with
a 8.2 cm zR, which means that the waist of the laser is more than doubled and the laser
fluence decreased by more than 50% for each cell. In the wavelength range from 100–1800
cm−1, the waist evolves from 0.4–1.6 mm in cell 1, to 1.4–6.0 mm in cell 4. For this 7 T
magnet, the ideal particle orbit is only 0.03 mm in radius for a 100 amu species, 0.05 mm
for 200 amu, and 0.1 mm for 1000 amu. This means that all masses up to 1000 amu can
fit within the laser focus, provided that the ion optics alignment was done correctly and no
magnetron motion is present.

Using these formulas and Gaussian standard integrals, we can integrate the intensity
I(r) up to a certain R, the radius of the outcoupling hole. By dividing this value over the
total integrated intensity (r→ ∞), the wavelength-dependent outcoupling fraction, f can
be determined.
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P(R) =
∫ R

0
rI(r)dr = I0

∫ R

0
re−2r2/w2

0dr, (3.9)

= I0

∫ R

0
re−2r2/w2

0dr, (3.10)

= 1/4 w2
0

(
1− e−2R2/w2

0

)
, (3.11)

f (z,λ ) =
PR,z

P∞

=
1/4 w2

0

(
1− e−2R2/w2

)
1/4 w2

0
, (3.12)

= 1− e−2R2/w(z)2
. (3.13)

This factor f varies from 0.02 at 1800 cm−1 to as low as 0.001 at 100 cm−1. The relevant
FELICE parameter to monitor for the performance of the laser, is the macropulse energy
Emac:

Emac = Emeas/ f . (3.14)

where Emeas is the measured macropulse energy outside the cavity and f the correction
factor calculated with formula 3.13. An example of how the power curve changes when
the outcoupling factor is taken into consideration, is shown in Fig. 3.15. The top left panel
shows the measured, outcoupled power, and the bottom left curve shows it as it is in the
cavity. The shape of the curve changes drastically for lower wavenumbers as the fraction
of outcoupled light decreases. In the right column, the fluences for the four cells are shown
in J·cm−2. Cell 4 provides roughly 10% of the fluence available in cell 1, showing just how
effective this attenuation can be.
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FIGURE 3.15: Outcoupled power (top, left), macropulse power (bottom, left), and fluence per cell
(right).
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Chapter 4

Photolysis-induced scrambling of PAHs as a
mechanism for deuterium storage

In this Chapter, the role of chemical reactions of Polycyclic Aromatic Hydrocarbons (PAHs)
in causing the observed variations in the cosmic deuterium abundance is explored. All deu-
terium in our Universe was formed during the Big Bang nucleosynthesis era, and was uni-
formly distributed. However, stellar consumption of deuterium alone cannot account for
all the deuterium that is missing from this otherwise uniform background. One hypothesis
is that this deuterium is stored in large PAHs. Astronomical models supported by Density
Functional Theory (DFT) calculations provide estimates of the interstellar abundances of
deuterium-containing PAHs, but experimental research is needed to validate these models.
By studying the photo-induced elimination of H and D from D-containing PAH molecules,
we aim to investigate photochemical processes underlying deuteration in the interstellar
medium (ISM). Based on the analysis of the infrared multiple dissociation (IRMPD) spec-
tra and UV dissociation mass spectra of isotopologs of deuterium-enriched, protonated
anthracene and phenanthrene ions (both C14H10 isomers) — we propose a scrambling
mechanism for hydrogen and deuterium atoms on the rim of these PAH molecules. In
protonated molecules — containing both aliphatic and aromatic sites — this will lead to
a relative increase in strongly-bound, aromatic deuterium atoms. Considering that this
scrambling mechanism is triggered by photonic excitation, we think that it could lead to
increased deuterium enrichment as PAHs move into more exposed regions of the ISM. We
believe that two different IR emission band ratios in astronomical observations could be
studied to test our hypothesis.1

1This Chapter is adapted from Wiersma, S. D., Candian, A., Bakker, J. M., Martens, J., Berden, G., Oomens,
J., Petrignani, A. (2020). Photolysis-induced scrambling of PAHs as a mechanism for deuterium storage. As-
tronomy & Astrophysics, 635, A9. https://doi.org/10.1051/0004-6361/201936982
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4.1 Introduction
Nearly all deuterium in our Universe was formed during the nucleosynthesis era after the
Big Bang [185]. Since then, it has mostly been depleted through stellar nucleosynthe-
sis leading to variations in its interstellar abundance [186, 187]. The dispersion in deu-
terium abundance shows strong ties to the so-called metallicity of the environment, that
is, the abundance of elements other than H and He. However, not all of the dispersion
can be attributed to nucleosynthesis. The missing deuterium is likely chemically stored in
molecules and grains, making the local interstellar deuterium abundance a direct tracer of
chemical activity [17–19].

A family of molecules in which the missing interstellar deuterium could be stored
is that of the polycyclic aromatic hydrocarbons (PAHs) [17, 94–98, 188]. It has been
estimated that about 85% of the carbon in dust is aromatic [189], and that PAHs bear about
5 to 10 % of all cosmic carbon [15]. Their large heat capacity and stable aromatic nature
allow them to withstand harsh radiative conditions, and survive by re-emitting the absorbed
radiation in well-defined IR spectral regions widely known as the aromatic infrared bands
(AIBs). The AIBs are commonly associated with aromatic C – C and C – H vibrations,
and are observed throughout the interstellar medium (ISM) in the 3–18 µm spectral range
[15, 32, 47]. Bands in this range are observed in different types of interstellar sources,
showing PAHs to be present under different conditions [15, 190]. Although the AIBs show
that aromatic species exist in space, no individual PAH has been identified to date. The
only aromatic molecules that have been firmly identified are the possible PAH precursors
benzene [191, 192] and benzonitrile [193], and the fullerenes C60 and C70 [29, 30, 194–
196]; the latter two could be formed by the radiative processing of larger PAHs [197].
The ubiquitous presence of interstellar PAHs is further supported by the identification of
several PAHs in the Murchison and Allende carbonaceous chondrites. 13C/12C isotopic
studies confirm the interstellar origin of the PAHs on these chondrites [22, 198].

The presence of deuterated PAH species in the ISM is revealed through the observation
of C – D vibrational bands — the aromatic C – D stretch at 4.40 µm and the antisymmet-
ric/symmetric aliphatic C – D stretch at 4.63/4.75 µm, respectively [94, 96, 97]. These
bands are detected in regions where the elemental D abundance is typically lower than ex-
pected [17, 18, 95, 188] which suggests that PAHs could be acting as a sink for deuterium.
However, there is insufficient data on both the observational and experimental side for a
reliable analysis of the amount of deuterium contained in gas-phase PAHs. Large observa-
tional studies are hindered by telluric absorptions in the 4–5 µm range and by the relative
weakness of C – D bands [95, 98, 188]. Experimental studies are limited to perdeuter-
ated PAHs, known as PADs [199–201]. Several processes have been suggested to play a
role in interstellar D enrichment of PAHs, varying from gas–grain reactions to gas-phase
photodissociation [202]. Studies on the contributions and role of these mechanisms have
largely focused on solid-state processes, that is, on ices and grains.

We report on gas-phase unimolecular photodissociation as a possible driver of in-
terstellar D-enrichment of PAHs. We present the photofragmentation mass spectra for
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UV photolysis of D-enriched protonated anthracene and phenanthrene. We also present
their IR-induced fragmentation mass spectra and infrared spectra using infrared multiple-
photon dissociation (IRMPD) spectroscopy. We put forward a possible photolysis-induced
mechanism and suggest its role in D-enrichment.

Furthermore, we discuss the astronomical implications of the found mechanism on ob-
servations of band intensity ratios for aliphatic and aromatic C – H/C – D stretch vibrations
in PAHs.

4.2 Methods

4.2.1 Experimental Methods
The UV photodissociation mass spectra of protonated ([H – C14H10]+), deuteronated ([D
– C14H10]+), and protonated, perdeuterated ([H – C14D10]+) anthracene and phenanthrene
were recorded using a Fourier Transform Ion Cyclotron Resonance mass spectrometer
(FT-ICR MS) coupled to a Nd:YAG laser. We applied IRMPD spectroscopy using the
Free-Electron Laser for Infrared eXperiments (FELIX) also coupled to the FT-ICR MS.
[125, 203]. Both fragmentation mass spectra and infrared spectral signatures are provided
by IRMPD. This allows for the determination of the molecular structure of the precursor
ions. Moreover, as the fragmentation energies of protonated PAHs are significantly lower
than those of PAH radical cations, the IR fragmentation mass spectra of protonated PAHs
– unlike their UV counterparts – are exempt from background signal originating from the
isobaric 13C radical cation isotopolog. This isotopolog is present in a natural abundance of
15.3%, and cannot be selectively removed according to its mass because of limitations in
the mass resolution of our FT-ICR MS (the 12CH vs. 13C mass difference is 0.0045 amu).

Anthracene and phenanthrene (Sigma Aldrich Co. LLC.; purity > 98%) were dissolved
in methanol at 1 mM concentration, and brought into the gas-phase via electro-spray ion-
ization (ESI) in a Micromass/Waters Z-spray source. Instead of the typically used am-
monium acetate or acetic acid, we used (D-)trifluoroacetic acid, an efficient protonation
agent. The advantage of using D-trifluoroacetic acid in deuterated methanol (CH3OD or
CD3OD) is that 1H contamination is prevented in the deuteronation process; we experi-
mentally found that such contamination does take place with the use of a weak acid such
as ammonium acetate (Knorke et al. [126], in water).

Photolysis experiments on the anthracene and phenanthrene ions were performed in
the following sequence. The electrosprayed ions were accumulated in a radio-frequency
(rf) hexapole trap. They were then pulse-extracted and transported into the ICR cell via a
quadrupole bender and a 1 m rf octopole ion guide. The ICR cell was at room temperature
and at a pressure of approximately 10−8 mbar. The precursor ions were mass-isolated by
expelling unwanted masses using a Stored Waveform Inverse Fourier Transform (SWIFT)
pulse [136]. These ions were then either irradiated in one pass of the UV laser, or with
multiple passes of the IR laser beam in a multi-pass configuration, after which all precursor
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and fragment ions were mass-analyzed. This sequence was repeated three to five times for
each wavelength step with a storage and irradiation time of between 2 and 8 s.

For the UV photolysis experiment, the fourth harmonic of the Nd:YAG laser at 266
nm (4.6611 eV/photon) was used at a pulse energy of ∼ 1 mJ, operated at 10 Hz. For the
IRMPD experiment, FELIX was operated at a repetition rate of 10 Hz using macropulses
of 5 µs. The frequency range covered 700–1800 cm−1 (∼ 14–5.5 µm). The energy per
macropulse had a maximum of roughly 65 mJ, and decreased to around 20 mJ at the
1800 cm−1(5.5 µm) edge of the spectral range studied. The spectral bandwidth (FWHM)
of FELIX was set to ∼ 0.5% of the central frequency, which translates into 5 cm−1 at
1000 cm−1 (10 µm). A grating spectrometer with an accuracy of ± 0.01 µm was used to
calibrate the laser wavelength. The laser frequency was changed in steps of 5 cm−1. For
measurements focusing on the weaker IR modes, the ions were additionally irradiated for
40 ms with the output of a 30 W CW CO2 laser directly after each FELIX pulse in order
to enhance the on-resonance dissociation yield [147, 148].

4.2.2 Theoretical Methods
Density functional theory (DFT) calculations presented in this work were all performed
using the Gaussian 09 package [154]. The B3LYP functional [159, 160] was used with
the 6-311++G(2d,p) basis set to optimize the molecular structure and evaluate the vibra-
tional spectra of the molecules within the harmonic oscillator approximation. B3LYP has
been shown previously to accurately predict the vibrational spectra of PAHs [204]. A
scaling factor of 0.966 was applied to the calculated frequencies, allowing the harmonic
calculations to line up with the intrinsically anharmonic measured spectra. The theoretical
stick spectra were convoluted with a Gaussian line shape with a FWHM of 45 cm−1 for an-
thracene and 60 cm−1 for phenanthrene to match the experimental spectrum. As explained
by Oomens et al. [124], DFT calculations assume a linear absorption process, whilst the
IRMPD process is inherently nonlinear. Band positions are most often well reproduced,
but larger deviations may be observed for the band intensities.

The potential energy surface of the molecules was investigated using the Minnesota
functional M06-2X with the same basis set and was corrected for zero-point vibrational
energies. This choice was motivated by the improved accuracy of M06-2X in predicting
barrier energies and relative energies of isomers with respect to B3LYP [161]. Transition
states (TSs) connecting the different structures of the [H – C14D10]+ isomers — in both
anthracene and phenanthrene — were found with the Berny algorithm. To check that the
calculated transition states connected the considered minimum structures, we animated the
only mode with an imaginary frequency to confirm the proposed mechanism. Visualization
of structures and vibrational modes was performed using the open-source program Gabedit
[158].
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4.3 Results and Discussion

4.3.1 Anthracene
UV and IR photofragmentation mass spectra

We present both the UV and IR photodissociation mass spectra measured for the three
isotopologs of anthracene. Figure 4.1 shows the mass spectra obtained with UV (a,b,c)
and IRMPD photodissociation (d,e,f). The gray curves show the precursor mass spectra
recorded without irradiation, or with the IR laser off-resonance — each offset by 0.2 amu
for visualization. The black curves depict the fragmentation mass spectra after irradiation.

Figure 4.1a shows the UV measurement for protonated anthracene
[H – C14H10]+, m/z = 179.09 amu. After irradiation, the precursor peak is depleted by
approximately 50%. Additionally, three fragment peaks are observed, which correspond
to one to three H atom losses. The loss of one H atom leads to the formation of the radi-
cal cation (m/z = 178.08 amu). The two other fragment peaks denoted by asterisks most
likely come from the dissociation of the radical cation and its 13C isotopolog respectively
— which both primarily lose two H atoms — as reported previously by Ekern et al. [205]
and confirmed by our UV measurements (see Fig. A.1).

Analogous measurements for deuteronated anthracene [D – C14H10]+ are shown in Fig.
4.1b, m/z = 180.09 amu. Upon UV irradiation, the precursor mass is again depleted by
approximately 50%, and one fragment peak is observed that corresponds to the neutral
loss of 1 amu. There is a slight indication (asterisk) of subsequent fragmentation of the
radical cation as observed in Fig. 4.1a. Therefore, the deuteronated anthracene ion, like
the protonated anthracene ion, only loses single hydrogen atoms.

Finally, Fig. 4.1c shows the UV measurement for protonated, perdeuterated anthracene
[H – C14D10]+, m/z = 189.14 amu. The precursor mass is slightly depleted in the frag-
mentation mass spectrum, and two fragment mass peaks are observed, associated with the
loss of 1 and 2 amu, the former being the loss of an H atom and the latter the loss of a D
atom. Importantly, the loss of 2 amu must correspond to the loss of a D atom as the loss
of two H atoms is not possible here. The H/D-loss ratio based on the integrated fragment
intensities is 28%/72%, with an uncertainty of ±5%.

The IRMPD mass spectrum of protonated anthracene [H – C14H10]+ is depicted in Fig.
4.1d. A largely depleted precursor peak can be seen and, as expected, no dissociation of the
radical cation is observed. Similar to the UV measurements, we only find the loss of single
H atoms. For deuteronated anthracene [D – C14H10]+ (Fig. 4.1e) the fragmentation mass
spectrum again shows a largely depleted precursor and a high-intensity fragment peak,
corresponding to single H atom loss, similar to our observations for Fig. 4.1b. Lastly,
in Fig. 4.1f, the fragmentation mass spectrum for protonated, perdeuterated anthracene
[H – C14D10]+ shows a precursor peak depleted by approximately half, and two fragment
masses corresponding to the loss of H and D, similar to that observed in Fig. 4.1c. The
H/D-loss ratio based on the integrated intensities is lower at 14%/86%, with an uncertainty
of ±1%.
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FIGURE 4.1: Fragmentation mass (panels a–f) and IRMPD spectra (g–o) recorded for three differ-
ent anthracene isotopologs: protonated anthracene — [H – C14H10]+, m/z =179.09 (left column);
deuteronated anthracene — [D – C14H10]+, m/z =180.09 (middle column); protonated, perdeuter-
ated anthracene — [H – C14D10]+, m/z =189.09 (right column). For all mass spectra, black traces
represent the fragmentation mass spectra, while gray traces are reference precursor mass spectra
(with laser on or off-resonance). The gray traces are shifted up 0.2 amu to enhance their visibility.
The top row are mass spectra following UV irradiation, the second row following IR irradiation at the
indicated IR frequency. Experimental IR spectra are shown in black, superimposed on color shaded
calculated spectra for each species with the protonation (deuteronation) site indicated in the struc-
tures left of the panels. The theoretical IR spectra were calculated using B3LYP/6-311++G(2d,p)
and the ground-state energies at the M06-2X/6-311++G(2d,p) level. Spectra that are considered to
“match” are colored green; the ones that are considered to not match are red. Relative energies for
each structure are shown above their respective spectra. The dotted curve in panels g, h, and i repre-

sents the measurement assisted by the CO2-laser.
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Infrared spectra

The IRMPD measurements also yield vibrational spectra that can be used to identify the
structure of the precursor ion. Panels g–o of Fig. 4.1 present the IRMPD spectra of all three
anthracene isotopologs (black curves), and compare them to our DFT calculated spectra
for the different possible position isomers (shaded traces). For a detailed comparison, the
reader is referred to the Appendix, where experimental and theoretical intensities and line
positions are given in Tables A.1–A.3.

The IR spectra of protonated anthracene [H – C14H10]+ are shown in panels g, h, and i.
The experimental spectrum displays at least seven features dominated by a triad of bands
in the 1400–1600 cm−1 spectral range that are associated with C – C stretching vibrations.
In the 1100–1400 cm−1 range, three C – H in-plane bending modes are observed. The best
agreement is found between these peak positions and those of the predicted spectrum for
the 9-isomer (panel g), corresponding to the lowest-energy isomer for [H – C14H10]+. The
predicted spectra for the other isomers (at 0.42 and 0.55 eV higher in energy) agree less
well: mismatches are observed for the experimental band at 1581 cm−1 and no bands are
observed between 800 and 1000 cm−1, where bands are predicted for both other isomers.
To ensure there are no bands in this frequency range, an additional measurement using a
CO2 laser was performed to increase the intensity of the weak features (dotted curve). This
only led to an intensity enhancement of the already observed band at 759 cm−1, which is
a C – H out-of-plane quarto (i.e. involving four H atoms) bending vibration, but not to
other bands, supporting the assignment of the 9-isomer. This result agrees with those of
Knorke et al. [126], who earlier reported an IRMPD spectrum of protonated anthracene in
the 1000–1800 cm−1 range.

The IR spectra of deuteronated anthracene [D – C14H10]+ are given in Fig. 4.1j–l.
The shape is very similar to the spectrum of protonated anthracene, from which we can
conclude that exchanging one hydrogen atom for a deuterium has little effect on the IR
spectrum in the studied range. The largest difference is that the shoulder of the 1315
cm−1 band is now more clearly resolved, allowing us to identify the feature at 1360 cm−1

as a separate band associated with an in-plane C – H bending vibration. The calculated
spectrum for the lowest-energy 9-isomer again agrees best with the experimental spectrum.

The spectrum of protonated, perdeuterated anthracene [H – C14D10]+ is displayed in
the right column (Fig. 4.1m–o). The perdeuteration simplifies the spectrum, with only
four clearly observed bands. Due to the higher mass of D, the C – D out-of-plane bending
modes shift to lower frequencies, leaving only the C – C stretching vibrations in the 6–8
µm range. The shape of the spectrum with two dominant peaks is excellently predicted
by the calculated spectrum of the 9-isomer, depicted by the green curve in Fig. 4.1m.
Panels n and o show that the 1- and 2-isomers provide a significantly poorer match than
the 9-isomer, making its assignment to the 9-isomer facile.
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Discussion

The UV photofragmentation of fully aromatic radical PAH ions leads to predominantly
sequential loss of two H atoms and to a lesser extent to loss of H2 [92, 205, 206]. In
both cases, the result is a loss of two H-atoms. The loss of single H or D atoms must
therefore be attributed to a loss from protonated/deuteronated species, which possess aro-
matic C – H/C – D sites and one aliphatic C – H/C – D site. Our calculations show a binding
energy for H-loss (D-loss) from an aliphatic site of 2.6 eV (2.7 eV), whereas from an aro-
matic site this energy is 4.7 eV (4.8 eV), in agreement with a recent experimental study
[138].

Therefore, H/D-loss is very likely from aliphatic sites only. Both isotopologs only
have a single aliphatic site from which H or D can be eliminated. The zero-point-energy-
corrected binding energy for aliphatic C – D is only marginally higher than for C – H,
so large differences in the H/D-loss rates are a priori not expected. We observe for
[D – C14H10]+ that photofragmentation only results in the loss of single H atoms, for both
IRMPD and UV dissociation. For [H – C14D10]+ the opposite appears to happen, with
mainly single D atom loss and a small H atom loss channel. The observed large deviations
from a 50/50 H/D-loss ratio suggest that the molecule undergoes dynamics before dissoci-
ation, where the extra H or D atom attached in the protonation/deuteronation process has
migrated away from the aliphatic site.

To investigate this migration further, we consider a mechanism in which H and D atoms
can move from one carbon site to the next, leading to a population of [D – C14H10]+ with
a mix of aliphatic C – HH and C – HD groups, or in [H – C14D10]+ with a mix of aliphatic
C – DD and C – HD groups. Taking the 1-isomer of [D – C14H10]+ as an example, the H
atom of the C – HD group can migrate to the neighboring 2-site, turning it into an aliphatic
C – HH group while leaving an aromatic C – D site behind. This will lead to an increased
H/D-loss ratio in the photodissociation mass spectra. Alternatively, the D atom can move,
resulting in a shift of the C – HD on site 1 to a C – HD on site 2. This shift will however
not have consequences for the fragmentation propensities.

This 1,2-hydrogen (or deuterium) shift is a well-known phenomenon in organic chem-
istry [207–209], and specifically for reactions in aromatic molecules [210]. Furthermore,
in theoretical studies of PAH species, the 1,2-H shift across the PAH rim has been shown
to occur once they are excited to internal energies above 1 eV, leading to the formation
of various intermediate isomers containing a C – HH group [88, 151, 211]. Using DFT,
we calculated the potential energy reaction pathway for D migration along [H – C14D10]+,
and the results are depicted in Fig. 4.2. The molecular structures of the three unique
position isomers are shown, connected through transition states, including one relatively
stable intermediate state where the D is out-of-plane bound to a tertiary carbon. This re-
active pathway reveals that the highest barrier is 1.54 eV, which is well below the C – D
bond fragmentation energy of 2.7 eV. In the current experiments, the IR spectra indicate
the presence of only the lowest energy protonation isomer, but we are unable to discern
different aromatic C – D attachment sites for the observed 9-isomer (see Fig. A.2). While

58



4.3. Results and Discussion

FIGURE 4.2: Potential energy surface for D migration linking the isomers of protonated, perdeuter-
ated anthracene, ([H – C14D10]+) with energies in eV, calculated using M06-2X/6-311++G(2d,p).

The migrating D atom is highlighted in black.
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TABLE 4.1: Barrier heights Eb calculated for 1-to-2 shift reaction for the studied species, and RRKM
calculated reaction rates at selected internal energies Ei.

RRKM rates (s−1)
for Ei (eV)

Species Atom Eb (eV) 0.64 2.7 4.7
[D – C14H10]+ H 0.61 4.1·103 3.2·109 3.3·1010

[D – C14H10]+ D 0.64 4.1·102 2.3·109 2.5·1010

[H – C14D10]+ H 0.61 1.3·103 2.0·109 2.4·1010

[H – C14D10]+ D 0.64 58 1.2·109 1.6·1010

FIGURE 4.3: RRKM reaction rate calculations for the 1-to-2 H/D-shifts of (a) deuteronated an-
thracene, [D – C14H10]+ and (b) protonated, perdeuterated anthracene, [H – C14D10]+ from the 1-
isomer to the 2-isomer, plotted as a function of the internal energy of the molecule in eV. In both (a)
and (b), the black curves depict the hydrogen shifting rates and the red curves depict the D shifting
rates. Dotted lines depict internal energies attained through IR (min. 2.7 eV) and UV (max. 4.7 eV)

excitation

we cannot fully rule out that 1,2-H or -D shifts occur during the ESI, the absence of dif-
ferent position isomers that are approximately 0.5 eV higher in energy suggests that such
high barriers are not overcome in the ESI. On the other hand, we can be certain they are
energetically allowed upon photoexcitation, given the energy requirements for fragmenta-
tion.

In order to assess whether the mobility of atomic H or D is sufficiently high to ratio-
nalize the observed propensities for H- and D-loss for [D – C14H10]+ and [H – C14D10]+,
it is important to get quantitative information on the different reaction rates involved. We
performed RRKM theory rate calculations (Baer & Mayer [212]; see Castellanos et al.
[88] for a detailed description) for both H shifts and D shifts on both isomers, starting
from the 1-isomer and moving towards the 2-isomer (see Fig. 4.2 for a visual representa-
tion). The 1-to-2 shift was chosen as an example due to its relative simplicity compared to
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TABLE 4.2: Observed relative propensities or H- and D-loss for IR and UV experiments.

UV excited IR excited Full scrambling
H D H D H D

[D – C14H10]+ 100 0 100 0 95 5
[H – C14D10]+ 28 72 14 86 5 95

the 1-to-9 shift, which would involve two transition states and one intermediate state. The
rates plotted as a function of internal energy can be found in Fig. 4.3 and the rates for three
specific energies are listed in Table 4.1. These three energies represent the highest calcu-
lated energy barrier for H/D-shifts (0.64 eV in [D – C14H10]+, see Table 4.1), the lowest
energy required for H-loss (2.7 eV), and the UV photon energy (4.7 eV), respectively. We
observe the following. 1) The H-shift rate is consistently higher than that of the D shift.
2) The lower the internal energy, the larger the difference in H- and D-shift rates. For
0.64 eV, the reaction rates differ by an order of magnitude. 3) The shift rates for both the
[D – C14H10]+ and [H – C14D10]+ isomers plateau around 1012 s−1 with increasing internal
energies. However, shift rates on [H – C14D10]+ are lower and exhibit a more pronounced
difference between the H- and D-shifting rates than for [D – C14H10]+. 4) Finally, and
most importantly, all rates are so high at the internal energies achieved in both IR and UV
experiments that a reaction equilibrium would be reached well within the time frame of
our experiment. Although the barriers for other shift reactions are higher (e.g., from the
1- to the 9-position), the current rates are at least four orders of magnitude larger than our
experimental time window (10−5 s). It is therefore clear that shifts to all different sites
on the molecule will occur. This is the equilibrium state in which a mixture of different
position isomers exists that will differ between isotopologs, and that we refer to as full
scrambling.

Purely statistically speaking and assuming full scrambling, 10% of the aliphatic groups
in both the [D – C14H10]+ and [H – C14D10]+ isotopologs are C – HD groups. Disregarding
any difference in probability to eliminate an H or D atom from that group, one would
expect 5% D-loss from [D – C14H10]+ and 5% H-loss from [H – C14D10]+. Table 4.2 lists
these statistical factors together with the measured UV and IR photofragmentation factors
of both isotopologs. Comparison with the experiment shows that the measured hydrogen
loss exceeds the statistical probability, whereas the measured deuterium loss falls short in
both isotopologs. This difference can be attributed to the differences in the migration rates
discussed above, which leads to different mobility and loss rates for the D and H atoms.

From these migration rates, it can be seen that H is more likely to shift than D, which
in [D – C14H10]+ results in an isomer in which an aromatic C – D is left behind and an
aliphatic C – HH is created. From the perspective of this new C – HH, the next shift will
either lead to a new C – HH or back to the C – HD. If the D had begun to shift, the C – HD
site would have shifted position, and the odds would be higher for the next shift to be with
the H atom, both leading to a C – HH. This means that not only does the zero-point energy
difference in binding energy lead to preferential H atom loss in the case of a C – HD site,
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but also that the larger mobility will lead to preferential creation of C – HH sites. In the
case of [H – C14D10]+, the H atom will simply create another C – HD site. The shift of a D
atom will lead to a C – DD site from which D atom loss may occur.

4.3.2 Phenanthrene
We further investigated the scrambling mechanism by performing experiments on phenan-
threne-D10, a three-ringed PAH with a non-linear structure.

Infrared photofragmentation mass spectrum

Figure 4.4a shows the IRMPD mass spectrum of protonated, perdeuterated phenanthrene
([H – C14D10]+), m/z = 189.14 amu. The color coding, offsetting, and normalization are
identical to that of the anthracene mass spectra. In the fragmentation mass spectrum, the
precursor peak is depleted by more than 30% and two fragment peaks are observed, dis-
playing the dominant loss of 2 amu and smaller loss of 1 amu, amounting to an integrated
H/D-loss ratio of 14%/86% with an uncertainty of ± 4 %.

Infrared spectrum

The experimental IR spectrum of [H – C14D10]+ is displayed by the black curves in Fig.
4.4b–f. The theoretical spectra for the five possible structural isomers are shown as the
blue-shaded traces. They are listed in order of increasing energy, from top to bottom.
The experimental IR spectrum shows three main features in the C – C stretching region
between 1300 and 1600 cm−1. No features appear in the 1000-1200 cm−1 region. The
shape is roughly reproduced by the predicted lowest energy 9-isomer in Fig. 4.4b. The
4-isomer (Fig. 4.4e), which lies only 0.05 eV higher, also matches the experiment well.
The remaining three theoretical spectra do not reproduce the shape of the features in the
experiment, and show significantly more IR activity in the 1000-1200 cm−1 region than
the 9-isomer and 4-isomer. We nevertheless conclude that it is likely that under our ex-
perimental conditions several isomers are present in significant amounts, in contrast to
anthracene where only one isomer was present. Although this hinders a conclusive as-
signment of the IR spectrum, it does not affect the discussion on the proposed scrambling
mechanism as becomes clear below.

Discussion

We find a clear indication that phenanthrene-D10 undergoes a scrambling mechanism sim-
ilar to that for anthracene-D10. As can be observed in Fig. 4.4a, phenanthrene-D10 exhibits
dominant D atom loss and little H atom loss, a behavior very similar to anthracene-D10 in
Fig. 4.1c&f. The H/D-loss ratio of phenanthrene is the same as the ratio for anthracene,
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FIGURE 4.4: Infrared photofragmentation (panel a, black trace) and reference precursor (gray trace,
shifted up 0.2 amu) mass spectra, and IRMPD spectrum (panels b–f, black trace) for protonated,
perdeuterated phenanthrene — [H – C14D10]+. Panels b–f further contain calculated spectra (blue)
for five different position isomers, for which the structures are shown on the left. The theoretical
IR spectra were calculated using B3LYP/6-311++G(2d,p) and the ground-state energies at the M06-

2X/6-311++G(2d,p) level.

63



Chapter 4. Photolysis-induced scrambling of PAHs as a mechanism for deuterium
storage

FIGURE 4.5: Isomers of protonated, perdeuterated phenanthrene and their transition states, with
corresponding energies in eV calculated with M06-2X/6-311++G(2d,p).

albeit with a larger uncertainty. It is interesting that the measured H/D ratios of IRMPD-
fragmented [H – C14D10]+ are the same for both anthracene and phenanthrene, consider-
ing that their potential energy surfaces are different. The protonation isomer energies of
phenanthrene are an order of magnitude closer together than those of anthracene. At room
temperature, it is likely that the precursor phenanthrene ions exist in a mixture of multiple
isomers, whereas only one precursor 9-isomer is present for anthracene.

The structural difference leads to differing energy barriers and therefore scrambling
rates (see Figs. 4.2 and 4.5). The major rate-limiting step for full scrambling in phenan-
threne as well as in anthracene is the shift from the 9- to the 1- position, for which the
hydrogen has to move across a nonhydrogenated tertiary carbon, which is bound to three
other carbons. Crossing this tertiary carbon is associated with an energy barrier of 1.54 eV
for anthracene, which is 1.6 times higher than the analogous barrier of 0.97 eV for phenan-
threne. Scrambling is therefore expected to be substantially faster for phenanthrene. More-
over, the initial aliphatic C – HD group in anthracene is located on a solo site from which
migration to either neighboring sites is associated with a barrier of 1.54 eV. Thus, for any
— even partial — scrambling to occur before photolysis of anthracene, this highest barrier
needs to be overcome. For phenanthrene, the initial aliphatic C – HD group is located on a
duo or quarto site, already allowing for partial scrambling to occur on the same aromatic
ring at relatively low energies. Partial scrambling on nonsolo sites is therefore not only
faster, but also possible at lower excitation energies or temperatures. That the measured
H/D ratios are the same for both [H – C14D10]+ isomers indicates that full scrambling is
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easily achieved before dissociation for these small molecules. This makes sense consid-
ering that our experiment takes place on microsecond timescales, and our calculated rates
imply a much faster scrambling process.

4.4 Astrophysical implications
Gas-phase hydrogenation of PAH molecules has been studied both theoretically and exper-
imentally [87, 89, 90, 213–215], because it plays a role in shaping the PAH populations in
the more shielded environments of photodissociation regions (PDRs) [80, 81, 86]. Singly
and even multiply hydrogenated PAHs are able to maintain their hydrogenation state in
these shielded regions, allowing for the catalytic formation of H2 [77]. For large (>50
carbons) molecules, multi-photon excitation is required for H-loss to occur [81, 86]. The
mechanism for these interstellar loss processes has been studied experimentally, and the
roaming of hydrogen atoms on hydrogenated PAHs has been recently put forward to ex-
plain the experimental results for H/H2 photodissociation in large PAHs [82, 88].

Doney et al. [98] detected deuterium-containing PAHs via their C – D stretches in as-
tronomical objects with intense aliphatic C – H bands. In these regions, the aliphatic to
aromatic H ratio inferred from the ratio of the 3.4 and 3.29 µm band intensities is 0.2–
0.3, almost an order of magnitude larger than typically observed for PAHs in the ISM
[47]. This suggests that D-containing PAHs are predominantly present in regions that fa-
vor hydrogenation or deuteration. These regions correspond to the more shielded layers
of PDRs, with G0/n(H) values smaller than 0.03 [81]. The additional H/D atom prefer-
ably attaches to the edge of hydrogenated PAH molecules with low to no barriers, creating
aliphatic groups [78]. Our study shows that upon hydrogenation or deuteration and irradi-
ation, PAHs are prone to facile scrambling.

The calculated reaction barriers for the 1,2-H/D shifts (shown in Figs. 4.2 and 4.5)
are at least 1.2 eV lower than the energies supplied by the photo-excitation processes in
this study, and are clearly below the energy of interstellar UV radiation [43, 86]. This
implies that for PAHs that are able to withstand interstellar radiation without losing H or
D atoms, scrambling would inevitably occur. As shown by the RRKM rate calculations,
1,2-H shifts have higher reaction rates than the equivalent 1,2-D shifts, which creates a
bias towards aliphatic C – HH groups over C – HD groups on PAHs with low deuteration
levels (1 or 2 D atoms). While the D-PAH molecule is exposed to a stronger UV field,
aliphatic H will be preferably lost over D. Similarly, this mechanism could lead to the
uptake and preservation of multiple D atoms on the molecule, up to a point where the
higher probability of C – DD site formation leads to D-loss being favored over H-loss.
From a spectroscopic point of view, this process could be traced looking at the intensity
variation of the aliphatic C – H/aromatic C – D stretching bands (3.4/4.4 and 3.5/4.4 µm)
with a spatially resolved study of an extended source like IRAS12073-6233, which shows
hints of spatial variation of the D/H ratio [98].

65



Chapter 4. Photolysis-induced scrambling of PAHs as a mechanism for deuterium
storage

Large, compact PAHs — which are believed to be the most abundant class of PAHs in the
ISM [50] — are expected to exhibit more pronounced effects. Solo sites are more abundant
on compact PAHs and are highly reactive [216], meaning that D is most likely to attach
itself there and stay there due to the meta-stable tertiary carbon neighbor sites (see Figs.
4.2 and 4.5). Furthermore, the absorbed photon energy will be distributed over many more
vibrational modes in a large PAH than in small PAHs, leading to lower average excitation
per vibrational state. Because the difference in scrambling and dissociation behavior of H
and D atoms is larger at lower energies, this means that the larger the PAH molecule, the
more pronounced the mobility difference between D and H. Based on these considerations,
we speculate that large, compact PAHs with an aliphatic C – HD group on solo sites might
cause a shift in the position of the aliphatic C – D stretching bands around 4.75 µm, as was
also observed in calculations for deuteronated ovalene by Buragohain et al. [97]. A full
calculation for large PAHs is beyond the scope of this work, and will be included in future
work [217]. The upcoming James Webb Space Telescope mission will provide improved
spatial resolution and sensitivity compared to Spitzer and AKARI, which should make it
possible to observe new regions and provide us with greater detail for the already well-
known ones. Finally, new photochemical models including the effect of scrambling are
needed to determine the role of PAHs as possible deuterium reservoirs.

4.5 Conclusion
We have presented the UV and IR photofragmentation mass spectra of deuterium-contai-
ning isotopologs of protonated anthracene and phenanthrene. These fragmentation mass
spectra demonstrated that singly deuteronated molecules do not show D atom loss, while
the protonated, perdeuterated molecules show dominant D atom loss and low H atom loss.
Supported by DFT and RRKM rate calculations of 1,2-H/D shift reactions, we showed
that these observations can only be explained by a mechanism that allows H and D to
roam over the peripheral carbon atoms, leading to a “scrambling” of different isomers,
which will readily occur upon absorption of interstellar UV photons. The scrambling of
the H and D atoms across the carbon skeleton rim has several important implications for the
chemistry of larger PAHs in the ISM. One of these implications is that large PAHs can take
up several deuterium atoms by “locking” them on aromatic sites. This would suggest that
the deuterium fractionation on PAHs could be higher than previously modeled. We also
postulate that aliphatic C – HD solo sites may be more abundant than other configurations,
which is due to the elevated barriers for 1,2-H/D shifts across carbon sites and the relative
reactivity of solo sites. To test our hypotheses, new photochemical modeling and a re-
evaluation of observational data are needed.
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Chapter 5

IR photofragmentation of the phenyl cation:
spectroscopy and fragmentation pathways

In this Chapter, we present the gas-phase infrared spectra of the phenyl cation, phenylium,
in its perprotio (C6H5

+) and perdeutero (C6D5
+) forms, in the 260–1925 cm−1 (5.2–38

µm) spectral range, and investigate the observed photofragmentation. The spectral and
fragmentation data were obtained using Infrared Multiple Photon Dissociation (IRMPD)
spectroscopy within a Fourier Transform Ion Cyclotron Resonance Mass Spectrometer
(FTICR MS) located inside the cavity of the free electron laser FELICE (Free Electron
Laser for Intra-Cavity Experiments). The 1A1 singlet nature of the phenylium ion under
investigation is established by comparison of the observed IR spectrum with DFT calcu-
lations, using both harmonic and anharmonic frequency calculations. To investigate the
observed loss of predominantly [2C,nH] (n=2–4) fragments, we explored the potential
energy surface (PES) to unravel possible isomerization and fragmentation reaction path-
ways. The lowest energy pathways toward fragmentation include direct H-elimination, and
a combination of facile ring-opening mechanisms followed by elimination of H or CCH2.
Energetically, all H-loss channels found are more easily accessible than CCH2 loss. The
observed loss of primarily [2C,2H] can be explained through entropy calculations that
show favored loss of [2C,2H] at higher internal energies.1

1This Chapter is adapted from Wiersma, S. D., Candian, A., Bakker, J. M., Berden, G., Eyler, J. R., Oomens,
J., Tielens, A. G. G. M., Petrignani, A. (2021) IR photofragmentation of the Phenyl Cation: Spectroscopy
and Fragmentation Pathways. Physical Chemistry Chemical Physics, accepted. https://doi.org/10.1039/
D0CP05554A
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FIGURE 5.1: The geometries of the two different possible electronic states, showing how the singlet
structure leads to a distorted hexagonal structure.

5.1 Introduction
The phenyl cation, C6H+

5 , also known as phenylium, is a benchmark system for several
organic species such as the aryl and arene groups. As an abundant component in hydro-
carbon plasmas, it plays a key role in flames and combustion chemistry where ring growth
according to the HACA mechanism (H-abstraction/acetylene-addition, C2H2) takes place
[70, 218–223]. Phenyl and other benzene derivatives are thereby considered to be a corner-
stone for aromatic growth, forming Polycyclic Aromatic Hydrocarbons (PAHs) [224]. The
release of arylic compounds such as C6H+

5 into Earth’s atmosphere has sparked interest in
the reaction mechanisms in which they could be involved [225].

Larger PAHs containing more than 40 C atoms are known to be present in space, and
to play a key role in interstellar chemistry [15, 32, 47, 71, 226, 227]. They are observed
throughout space via infrared emission in characteristic bands, often called Aromatic In-
frared Bands (AIBs). Although individual PAH species are still to be identified, benzene
[191, 192], and benzonitrile [193], have been firmly identified in space. Benzene has also
been detected in the atmospheres of Titan and on giant planets [228, 229]. Phenylium is
currently one of the proposed precursors in the interstellar synthesis of benzene [230, 231].

Phenylium’s high reactivity stems from its electrophilicity, which is induced in the
singlet state by its vacant, non-bonding σ orbital [232]. The empty σ orbital induces sp
hybridization of the C atom, causing a substantial deformation of the hexagonal frame
as is depicted in the left structure in Fig. 5.1. In its triplet state (right structure), the σ

orbital is singly occupied by an electron that has been removed from the π-system [233].
This restores the sp2 hybridization of the carbon center and hence the hexagonal shape
of the C6H5

+ cation, but sacrifices the aromaticity of the system [234]. Whereas there
exists a general agreement that the 1A1 state is the ground state, the energy difference
between the triplet and singlet states is somewhat uncertain, with calculations covering a
range from 77 to 137 kJ·mol−1 [231–233, 235, 236]. Photoelectron spectroscopy of the
phenyl radical did not shed any light on the singlet-triplet (S-T) gap [237]. Some exper-
imental support of a singlet ground state was offered in 2000, when a matrix-isolated IR
spectroscopy study of phenylium reported vibrational frequencies at 713 and 3110 cm−1
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[238]. These two bands were found to be consistent with a scaled harmonic frequency
prediction calculated with B3LYP/cc-pVDZ for the 1A1 state. A decade later, gas-phase
IR photofragmentation of argon-tagged phenylium was reported, presenting five bands in
the 3 µm range characteristic for C – H stretch vibrations [239]. The complementary cal-
culations at the MP2/aug-cc-pVTZ and scaled MP2/6-311++G(2df,2pd) levels of theory
showed that these C – H stretch vibrations shift, depending on the position of the Ar tag
relative to the phenylium cation. In the 1A1 state, the Ar atom donates electron density
into the empty σ orbital on the carbocation center and forms a σ bond in the plane of the
molecule. In the 3B1 state, the Ar atom shares electron density with the π-system of the
cation and localizes above the face of the ring. In 2012, an extensive experimental and
theoretical investigation of several singly dehydrogenated PAH cations reported a linear
correlation between the size of the PAH molecule and the size of the S-T gap, predicting
triplet electronic ground states for all singly dehydrogenated PAHs and a singlet configura-
tion for phenylium [240]. Although experimental verification was presented for the larger
aryl cations by applying IR Multiple Photon Dissociation (IRMPD) spectroscopy using
the Free Electron Laser for Infrared Experiments (FELIX), no experimental spectrum of
phenylium was reported. Phenylium proved too resistant against IRMPD, preventing the
recording of the fingerprint IR spectrum of bare (i.e. untagged), gas-phase phenylium.

Experimental evidence pertaining to fragmentation and isomerization is likewise lim-
ited. Such information is of importance as a structural rearrangement of phenylium would
affect reaction and dissociation pathways that are of importance to the reaction networks
in flames and the interstellar medium. Recently, Shi et al. [241] explored the phenylium
potential energy surface (PES), identifying 60 possible isomers in an extensive theoretical
study of which they were able to connect 28 through transition states. A laboratory study
on the photodissociation of the (neutral) phenyl radical found H-loss to occur upon irra-
diation at 248 nm and both H and [2C, 2H]-loss at 193 nm [242]. The fragmentation of
phenylium upon collisions with He and N2O has also been reported to lead to [2C, 2H]-
loss [243, 244]. Furthermore, many studies on the larger PAH species have shown a trend
for smaller and irregular PAHs to be more likely to lose [2C, 2H] than H or H2 upon
photofragmentation [138, 139, 152, 205, 245–247]. It would thus be of great interest to
find out if phenylium follows this trend.

In this Chapter, we present the IRMPD spectrum of the bare, isolated, gas-phase
phenylium, in its perprotio (C6H5

+) and perdeutero (C6D5
+) forms in the 5–40 µm re-

gion. We use the FT-ICR mass spectrometer in the optical cavity of the IR Free Elec-
tron Laser for Intra-Cavity Experiments (FELICE) [132], demonstrating that the available
higher fluences are able to efficiently excite IRMPD-resistant species [173, 248, 249]. The
observed fragmentation products are interpreted by investigating several isomerization and
fragmentation pathways using DFT calculations.
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5.2 Methods

5.2.1 Experiments
The IR spectrum of phenylium was recorded in the Fourier Transform Ion Cyclotron Reso-
nance Mass Spectrometer (FT-ICR MS) located inside the optical cavity of FELICE [132],
one of the free-electron lasers of the FELIX Laboratory. A schematic of the apparatus can
be found in Chapter 3, only details relevant to this study are given here.

Phenylium is generated in an electron impact ionizer. To form the dehydrogenated
cation of benzene, bromobenzene (C6H5Br or C6D5Br Merck/Sigma-Aldrich) is used as
precursor and placed in a glass vial connected via a leak valve to the instrument, oper-
ated at source chamber pressures of several 10−7 mbar. The bromobenzene molecules are
subsequently ionized with 40-eV electrons generating phenylium (C6H+

5 , m/z = 77, or
C6D5

+, m/z = 82).
All ions are directed to a quadrupole mass selector, used in radio frequency (rf) only

mode, to guide all ions. The continuously produced ions are then accumulated and colli-
sionally cooled with room-temperature Ar gas at an ambient pressure of 10−2 mbar in a
linear quadrupole ion trap with rectilinear rods segmented in three parts [180]. The accu-
mulated ions are extracted into a large electrostatic deflection quadrupole located inside
the laser cavity. The ions are deflected by 90° to be parallel to the laser beam into a 1
m long, rf-guiding quadrupole, which leads to four ion trapping and detection cells po-
sitioned in the bore of the 7 T FT-ICR MS [132]. The center of cell 1 is located at the
focus of the FELICE laser beam, and cells 2, 3, and 4 are positioned progressively 100
mm away from the previous cell. The magnet can be moved along its axis so that one of
the four ICR cells can be selected to be in the sweet spot of the magnet. Considering the
Rayleigh range of 82 mm, the laser fluence is reduced by a factor of 2.3 for each next cell.
Measurement in the laser focus was not required to achieve fragmentation. To limit power
broadening effects, the experiments were therefore conducted in cell 4. For C6H5

+ the
ions were irradiated for 4.85 s at a repetition rate of 10 Hz amounting to 48 macropulses.
After these experiments, development on the alignment optics made it possible to achieve
the same results for C6D5

+ with only two macropulses in 0.21 s at a repetition rate of 5
Hz.

During storage in cell 4, the desired mass, i.e. m/z = 77 for C6H5
+ or m/z = 82

for C6D5
+, is isolated by ejecting all other masses present via a Stored Waveform Inverse

Fourier Transform (SWIFT) pulse [136]. After irradiation of the ion cloud, a mass spec-
trum is recorded at each frequency step. The intensity for each fragment ion is recorded
as function of FELICE frequency. The IRMPD spectrum is obtained by taking the ratio of
the total fragment ion count and the total ion count, i.e. the sum of the parent and fragment
ions, giving the yield Y (ν) for frequency ν :

Y (ν) =
1

P(ν)
ln
(

Npar(ν)

Npar (ν)+Nfrag (ν)

)
, (5.1)
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in which Nfrag and Npar are the total fragment and parent mass counts, respectively, and
P(ν) the macropulse energy. This energy that is obtained by monitoring the FELICE
power. For this, a fraction of the laser beam is coupled out through a 0.5 mm radius
hole in the cavity end mirror and is directed onto a power meter (Coherent EPM1000).
Wavelength calibration was performed by directing the IR beam to a grating spectrometer
(Princeton Instruments SpectraPro). The spectral bandwidth is near transform-limited and
is at ∼0.6% of the full-width at half maximum (FWHM).

5.2.2 Theory
Density Functional Theory (DFT) calculations presented in this work were performed us-
ing the Gaussian16 package.[155] The structures of perprotio and perdeutero phenylium
were optimized at the B3LYP/N07D level [159, 160, 250, 251] assuming singlet and triplet
ground states and the double harmonic spectra were then calculated. The anharmonic quar-
tic force field vibrational spectra were also calculated using second-order vibrational per-
turbation theory [252, GVPT2] at the B3LYP/N07D level. This combination was shown to
yield very good results for anharmonic frequency studies of PAHs [253]. We used the key-
words Opt=VeryTight and Int(Grid=200974) and default values for resonance thresholds.
Further steps we took to improve the quartic force field anharmonic spectrum are described
in detail in the Appendix B. In short, some low-energy normal modes do not exhibit the
expected red shift when including anharmonic behavior. Instead, these normal modes ex-
hibited unusual blue shifts and were treated harmonically instead. This procedure resulted
in a better agreement with experiments. All theoretical stick spectra were convoluted with
a Gaussian line shape with a FWHM of 100 cm−1 to match the experimental bandwidth.

The PES describing the photodissociation of C6H5
+ was investigated at the M06-2X/6-

311++G(3df,2pd) level, considering both singlet closed-shell and triplet open-shell sys-
tems. For the latter, the HOMO and LUMO were mixed (Guess=Mix) to destroy α-β
orbitals and spatial symmetries, and thus reproducing a correct UHF wave function. This
specific level of theory was chosen because of the proven performances of the M06-2X
functional coupled to a triple zeta quality basis set in predicting energy barriers and dif-
ferences in energies for isomers in many systems [161], including hydrocarbon rings and
chains [254]. For example, the difference in energy between acetylene (C2H2) and vinyli-
dene (CCH2) is calculated to be 1.85 eV while the best theoretical prediction using coupled
cluster methods is 1.86 eV [255]. Intermediates and transition states were found with the
Berny algorithm and harmonic frequencies were calculated to verify the true nature of
the stationary points (one imaginary frequency for transition states and zero for minima).
Finally, Intrinsic Reaction Coordinate calculations were performed to check if transition
states were connecting the correct minima. S-T gaps were evaluated for both C6H5

+ and
C6D5

+ with electronic energies estimated at the M06-2X/6-311++G(3df,2pd) level and
zero-point vibrational energies estimated at the anharmonic B3LYP/N07D level. The S-T
gap for C6H5

+ – Ar was estimated using M06-2X/6-311++G(3df,2pd) for both the elec-
tronic and zero-point vibrational energy, with the inclusion of empirical dispersion (GD3)
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TABLE 5.1: Observed band frequencies (cm−1) and relative intensities together with the calculated
frequencies (cm−1) and IR intensities (km·mol−1), and the descriptions of the corresponding vibra-
tional modes for preprotio (left panel) and perdeutero (right panel) phenylium. The listed harmonic
frequencies are scaled by a factor of 0.96. The abbreviations oop and ip stand for out-of-plane and

in-plane.

C6H5
+ C6D5

+

Harmonic calc. Experiment Harmonic calc. Experiment
Description Freq. IR int. Freq. Norm. Y Freq. IR int. Freq. Norm. Y
CCCoop empty C 375 9
ring compression 399 21 380 0.10
quintet CH/CDoop 669 153 696 1.00 520 63
ring compression 588 7
ring breathing 1037 15
CH/CDip scissor 1065 46 1052 0.71 731 6 738 0.74
ring compression 735 3
ring breathing 962 5
CHip scissor 1139 8
CHip rock 1238 12
CCip stretch 1061 41 1015 1.00
CCip stretch 1302 39 1382 0.40 1234 15 1184 0.30
CCip stretch 1430 12 1353 10 1337 0.46
Cip stretch 1724 33 1710 0.14 1690 27 1648 0.15

which calculates the long-range potentials needed for the simulation of noble gas tagging
[163].

5.3 Results and Discussion
In the following, IRMPD spectra of both perprotio C6H5

+ and perdeutero C6D5
+ pheny-

lium are presented, and compared to both harmonic and anharmonic DFT spectra to as-
certain whether 1A1 or 3B1 is the phenylium ground state. IR fragmentation mass spectra
have been recorded at different wavelengths, and are analyzed for both isotopologs to gain
insight into the underlying loss mechanisms. Using high-level DFT calculations, the PES
behind these loss mechanisms is explored from the experimentally confirmed ground state.
In order to compare the results from the PES to the experimental observations, the entropy
of activation is calculated for the most prominent loss channels.

5.3.1 Spectroscopy
The experimental IRMPD spectrum of perprotio phenylium is shown in Fig. 5.2 (a) as
the black solid curve (top). The spectrum is constructed using the four fragment masses
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FIGURE 5.2: (a) Comparison between the IR experimental spectrum of phenylium-H5 (black curve,
top), and the calculated singlet (a, red, second from top) and triplet (blue, third from top) spectra
along with the anharmonic singlet (green, bottom) spectrum. For (b), the phenylium-D5 spectra
are plotted following the same order. The peak positions of the experimental spectrum were deter-
mined by applying Gaussian fits to the individual features, and using their maxima to describe the
experiment. The harmonic curves were scaled with a factor of 0.96, while the anharmonic curve is

unscaled. All theoretical spectra are convolved with a 100 cm−1 FWHM Gaussian waveform.
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shown in Fig. 5.3. It features five broad resonances between 300 and 1800 cm−1, with
a FWHM of roughly 80–100 cm−1. Depicted below the experimental curve are the pre-
dictions based on different types of calculations, all employing the B3LYP functional and
N07D basis set. The red curve (second from the top) shows the harmonic spectrum for
the singlet configuration, with the frequencies scaled by a factor of 0.96. There is a good
match between this spectrum and the experimental spectrum, both in terms of overall shape
and peak positions. The scaled harmonic vibrational spectrum of the triplet configuration
(blue, third from the top) shows its strongest feature around 1363 cm−1, which is close to
the 1382 cm−1 feature in the experimental spectrum. Weaker resonances predicted at 559,
703 and 904 cm−1 could still be argued to be covered by singlet bands, but there is a clear
lack of activity around 1052 and 1710 cm−1 where the experimental spectrum displays
relatively strong features. However, significant intensity differences can also be expected
due to uncertainties in calculation and the non-linear relationship between fragmentation
yield and calculated linear absorption strengths. If a small contribution of the triplet state
would be present, these uncertainties prevent a reliable quantitative determination. Over-
all, however, the agreement with the singlet state remains clear.

The experimental features are listed in Table 5.1, together with the scaled, harmonic
resonances, and the corresponding vibrational mode descriptions. The far-infrared feature
at 380 cm−1 in the experiment is comprised of two different skeletal vibrations, while the
dominant 696 cm−1 band is due to a single, intense CH out-of-plane quintet vibration,
involving all five hydrogen atoms moving synchronously though the molecular plane. The
1052 cm−1 feature contains two resonances, a ring breathing mode, and a CH in-plane
bending mode. The assignment of the 1382 cm−1 feature to resonances in the singlet
spectrum shows two different in-plane CC stretching modes, while the 1710 cm−1 experi-
mental feature matches well with the last in-plane CC stretching resonance.

The anharmonic spectrum was also calculated using the same functional and basis set.
The green, bottom curve in Fig. 5.2 shows the unscaled, anharmonic, spectrum calculated
for the singlet state. It is quite similar to the scaled harmonic spectrum and provides a
similarly reasonable match with experiment as the scaled harmonic spectrum. In compar-
ison to the latter, it shows an improved match for the experimental 696 and 1382 cm−1

features, while the deviation from the experimental 380 and 1710 cm−1 features is in-
creased. Overall, taking anharmonicity into account does not seem to lead to significant
improvements compared to the harmonic spectrum. Most modes in the anharmonic spec-
trum appear blueshifted compared to the experimental spectrum. We attribute this to an
experimental redshift caused by the high-intensity multiple-photon absorption [256]. The
anharmonic calculation represents a linear absorption spectrum and will therefore not line
up exactly with the high-intensity IRMPD spectra reported here. Deviations between ex-
periment and prediction can easier be masked with the freedom to choose a scaling factor
for the harmonic calculations.

We also present the IRMPD spectrum of perdeutero phenylium, C6D5
+, in Fig. 5.2b.

The experimental spectrum (black, top) displays four broad bands between 600 and 1900
cm−1. The 1015 cm−1 band shows a large, high-frequency shoulder. A deconvolution into
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two Gaussian curves yields band maxima at 1015 and 1184 cm−1. Best agreement is again
found between the experimental spectrum and the harmonic prediction for the singlet con-
figuration (red, second from the top). The dominant feature in the experimental spectrum
– at 1015 cm−1 – is mirrored by the intense band at 1061 cm−1, whereas no activity is
predicted at these frequencies for the triplet state (blue, third from the top). The 738 cm−1

and 1648 cm−1 experimental features are quite accurately predicted by the singlet spec-
trum, where the triplet spectrum shows only little or no intensity. Overall, the shape and
band positions agree best with the singlet ground state prediction. Although again a triplet
contribution to the spectrum cannot be excluded, the phenylium in its 1A1 state is clearly
the dominant species observed, confirming our interpretation of the perprotio spectrum.
Just as for the perprotio phenylium, the unscaled, anharmonic singlet spectrum (green,
bottom curve) shows great similarity with the scaled harmonic prediction, but does not
yield a much improved fit for any of the observed features.

The experimental features and the scaled, harmonic resonances are listed in Table 5.1,
accompanied by vibrational assignments of these resonances. Comparison between the
perdeutero and perprotio phenylium reveals an expected red shift of the vibrational modes.
Where the perprotio phenylium exhibits modes with mixed CHip bending and CCip stretch-
ing character in the 1000-1600 cm−1 range, in perdeuterated phenylium, the CDip coun-
terpart is less prominent than the CCip stretching component. We compared the nature of
these modes between C6H5

+ and C6D5
+ by inspecting their animated vibrations. Many

of these mixed modes in the C6H5
+ spectrum have no one-on-one equivalent counterpart

with significant intensity in the C6D5
+ spectrum. Of the modes presented in the Table,

only the quintet mode and the last CCip mode show an identical motion.
Our calculations of the S-T gap for perprotio phenylium with DFT calculations (us-

ing M06-2X for the electronic energies and B3LYP for the zero-point energies) yield a
value of 121 kJ·mol−1 (120 kJ·mol−1 for C6D5

+), close to the highest values reported in
literature (≤ 137 kJ·mol−1 [231]). The S-T gap of argon-tagged phenylium Ar – C6H5

+,
calculated including empirical dispersion to account for the long-range potentials needed
to describe argon-tagging, is 99 kJ·mol−1, whereas a dispersion-corrected calculation for
bare phenylium yielded 91 kJ·mol−1. This indicates a small stabilization of 8 kJ·mol−1

for the singlet state by the σ -coordinated — or in-plane — argon atom, as was previ-
ously suggested as well [239]. These findings further confirm the singlet state character of
phenylium.

5.3.2 Fragmentation chemistry
Upon resonant IR irradiation, several fragment masses appear. Figure 5.3 shows mass
spectra recorded at two different resonances in the IR spectrum of perprotio phenylium.
The top panel shows the fragmentation that occurred close to the maximum of the 696
cm−1 band at 680 cm−1. Four fragment ions are observed at m/z =51, 50, 49 and 37 in
addition to the parent ion at m/z = 77. The mass spectrum recorded at the weakest IR
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FIGURE 5.3: IRMPD mass spectra of perprotio phenylium (C6H5
+, m/z =77), recorded at 680

cm−1 (top) and 380 cm−1 (bottom).
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FIGURE 5.4: IRMPD mass spectrum of perdeutero phenylium (C6D5
+, m/z =82 ), recorded at 790

cm−1 (top) and 1648 cm−1 (bottom).
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resonance at 380 cm−1 (bottom panel) displays only one fragment at m/z = 51. Fragmen-
tation mainly occurs through the loss of [2C, nH]-moieties with n = 2−4 (m/z = 51−49)
plus a small contribution of [3C, 4H]-loss (m/z = 37). The m/z =50 and 49 channels ap-
pear mostly along this dominant m/z= 51 mass, while the m/z= 37 channel only appears
at the most intense resonances. Notably, no significant H- or 2H-loss (m/z = 76 and 75) is
observed for any of the resonances. This was also observed in an earlier IRMPD measure-
ments of naphthyl cation, showing [2C, 2H] as the dominant loss channel [240] although
the relatively low mass resolution in that experiment could have obscured observation of
H-loss.

For perdeutero phenylium, a mass spectrum recorded at 1275 cm−1 – on the flank
of the IR resonance at 1337 cm−1 – is given in the top panel of Fig. 5.4, displaying
two main fragment masses at m/z = 54 and 52 next to the parent mass at m/z = 82.
Contributions from [nD]-loss at m/z = 80, 78 and 76 are small and are only present in the
flanks of the 1337 cm−1 and 1015 cm−1 resonances. No m/z = 38 ion signal is detected,
which would have indicated [3C, 4D]-loss. The mass spectrum recorded at the weakest
IR resonance (1648 cm−1) is displayed in the bottom panel and only shows one fragment
mass, at m/z= 54. Similar to its perprotio counterpart, perdeutero phenylium mainly loses
[2C, 2D] (m/z = 54), with [2C, 3D] (m/z = 52) appearing along the main fragment in
all resonances other than the weakest 1648 cm−1 feature.

Both the perprotio and perdeutero phenylium thus show the loss of [2C, 2H/D] as
their dominant loss channel, with the loss of [2C, 3H/D] as the second strongest. The
most salient differences are that the perprotio phenylium is the only one to show the loss
of [3C, 4H/D], while the perdeutero phenylium is the only one to show the loss of [nH/D].
In spite of these differences, it is clear that these smaller channels are secondary to the
loss of [2C, 2H/D]. We attribute the observation of lower-mass fragments for C6H5

+ to
a higher-energy loss channel, that is made accessible by a combined effect of both the IR
absorption strength of the excited mode and laser intensity.

To rationalize the observed mass spectra obtained upon IR irradiation, we investigated
the PES describing the photofragmentation of phenylium at the M06-2X/6-311++G(3df,
2pd) level. The results are summarized in Fig. 5.5 where the colors and roman numerals
highlight energy regimes dominated by a given mechanism. The lowest energy regime is
that of ring opening and subsequent isomerization processes. Ring opening (I, orange) is
clearly energetically more favorable than H-atom loss (II, red) processes. Direct H-loss
from phenylium involves a simple C – H bond breaking requiring 5.09 eV. This value is
slightly higher (0.2 eV) than obtained at the CCSD(T) level [231], which is likely due to
the multi-configuration character of the m-benzyne C6H4

+ cation [257]. Ring opening —
leading to the chain-like intermediate int2 — can occur along two different reaction paths.
The lowest energy path involves a single transition state ts3 at 2.41 eV, where the breaking
of the alpha C – C bond is followed by the migration of one H atom to form a CH2 moiety.
The higher energy path goes through ts1 at 2.88 eV involving the migration of an H atom
to a nearby carbon creating int1. This is followed by the subsequent cleavage of the C – C
bond with a concerted migration of one H to the final carbon of the chain, involving ts2
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5.3. Results and Discussion

FIGURE 5.6: Relative concentrations of phenylium, int 2+int 3 and int 4+int 5 in the equilibrated
mixture [M] as function of the internal energy of the phenylium molecules in the pre-equilibrium

approximation.

at 4.9 eV. In both paths the transition states and the intermediate have a singlet open-shell
character. The 2.41 eV energy of ts3 compares very well with the value of 2.44 eV (56.2
kcal/mol) obtained with CCSD(T) [231] while it is low compared to the 3.33 eV value
obtained with QCISD(T) [241]. Despite the uncertainties of the different methods, direct
H-loss from phenylium is clearly energetically less favorable than isomerization.

Several chain-like C6H5
+ isomers exist, lying a couple of eVs above ground-state

phenylium [241]. The structures investigated in Fig. 5.5 are among the lowest in energy.
Similar reaction paths were found to be available for the all isomers investigated here,
namely int2, int3, int4, and int5, with comparable energies. In the following, we describe
the different reaction pathways available for isomer int3 as an example, the energies are
given with respect to int3. For this isomer, the lowest energy pathways are isomerization
reactions (I, orange): a rotation along the C2H2 central group (ts5, 2.03 eV) producing the
cis form of int3 – int2, and H migration (ts7, 2.09 eV) leading to int4. An additional H
transfer leads to the formation of a methyl group in int5.

Energetically, the next class of reactions is H-loss (II, red), requiring energies ranging
from 3.65 eV to 4.8 eV depending on which H atom is eliminated2. The CCH2-loss reac-
tion (III, blue) is found to be even more endoergic, requiring energies above 5.74 eV (ts6)
for the direct dissociation and above 8.70 eV for the sequential H+CCH loss (IV, green).
Direct CCHn losses (with n = 3,4) also require energies higher than 6 eV.

Based on the PES, the following scenario can be put forward. When phenylium is ex-
cited up to an energy of around 4 eV, isomerization reactions such as ring opening/closing,

2In Fig. 5.5 we reported only the lowest energy H-loss channel for each intermediate.
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H-migration, and rotation can occur. Because the isomerization barriers are energetically
very close and lower than the dissociation barriers, the process is expected to yield a mixed
population of C6H5

+ isomers, including phenylium. The isomeric abundance of each iso-
mer can then be estimated by its vibrational density of states (VDOS) at internal energy E
relative to the total VDOS for all isomers, under the assumption that the structures int 2
to int 5 are in equilibrium [258]. The relative contribution of the each intermediate to the
equilibrated mixture [M] is plotted in Fig. 5.6 as function of internal energy. We use the
equation

[M] = ρphen +ρint2 +ρint3 +ρint4 +ρint5,

where ρX is the density of states of isomer X , evaluated using the internal energy of
phenylium as a reference (see Eq. 21 of [259]). The relative contributions of phenylium,
int 2+int 3 and int 4+int 5 are plotted in Fig. 5.6. The VDOS was calculated using har-
monic frequencies from M06-2X/6-311+G(3df,2pd) calculations, directly counted with a
resolution of 1 cm−1. Phenylium constitutes 90% of this mixture up to 3 eV of internal
energy, but already at 4 eV its contribution is down to 50%. At this point, the sum of
int 2 and int 3 dominates the mixture of isomers up to 14 eV, where their contribution
decreases below 50%, and the sum of int 4 and int 5 dominates the mixture. At 7 eV,
phenylium is below 10%. Thus, it is the mixture of phenylium isomers that will define
the fragmentation behavior observed experimentally. The higher abundance of specific
intermediates at an internal energy is related to their higher density of states. It appears
that the ring opening in phenylium brings a thermodynamic advantage: int 2 and int 3
possess more low-energy vibrational modes that increase their vibrational density of states
with respect to phenylium. Similar behavior was observed also for the naphthalene cation
[259]. Thus, it is this mixture of phenylium isomers that will define the fragmentation be-
havior observed experimentally, assuming that at intermediate internal energies of several
eV all species are in the quasi-continuum and readily absorb the extra photons needed for
fragmentation.

Starting at an energy of around 4.8 eV, H-loss reactions from the mixed population of
C6H5

+ isomers become accessible. Direct H-loss from the ring might also happen, but it is
not expected to be competitive with H-loss from the population of open isomers. Finally,
CCH2/C2H2-loss reactions open up for energies above 5.8 eV.

This theoretical picture appears to be at odds with what was observed in the exper-
iment, which reveals only C-loss channels. Two studies on the reactivity of phenylium
showed only the loss of [2C, 2H] as a collisionally induced dissociation (CID) byproduct
at room temperature [243, 244]. In these guided ion beam studies, the collisions are ex-
pected to lead to a less gentle excitation than in our IRMPD experiment, but the lack of
hydrogen loss appears consistent with the current observations. In contrast, for the neutral
phenyl radical, photofragmentation studies using 248 nm light (5.0 eV per photon) showed
H-loss only, whereas additional [2C, 2H]-loss was observed when using 193 nm light (6.4
eV) [242]. Although these findings cannot be directly compared due to the difference in
charge state, it is interesting to note that the shift from H-loss to [2C, 2H]-loss occurs in
the range between 5.0 and 6.4 eV, the same range calculated here for the phenyl ion.
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The lack of detection of the H-loss channel may be explained if the [2C, nH]-peaks in the
mass spectra are the result of sequential loss of H followed by the loss of [2C, (n-1)H]
units. In this scenario, isomerization takes place first producing a collection of isomers,
within the microsecond timescale of the experiment. In any of these isomers, fast loss of
[2C, (n-1)H] follows the initial loss of H atoms, thus obscuring this channel.

The high barriers calculated for the [2C, H]-loss reactions from [C6H4
+] isomers plus

the sole detection of [2C, 2H] in the CID experiments might suggest that another mecha-
nism is at play. It could also be speculated that a kinetic shift might be responsible for the
lack of detection of H-loss on C6H5

+, i.e. that a molecule needs to be excited to higher
internal energies to observe any fragmentation during the experimental timescale (∼ µs).
This has been observed both in large and small aromatic systems [138, 173]. At these
higher internal energies (≥ 6 eV) the dominant fragmentation channel might be different
from that at lower internal energies.

To evaluate if there is a change in the dominant fragmentation channel at higher ener-
gies we calculated entropies of activation at T=1000 K (∆S1000) for H-loss and CCH2-loss
from int2, using the unscaled harmonic frequencies for int2 and ts4 [212]. Since H-loss
is a barrierless reaction, we started from an optimized structure where the eliminated H is
located 4 Å away from the remaining C6H4

+ fragment. For the H-loss reaction, ∆S1000 is
23.02 J·mol−1K−1, while for CCH2-loss ∆S1000 is 51.58 J·mol−1K−1. This means that,
even if the loss of an H atom requires a lower energy barrier (3.63 eV) than the loss of
CCH2 (4.52 eV), the reaction rate of CCH2-loss will grow faster than the rate of H-loss as
function of internal energies due to the larger change in entropy. Eventually the CCH2-loss
channel becomes dominant at high internal energy. A similar situation was observed for
the competition between H- and H2-loss channels in the pyrene cation [260]. This is true
also for C6D5

+, since the calculated ∆S1000 for D-loss and CCD2-loss are 27.21 and 55.65
J·mol−1K−1, respectively.

The lack of detection of the H-loss channel in C6H5
+ could thus be either due to se-

quential loss or to a kinetic shift. Experiments on a nanosecond timescale could disentan-
gle the direct and/or sequential origins of the C-loss channels. A kinetic modelling study
of the fragmentation pathways of phenylium and its isomers, which is beyond the scope of
this work, could help shed light on this matter.

5.4 Conclusions
The first IR spectra of isolated, gas-phase perprotio phenylium and perdeutero phenylium
covering the 5.2–38 µm range are presented. Our experiments confirm the assignment of
the singlet ground-state configuration and reveal only limited anharmonic behavior. The
C6H5

+ ions fragment primarily through loss of [2C, nH] (n =2–4), with [2C, 2H]-loss
being the dominant loss channel, in agreement with other works. The exploration of the
PES of phenylium through DFT calculations revealed facile ring-opening pathways, sug-
gesting a mixture of isomers to be available upon photolysis. H-loss was not detected in
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experiment. This could either be explained by fast sequential loss or by kinetic effects;
the entropy (∆S1000) calculations show that at high internal energies, CCH2-loss proceeds
at a faster rate than H-loss. The presented results constitute the successful IRMPD spec-
troscopy of an IRMPD-resistant ion using the FELICE FT-ICR MS. Developments are
currently in progress that improve ion production, storage, and alignment, providing ac-
cess to higher ion and photon densities. The current results demonstrate the unique ca-
pabilities of FELICE in spectroscopic characterization of strongly bound species which
would not be possible with other instruments, thus paving the way to the IRMPD spectro-
scopic characterization of highly photostable, astronomically relevant species down to the
far-infrared.
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Chapter 6

Gas-phase spectroscopy of photostable PAH ions
from the mid- to far-infrared

We present high-sensitivity gas-phase infrared multiple photon dissociation (IRMPD) spec-
tra of three cationic polycyclic aromatic hydrocarbons (PAHs) phenanthrene, pyrene and
perylene, employing the Fourier-Transform Ion Cyclotron Resonance mass spectrometer,
integrated in the Free-Electron Laser for Intracavity Experiments FELICE. The intracav-
ity configuration can provide such high photon densities that the IRMPD spectra of these
photostable PAHs can be recorded over the 100–1700 cm−1 (6–95 µm) spectral range,
with a sensitivity that allows for the detection of combination modes with extremely weak
(∼ 0.006 km·mol−1) intrinsic intensities near 25 µm. The spectral range investigated
covers both local vibrational modes involving C – C and C – H bonds in the mid-IR, and
large-amplitude skeletal modes in the far-IR. The absence of congestion in the far-IR, and
the experimental confirmation of predicted spectroscopic trends for PAHs can aid in the
search for individual PAH fingerprints in the far-IR in the interstellar medium and on
Titan.1

1This Chapter is adapted from Wiersma, S. D., Candian, A., Bakker, J. M., Petrignani, A. (in preparation).
Gas-phase spectroscopy of photostable PAH ions from the mid- to far-infrared: implications for the interstellar
medium and Titan
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6.1 Introduction
Polycyclic aromatic hydrocarbons (PAHs) are one of the most stable families of organic
molecules known. They are found in outer space, where they are formed through combus-
tion-like chemistry in the outflows of carbon-rich stars [43, 261]. They have been dis-
covered in many astronomical environments, and it has been estimated that they comprise
between 10–18% of the elemental carbon budget [15, 40]. PAHs are also a key constituent
of interstellar dust grains and carbonaceous chondrites, and are likely present in solar sys-
tem bodies, including Charon [262] and Titan.

On Titan, PAHs are believed to be a key ingredient of the aerosol particulate (tholins)
that is responsible for the orange haze layer in Titan’s stratosphere [263]. The benzene
molecule was detected by ISO [264] and confirmed through mid-IR measurements by
Cassini [265], showing that it is the most abundant heavy molecule in the thermosphere
[266]. Cassini also detected several heavy ions that could be identified as small PAHs and
PAH-derivatives [263], and it measured a 3.28 µm feature that was assigned to the C – H
stretches in PAHs with an average mass around 430 amu [267]. The Cassini mission just
gave a peek of the complex chemistry involving hydrocarbons and nitrogen happening in
Titan’s upper and lower atmosphere, and many details still require an explanation. An
example is the presence of the so-called Haystack feature [268], a broad far-IR feature in
the 200-250 cm−1 range peaking at 221 cm−1 (45 µm) that cannot yet be assigned.

Since the interstellar PAH hypothesis was posed in 1984 [36, 37], many astronomical
observations, theoretical studies and laboratory experiments have been conducted, that
have led to the conclusion that the dominant Aromatic Infrared Bands (AIBs) observed in
the mid infrared (MIR) at 3.3, 6.2, 7.7 and 11.3 µm, can be attributed to the vibrational
emissions of UV-excited PAHs in the ISM [32, 43, 47, 81, 86, 99, 269–273]. These and
many other studies have helped put limits on the size of PAHs, and elucidated details of the
life cycles of PAHs; it is now well established that a large fraction of the PAH population
in the ISM is present in cationic form (see Ref. [47] and Refs. therein).

In spite of these efforts, the fingerprint of a single PAH has not yet been observed in
the ISM. However, four molecules closely related to PAHs have been confirmed to exist
in space: the possible PAH precursors benzene and benzonitrile [191–193], as well as the
fullerenes C60, C60

+ and C70 [29, 30, 194–196]. The latter are hypothesized to be formed
by the radiative processing of larger PAHs exceeding 60 or 70 carbon atoms [152, 197].
Benzene, C60, and C70 all possess characteristic IR emission lines, that allowed interstellar
MIR features to be assigned to them. PAHs exhibit highly similar spectra in the MIR, a
region dominated by local C – C and C – H modes. For local interstellar PAH populations,
only spectral variations related to changes in charge, size range and compactness have
been identified [101, 274].

The scenario changes the far-infrared (FIR) fingerprints of PAHs. Here, global, skeletal
deformation vibrations, with names such as drumhead, butterfly or jumping jack modes
(see Fig. 6.1) are much more molecule-sensitive [50, 54, 55, 140]. Although the FIR
emission lines of interstellar objects are often obscured by dust emissions [39], there are
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FIGURE 6.1: Four particular skeletal vibrations of cationic pyrene, visualized with displacement
vectors. The scaled frequencies are taken from the harmonic DFT calculations which are treated in

Section 2.2 and listed from the drumhead mode on in Table 6.3.

known interstellar emission features in the transition zone from the MIR to the FIR, at 15.8,
16.4, 17.4, 17.8, and 18.9 µm, which have been attributed to PAH emissions [140, 275].
Further in the FIR, bands have been suggested to be even more characteristic for individual
PAHs or PAH families [50, 54–57, 276] and their detection could lead to identification of
PAHs in the ISM or in the atmosphere of Titan [277]. These studies are, however, entirely
based on theoretical spectra.

Laboratory studies have revealed many characteristic IR spectral properties of PAHs,
but have mostly been limited to wavelengths shorter than 20 µm (above 500 cm−1), which
do not involve the truly global modes. Matrix isolation spectroscopy studies have mostly
focused on neutral PAH species, partially due to difficulties in discriminating signals orig-
inating from ions from those from neutral species [113, 278–282]. Other difficulties with
impurities and backgrounds exist for gas-phase FT-IR or emission spectroscopy [169–171,
283–286]. To record laboratory spectra for gas-phase ions over large spectral ranges (cov-
ering mid- to far-IR), IR multiple-photon dissociation (IRMPD) spectroscopy is presently
one of the most powerful methods [120, 124]. In the FIR, this type of action spectroscopy
is, however, far from trivial due to the requirement that several tens to hundreds of IR pho-
tons need to be absorbed to overcome the fragmentation barrier in strongly bound species
such as PAHs. With both decreasing IR absorption cross-sections and the need to absorb
more photons at longer wavelengths, laboratory spectroscopy studies of gas-phase PAHs
have thus far been mostly limited to the MIR 3–18 µm range [120, 129–131, 201, 287,
288].

In this work, we used the high IR photon densities available in the Fourier Transform
Ion Cyclotron Resonance (FT-ICR) mass spectrometer beamline of the FELICE intra-
cavity free-electron laser [132] to perform IRMPD spectroscopy of PAH cations in the FIR
up to wavelengths of 100 µm. We present IRMPD spectra for phenanthrene (C14H10

+),
pyrene (C16H10

+), and perylene (C20H12
+) in the range of 100–1700 cm−1 with partic-

ular attention to the 100–600 cm−1 FIR spectral range. We assign a large range of low-
frequency bands using Density Functional Theory (DFT) calculations in both the harmonic
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and the anharmonic approximation. The experiments are in turn used to benchmark com-
putational and FIR modeling studies of PAHs. Finally, we discuss the implications of our
results for possible astronomical observation of these molecule-specific signatures in both
extraterrestrial atmospheres and the ISM.

6.2 Methods

6.2.1 Experimental
The IRMPD spectra of three PAH cations were recorded using the Fourier Transform Ion
Cyclotron Resonance (FT-ICR) mass spectrometer beam line of the Free Electron Laser for
Intra-Cavity Experiments (FELICE) at the FELIX laboratory in Nijmegen. The FELICE
FT-ICR apparatus, schematically shown in Figure 6.2a, has been described in detail before
[132]. Here, additional experimental details are presented on features that were used for
the first time in this work.

Phenanthrene, pyrene, and perylene (Sigma Aldrich/Merck) were brought into the gas
phase using an effusive sublimation source, at temperatures of 50, 70 and 130 °C, respec-
tively. The gas-phase PAHs were then exposed to 20-eV electrons in an electron impact
ionizer (Ardara Technologies) creating singly-charged radical cations. These cations were
led through a series of ion optics, into a cylindrical quadrupole (QMS) operated in rf-
guiding mode only. The ions were subsequently trapped in a sectioned, quadrupole ion trap
with rectilinear rods (RIT), and collisionally cooled with argon gas (∼10−2 mbar) [180].
After collection over 50 ms in the RIT, an ion pulse was extracted towards a quadrupole
bender (IQD), which diverted the ion trajectory by 90° into the FELICE cavity. A home-
built intra-cavity quadrupole ion guide (IQG) transported the ions toward one of the four
FT-ICR storage cells. For each cell, the mass resolution exceeds m/∆m=105 with a mass-
to-charge ratio up to at least 1000 amu/e.

The FT-ICR MS cells, labeled C1–C4 in Fig. 6.2b, are open-ended, cylindrical cells
(∼5 cm diameter), located within a movable 7-Tesla magnet (Cryomagnetics Inc.). This
magnet can be positioned in such a way that the 10× 5 cm2 area of homogeneous mag-
netic field (< 19 ppm) overlaps with the center of either of the four cells. The multi-cell
configuration was introduced to enable IR spectroscopy with varying IR fluences inside
the laser cavity. With C1 positioned in the laser focus, ions stored here experience the
largest laser fluence. With a spacing between the cells of 10 cm, and the laser Rayleigh
range of 82 mm, ions in each next cell are submitted to a fluence reduced by a factor of 2.3.
For relatively strong absorption efficiency, spectroscopy is preferably done in C4, where
the overlap between the ion cloud and the laser beam is larger, and where the reduced
fluence will lead to less spectral broadening. C1 is used for the most photostable species
or weakest absorptions. For pyrene and perylene, spectra were recorded in C4 in the 600–
1700 cm−1 spectral range, while C1 was employed for spectra at lower frequencies. For
phenanthrene, the 235–650 cm−1 spectral range was recorded using C4, and the 105–300
cm−1 range in C1.
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Rectilinear Ion Trap (RIT)

Quadrupole mass spectrometer 
(QMS)

Intracavity quadrupole
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Intracavity quadrupole de�ector
(IQD)

Source quadrupole de�ector
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Electron impact ionizer
(EI)
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FIGURE 6.2: (a) Schematic of the FELICE FT-ICR instrument. The path of the molecules through
the apparatus from the sublimation source down to the ICR cells is depicted in blue. The fuchsia
beam illustrates the FELICE waist through the cavity. Proportions in this figure are not to scale.
(b) Cross section of the four storage cells (C1–4) and the intra-cavity quadrupole ion guide (IQG).
The ions move from right to left and are stored in one of the storage cells (C#). The top and side
plates are used as excitation (exc#) and detection (det#) plates, respectively. When using one cell,
the electrodes of all other cells are grounded. The focus of the FELICE laser beam coincides with

the center of C1, and is characterized by a 82 mm Rayleigh length.
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After transfer to the optimal cell, the cations of interest were mass-isolated via a stored
waveform inverse Fourier Transform (SWIFT) pulse [135]. The ions were then exposed to
one or several (max. ∼20) FELICE macropulses. For each spectrum, the IR frequency was
scanned in steps of 1 to 5 cm−1, depending on the spectral range. At each frequency step,
5–20 time transients were averaged and Fourier-transformed. The whole experimental
sequence was controlled by home-built software developed by Mize et al. [178].

The IRMPD spectrum was obtained by monitoring the fragmentation yield Y (ν) at
wavenumber ν , defined as:

Y (ν) =
1

P(ν)
ln
(

Npar(ν)

Npar (ν)+Nfrag (ν)

)
, (6.1)

with Nfrag and Npar the total fragment and parent mass counts, respectively, and P(ν)
the macropulse energy. The latter is inferred from coupling a fraction of the light out
through a 1 mm-diameter hole in the end mirror of the cavity, and directing it onto a power
meter. The IR wavelength was calibrated using a grating spectrometer (Princeton Instru-
ments SpectraPro). In the case of total parent dissociation over a broad range, the features
measured with a lower macropulse energy can become artificially suppressed after power
correction. The 100–1700 cm−1 spectral range was therefore recorded with three separate
FEL settings. In the 600–1800 cm−1 range, the FELICE macropulse energy peaked be-
tween 1500–1600 cm−1 at 1.6 J. In the 200–600 cm−1 range, it was slightly lower with
its maximum at 1.3 J around 475 cm−1. For the 100–300 cm−1 range, the maximum was
reached around 275 cm−1 at 0.4 J. After power correction of the three individual spectra,
they were joined by normalizing to the overlapping resonances, or in the absence of over-
lapping resonances, by correcting for the drop in fluence from one cell to the next. For
the presented experiments, 4–10 µs long macropulses were used at a repetition rate of 5
or 10 Hz, which in turn consist of ps-long micropulses at 1 GHz. The spectral bandwidth
(FWHM) was ∼ 0.6% of the central wavelength.

6.2.2 Computational
Density functional theory (DFT) calculations were employed to interpret our experimental
results using the Gaussian16 Suite [155]. Geometry optimizations and harmonic force field
calculations were performed using the B3LYP functional [159, 160] and 6-311++G(2d,p)
[162] basis set. For pyrene and perylene, we compare the scaled harmonic calculations to
anharmonic calculations at the B3LYP/N07D level of theory [250]. The individual modes
were visualized and identified, using the computational chemistry software suite Gabedit
[158]. We adopted the FIR mode naming conventions defined by Ricca et al. [140].

88



6.3. Results

TABLE 6.1: Cationic fragment masses detected in the IRMPD spectroscopy of the three stud-
ied species, phenanthrene (C14H10

+, m/z = 178), pyrene (C16H10
+, m/z = 202) and perylene

(C20H12
+, m/z = 252). The dominant channel/fragment is denoted in bold. Fragments that could

be detected, but were too noisy to be included in the IRMPD spectra are given in italic.

C14H10
+ C16H10

+ C20H12
+

m/z = 178 m/z = 202 m/z = 252
loss m/z (amu) loss m/z (amu) loss m/z (amu)
– H 177 – H 201 – H 251
– 2H 176 – 2H 200 – 2H 250
– [2C, 2H] 152 – 3H 199 – 3H 249
– [2C, 3H] 151 – 2H 198 – 4H 248
– [2C, 4H] 150 – [2C, 2H] 176 – 6H 246

– [2C, 4H] 174

6.3 Results
The fragments observed in the IRMPD experiments on the three studied PAHs are listed
in Table 6.1. The IR spectrum is constructed from these fragments according to Eqn.
7.1. The loss channels shown in italic were very minor and gave rise to too much noise,
and were not used to construct the IR spectrum. The trend in the three studied PAHs
shows that larger PAHs have a higher propensity to lose H/2H, whereas smaller PAHs are
more likely to lose – [2C, nH]. This follows previously established experimental trends for
cationic PAHs using IRMPD [129], collision-induced dissociation [139], and observations
of fragmentation upon irradiation with a Xe arc lamp [205]. Unlike the pyrene results
presented in the latter reference, we observed some [2C, 2H]/[2C, 4H]-loss at intense MIR
bands, albeit at low ion intensity. Theoretical studies on the reaction paths for [2C, 2H]-
loss processes show that pericondensed PAHs lack the structural flexibility to form the
four-ringed and five-ringed intermediates necessary for [2C, 2H]-loss, and that structural
rigidity increases for larger, more aromatically stabilized PAHs [139, 289]. Furthermore,
the ease with which 2H/H2 is lost from highly-excited large PAHs is also reflected in other
work [88, 92, 152, 290, 291], and through the modeling of interstellar PAHs in PDRs [80,
81].

6.3.1 Phenanthrene
The IRMPD spectrum of cationic phenanthrene (C14H10

+, m/z = 178, is shown in the
105–650 cm−1 spectral range in Fig. 6.3, (black, top). The spectrum is a composite of
two scans, which overlap between 240 and 290 cm−1. Four well-resolved resonances are
found, at 199, 390, 479, and 571 cm−1. The linewidths observed are typically on the order
of 20 cm−1 full-width at half-maximum (FWHM), except for the 199 cm−1 band, which
has a width of ∼ 5 cm−1. This is caused by the fact that the power broadening is reduced
at the longer wavelengths and that the FEL spectral bandwidth is a function of the central
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FIGURE 6.3: The experimental IRMPD spectrum (top) and theoretical IR spectrum (bottom) of
cationic phenanthrene. The harmonic theoretical stick spectrum is scaled with a factor 0.96, and

convolved with a 30 cm−1 FWHM Gaussian line shape function.

TABLE 6.2: Phenanthrene cation observed band frequencies (cm−1) and relative intensities, to-
gether with calculated frequencies (cm−1) and IR intensities (km·mol−1), and descriptions of the
modes. The listed harmonic frequencies are scaled by a factor 0.96. oop: out-of-plane; ip: in-plane;

E/C: elongation/compression

Experiment Harmonic calc. Mode description
Freq. Norm. Y Freq. IR int.

(cm−1) cm−1 km·mol−1

199 0.22 204 6.3 long-axis butterfly
390 0.18 395 9.5 quarto HCCHoop twist,

duo CHoop wag
420 0.9 armchair ring rock

479 0.48 475 3.7 ip rock central ring,
E/C outer phenyls

532 0.7 E/C middle ring
571 1.00 576 48.9 E/C outer phenyls
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wavelength in µm. The FIR bands thus become narrower in wavenumbers. The 390 cm−1

band exhibits a high-frequency shoulder, and the 571 cm−1 band a low-frequency one,
both likely caused by underlying low-intensity resonances. The currently recorded spec-
trum has a partial overlap of 250 cm−1 with the IR spectra reported by Piest et al. [201],
presenting the IRMPD spectrum of the phenanthrene cation and an IR photodissociation
spectrum of the cold phenanthrene-Ar cation. In the first spectrum a band was observed
at 578 cm−1, while the second spectrum reported bands at 482 and 581 cm−1. The same
publication also reported multiple Franck-Condon active vibrational states detected via
mass-analyzed threshold ionization (MATI), of which only the band at 402 cm−1 matches
with the spectrum in this work; the other reported bands are IR-inactive. Interestingly, no
band around 200 cm−1 is mentioned. Showing a maximum deviation of 10 cm−1, these
previously measured spectra are consistent with the work presented here.

Below the experimental spectrum, a DFT spectrum is depicted in red with calculated
frequencies scaled by a factor of 0.96. To facilitate comparison with the experiment, the
stick spectrum is convolved with a Gaussian line shape function with a 30 cm−1 FWHM.
One can observe that there is a good agreement between calculated and experimental band
positions. The predicted relative intensities compare reasonably well, with the largest mis-
match for the 479 cm−1 experimental band, which is predicted far weaker than observed.
The high-frequency shoulder of the 390 cm−1 band is rationalized by a (weak) predicted
band at 420 cm−1, and the raised baseline between the 479 and 571 cm−1 bands is most
likely caused by a predicted band at 532 cm−1. A detailed comparison between experiment
and calculation is listed in Table 6.2, including descriptions of the modes. The predicted
vibration types show that as we move further into the infrared, the skeletal motions become
increasingly out-of-plane.

6.3.2 Pyrene
The IRMPD spectrum of cationic pyrene (C14H10

+, m/z = 202) is shown in Fig. 6.4a
(black, top). It spans a range of 110–1590 cm−1 and consists of a composite of three
individual curves that overlap between 240–300 cm−1 and 560–600 cm−1. We observe
twelve distinct bands. The bands at 1320 and 1381 cm−1 are almost merged, but two dis-
tinct shapes can still be discerned. The observed linewidths vary between approximately
40 and 60 cm−1 in the range between 450 and 1590 cm−1, decrease to 30 cm−1 for the
features at 335 and 434 cm−1, and drop sharply to 3 cm−1 for the feature at 188 cm−1.
Like for phenanthrene, power broadening is less pronounced at lower wavenumbers, and
laser linewidths are significantly smaller as well. The spectrum between 1000–1600 cm−1

is slightly saturated due to the high power and strong absorptions, which in turn leads to
their suppressed intensity (see Methods). However, this high power enabled the detection
of very weak modes, especially in the FIR region. A vertical close-up (dotted, black) in
the FIR region clearly reveals very weak modes at 335 and 434 cm−1 with a high signal-
to-noise (S/N) ratio and predicted intensities of 1.2 and 0.5 km·mol−1, respectively. The
weakest observed band is around two orders of magnitude weaker than the strongest band
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TABLE 6.3: Pyrene cation observed band frequencies (cm−1) and relative intensities, together with
calculated frequencies (cm−1) and IR intensities (km·mol−1), and descriptions of the modes. The
listed harmonic frequencies are scaled by a factor of 0.96. oop: out-of-plane; ip: in-plane; E/C:

elongation/compression

Experiment Harmonic calc. Anharmonic calc.
Freq. Norm. Y Freq. IR int. Freq. IR int. Mode description

(cm−1) (cm−1) (km·mol−1) (cm−1) (km·mol−1)
188 0.390 191 12.4 203 11.7 drumhead
335 0.036 340 1.2 352 1.2 short-axis jumping jack
434 0.003 451 0.5 459 0.3 long-axis HCCHoop twist
488 0.130 485 7.3 500 8.3 long-axis jumping jack

518 0.5 533 0.4 short-axis E/C
671 1.000 668 9.0 687 8.4 long-axis E/C

678 57.2 691 45.3 in-phase duo
and trio CHoop wag

840 0.759 845 88.7 858 95.7 in-phase duo
and trio CHoop wag

990 0.298 953 11.1 981 10.6 short-axis E/C
968 15.4 1000 11.5 long-axis E/C

1100 0.096 1077 13.4 1108 11.1 antisymm. CHip trio scissor
1184 17.3 1217 16.3

1230 0.533 1218 74.9 1246 52.4 in-phase CHip duo rock
1320 0.528 1311 138.3 1354 95.2 short-axis ipCC stretch

1360 10.2
1389 6.3

1381 0.276 1391 23.2 1428 11.1 CHip scissor,
short-axis CCip stretch

1411 28.1 1437 19.3 CHip scissor,
long-axis CCip stretch

1445 20.3
1515 0.341 1517 171.2 1550 108.2 CHip scissor,

short-axis CCip stretch
1523 24.9 1577 57.6
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in the MIR experimental spectrum. A detailed list of peak positions and relative intensities
is given in Table 6.3.

The 600–1550 cm−1 section of our spectrum agrees rather well with a previously re-
ported spectrum in terms of peak position and shape [120]. We detect an additional band
at 1100 cm−1 and confirm the band at 990 cm−1, which was measured at a very low S/N
ratio in the previous work. Panchagnula et al. [164] also published an IRMPD spectrum
of pyrene in their Supplementary Material, in the 600–1700 cm−1 range, which matches
even better with our spectrum. They reproduced both our experimentally observed 990
and 1100 cm−1 bands with a similarly high S/N, and the shape and peak positions line up
nicely. In their main paper, they reported a high-resolution IR photodissociation spectrum
of cold, neon-tagged pyrene in the same range. Many of the narrow bands in that spec-
trum fall under one, broadened feature in the IRMPD spectra. Notably, the left shoulders
on the 840, 990, and 1230 cm−1 bands in our spectrum can be explained by blending of
the higher-intensity transitions with lower-intensity features. Furthermore, they detect a
band at 768 cm−1, where we do not observe any fragmentation. It is important to note
that Ne-tags have binding energies of a few hundred wavenumbers, and that this method is
thus not viable for measurements in the FIR. Compared to both previously reported spec-
tra, a maximum redshift of 23 cm−1 is observed in the 1200–1600 cm−1 range, which we
attribute to our relatively high power.

Figure 6.4a also displays the scaled harmonic (red, middle) and the anharmonic (blue,
bottom). For comparison, both theoretical stick spectra have been convolved with a 30
cm−1 Gaussian line shape, while the harmonic spectrum has been scaled by a factor of
0.96. The relative intensities for both spectra match the experiments reasonably well, al-
though there are notable deviations for the observed 671, 840 and 1515 cm−1 bands. Most
bands in the scaled harmonic spectrum match within 10 cm−1, except for the two exper-
imental features at 990 and 1100 cm−1. Here, the scaled harmonic positions at 953/968
cm−1 and 1077 cm−1 deviate 30–40 cm−1 from experiment (see Table 6.3). Both bands
are predicted better in the anharmonic calculation, which only deviate by 8 and 9 cm−1,
respectively. Due to the sparse nature of both the experimental and theoretical spectrum,
unambiguous assignments are possible in the FIR. Similar to the phenanthrene spectrum,
the predicted FIR bands show activity in the entire skeletal frame, for which the exact de-
scriptions are given in Table 6.3. Above 671 cm−1, the modes become increasingly local,
and the experimental bands are attributed to several close-lying local modes. The MIR
assignments in the Table are therefore only given for the highest-intensity mode in the
merged bands of these transitions.

Arguably, the weakest band is found at 434 cm−1, a band that does not seem to be
predicted in either of the theoretic spectra. However, a close-up of this wavelength re-
gion, given in Fig. 6.4b, shows that the strong, predicted band at 485/500 cm−1 (har-
monic/anharmonic) is accompanied by two much weaker satellites. The left satellite could
very well account for the experimental 434 cm−1 band, while the right satellite could
account for the right flank on the experimental 488 cm−1 band. Including anharmonic-
ity does not provide a better match with the experiment. The calculated intensity of the
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harmonic 451 cm−1 band is only 0.5 km·mol−1. Our ability to detect this feature thus
demonstrates the very high experimental sensitivity of our experiments.

6.3.3 Perylene
For perylene (C20H12

+, m/z = 252), the IRMPD spectrum is given in Fig. 6.5a (top,
black), in the 105–1758 cm−1 range. The spectrum comprises three individual curves that
overlap between 215–300 cm−1 and 620–675 cm−1. In total, we observe sixteen bands
of which twelve can be clearly distinguished. The dotted curve shows a vertical close-up
for the weaker bands observed in the FIR, and clearly shows the high S/N of the 234,
304, 444, 522, and 578 cm−1 bands. The weak 388 cm−1 feature has an experimental
intensity three orders of magnitude lower than that for the highest-intensity observed band
at 737 cm−1. Similar to what was observed for pyrene, the spectrum is saturated above
1000 cm−1 where the observed line widths range from 35 to 68 cm−1. These line widths
decrease for the more resolved bands at 923, 804 and 737 cm−1, which exhibit line widths
of ∼13 cm−1. The bands between 400 and 600 cm−1 have a line width of 25–30 cm−1,
while the features at 234 and 305 cm−1 have a width of ∼10 cm−1. The feature at 388
cm−1 is not well resolved enough to fit. The 188 cm−1 band has a line width of 5 cm−1.
In the 600–1600 cm−1 range, the spectrum overlaps with a previously measured IRMPD
spectrum of cationic perylene by Bouwman et al. [129], which is in good agreement with
the spectrum measured here. This work shows, however, two additional bands at 923 and
1059 cm−1. Our redshift with respect to their experiment does not exceed 10 cm−1.

Scaled, harmonic (middle/red) and anharmonic (blue/bottom) spectra are shown in
Fig. 6.5a as well. The harmonic prediction agrees well with the experimental curve. Most
peak positions are reproduced within 10 cm−1, although in the 1000–1550 cm−1 range,
deviations up to 18 cm−1 occur. These deviations are larger for the anharmonic spectrum,
although the overall shape agrees well. Following the same procedure as for phenanthrene
and pyrene, the modes of most bands in the spectrum were assigned using the scaled
harmonic peak positions and their corresponding animated vibrations. The sparse FIR
spectrum allowed for an unambiguous assignment, whereas the more densely populated
MIR shows several calculated transitions present under one merged band. In the MIR, the
assignment corresponds with the highest-intensity mode(s) under such a band. In the FIR
(100–600 cm−1) region, we find skeletal out-of-plane (oop) and elongation/compression
(E/C) modes. Similar to pyrene, the modes in the 600–1600 cm−1 range have an increasing
in-plane component for increasing frequencies. More detailed assignments can be found
in Table 6.4.

Neither the harmonic nor the anharmonic spectrum show intensity above 0.1 km·mol−1

in the range between 300–400 cm−1, where experimentally two features are observed at
305 and 388 cm−1. Fig. 6.5b displays a close-up of this range. The scaled harmonic
spectrum only shows activity at the very edges, but the anharmonic spectrum does show
activity. At 295 cm−1, a combination of the IR-inactive H – C – C – H twist/scissor band at
133 cm−1 and the active 163 cm−1 drumhead mode shows up with a very low intensity
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TABLE 6.4: Perylene cation observed band frequencies (cm−1) and relative intensities, together
with calculated frequencies (cm−1) and IR intensities (km·mol−1) and descriptions of the modes.
The listed harmonic frequencies are scaled by a factor of 0.96. oop: out-of-plane; ip: in-plane; E/C:

elongation/compression; scis: scissor

Experiment Harmonic calc. Anharmonic calc.
Freq. Norm. Y Freq. IR int. Freq. IR int. Mode description

(cm−1) (cm−1) (km·mol−1) (cm−1) (km·mol−1)
157 0.495 162 8.4 163 8.0 drumhead
234 0.044 242 1.3 247 1.3 short-axis jumping jack

295 0.007 combination
305 0.024 299 0.006 combination
388 0.001 391 0.024 combination
444 0.134 444 1.5 450 0.8 long-axis jumping jack

447 0.8 462 0.8
509 1.5 525 1.1

522 0.104 517 8.2 526 8.2 zigzag CHoop wag
578 0.087 564 7.5 576 6.1 long-axis E/C
737 1.000 737 108.8 741 51.5 trio CHoop wag

746 6.5 762 6.1
773 1.2 778 0.6
793 2.1 793 1.5

804 0.232 805 52.1 807 110.2 armchair CHoop wag
923 0.035 917 3.6 931 2.5 antiphase zigzag CHoop,

bay CHoop
1013 13.8 1037 9.1 short-axis E/C

1059 0.085 1077 1.8 1055 5.9 trio CHip scis
1117 0.157 1104 20.9 1131 13.2 zigzag CHip rock

1135 5.6 1149 3.9
1174 41.0 1205 50.7 antiphase armchair CHip scis

1199 0.270 1197 27.5 1220 14.5 in-phase zigzag CHip rock
1267 128.3 1305 93.9 antiphase bay HCCCCHip scis

1324 19.8
1305 0.462 1305 187.4 1347 158.4 CCip stretch
1378 0.189 1365 39.4 1393 8.7 armchair CHip rock

1421 8.7 1398 12.5
1402 18.8

1523 158.8 1553 42.6 zigzag CCip stretch,
zigzag HCCCHip scis

1537 0.341 1531 87.4 1564.6 78.4 antiphase armchair CCip stretch
1544 9.5 1565.0 80.4

1584 55.7
1603 12.5
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FIGURE 6.6: Double logarithmic plot of the harmonic DFT calculated (0,1) drumhead modes
(circles) and short-axis jumping jack (triangles) for twenty cationic PAHs present in the NASA
Ames PAH Database (PAHdb) [99], together experimentally observed band positions of five of these
molecules as reported previously (open symbols) (Pirali et al. [171, naphthalene], Bakker et al. [173,
anthracene and coronene], and pyrene and perylene from the present study). The DFT calculation
for perylene is from this work as it was not present in the PAHdb. Linear fits of the predicted bands
for the different molecular families are given by the solid lines, with their corresponding slopes. A
full list of included species is given in Table 6.5. Cationic perylene was not present in the NASA

Ames database, and we therefore used our own harmonic calculation.

of 0.007 km·mol−1. We assign the experimentally observed band at 305 cm−1 to the
combination band of the IR-inactive twisting mode at 26 cm−1 and another inactive ring-
twisting mode at 274 cm−1, which is predicted at 299 cm−1 with an intensity of 0.006
km·mol−1. The 388 cm−1 feature is assigned to a combination band predicted at 391 cm−1

with an intensity of 0.024 km·mol−1, and which combines an IR-inactive ring twisting
mode at 26 cm−1 and an IR-inactive diagonal E/C mode at 364 cm−1. The 391 cm−1

feature is predicted with a higher intensity than the 295/299 cm−1 mode. It may very
well be that the closeness of the 295 and 299 cm−1 bands leads to cooperative absorption,
resulting in one stronger resonance.
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TABLE 6.5: List of PAH cations plotted in Figure 6.6, with their size in number of rings R and their
area A in Å2. In the abbreviated nomenclature, capital B stands for ‘benzo-’, capital DB stands for

‘dibenzo-’ and capital C, stands for ‘circum-’.

coronenes pyrenes
name R A (Å2) name R A (Å2)
coronene 7 68 pyrene 4 46
Ccoronene 19 150 DB[bc,kl]coronene 9 85
CCcoronene 37 263 DB[bc,op]Cpyrene 16 135

acenes mixed shapes
name R A (Å2) name R A (Å2)
naphthalene 2 28 phenanthrene 3 40
anthracene 3 40 triphenylene 4 51
tetracene 4 53 perylene 5 57
pentacene 5 65 B[e]pyrene 5 57
hexacene 6 77 olympicene 5 54
heptacene 7 89 DB[a,j]anthracene 5 64

anthanthrene 6 63
ovalene 10 90

6.4 Discussion

6.4.1 Implications for the ISM
Astronomical FIR spectroscopy has been proposed in various studies as a method for
molecule-specific PAH identification in the ISM [50, 54, 55, 57, 140, 276]. In Fig. 6.6,
harmonic DFT calculated drumhead modes2 (circles) and short-axis jumping jack (trian-
gles) are plotted as a function of PAH surface area (defined in Ricca et al. [50]) using
data from the NASA Ames PAH Database (PAHdb) for a selection of cationic PAHs [99].
The molecules are grouped into four families: mixed-shaped molecules (black), coronene-
shaped molecules (blue), pyrene-shaped molecules (green) and acenes (pink). Many of
the mixed-shaped molecules, and all acenes, do not have drumhead modes, and for those
only jumping jack modes are presented. Experimental values from this and previous work
(open symbols) are plotted from comparison, i.e. pyrene and perylene (present study),
naphthalene [171], and anthracene and coronene [173]. Overall, the experimentally ob-
served modes seem to match their PAHdb counterparts rather well. However, the double-
logarithmic representation slightly disguises that the calculations consistently predict the
modes at shorter wavelengths. These shifts range from 13 cm−1 for perylene, to only 5
cm−1 for naphthalene, of which the experimental spectrum was used to benchmark the
PAHdb scaling factor for the FIR. As the larger shifts could hinder identification in the
ISM using theoretical predictions, more experimental FIR gas-phase data is needed to
benchmark and advance theory.

2Only drumhead modes with a single node are included, the (0,1) modes
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Additional experimental data is also required to better benchmark the range of the pre-
dicted trends. The trends for jumping jack modes were first determined on very large,
neutral PAHs [140]. Structural dependence of jumping jack peak positions for oval, rect-
angular and trapezoidal PAHs were reported. A later study revealed that the jumping jack
modes of coronene-like PAHs pile up at 220 cm−1 upon increasing their size [50]. This
result is reflected in the small slope, that is, the relatively weak dependence of the jump-
ing jack modes on size within the coronene family (blue, triangles). The jumping jacks
of the pyrene family (green, triangles) show a similar dependence on size, while those
for the acenes (pink, triangles) show a relatively large dependence on size. This may be
because these modes for acenes could also be regarded as in-plane folds rather than jump-
ing jacks. This large dependence on size closely follows what was observed for their bar
modes (out-of-plane folding from the center of the acene) in other work [276]. As ex-
pected, the jumping jack modes of the mixed-shaped molecules (black, triangles), do not
show any trends depending size as the structure also varies. The mixed set mostly forms a
small cluster, but phenanthrene and dibenzo[a,j]anthracene line up with their regular acene
counterparts. Folding the molecule along the same direction of the phenyl substitution
happens at nearly the same energy as for the similarly-sized, regular acenes. Each PAH
family with a well-defined structure exhibits jumping jack modes that are well separated
from other families, i.e. for similar sizes the respective modes are spectrally separated.
The limited experimental data available that has been extended by the present work, sup-
ports this finding. Furthermore, each well-defined family possesses its own characteristic
size dependence. Experiment seems to corroborate this trend, however, but experimental
studies are required to confirm the trends over the entire range predicted in the models.

A propensity for drumhead modes in compact PAHs to follow a linear function on size
and not structure was previously found after analysis of the calculated vibrational modes
for a large number of astronomically-sized PAHs in different charge states [276]. For both
the pyrene and coronene families, plotted in Fig. 6.6, this seems to be valid too. Both
trends are reasonably similar and the fitted lines are relatively close to each other. Any
shape dependence, if present, would be much weaker than is the case for the jumping
jack modes. Interestingly, two molecules from the mixed set — perylene and ovalene —
both follow the trend of the pyrene family. Both perylene and ovalene belong to the D2h
point group to which the pyrene family belongs as well. This high symmetry suggests
that the linear trends for drumhead modes are maybe not entirely structure independent
as previously reported. Triphenylene and benzo[e]pyrene, the other two mixed-shaped
molecules with a drumhead mode, do not appear to line up with any of the observed
trends. The uncertainties in theory, however, are what make it hard to determine to what
extent the differences and similarities are significant. Additional experimental data should
shed more light on the dependencies of the low-lying skeleton modes.

Additional experimental data in the FIR are also essential for a targeted interstellar
identification strategy, particularly for large PAHs. Such data can also be used to bench-
mark new (and possibly also anharmonic) computational methods. The upcoming Origins
Space Telescope (OST) mission with its high-resolution OSS and HERO FIR instruments
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will provide a resolution and sensitivity that are orders of magnitude better than Herschel’s
PAC and AKARI’s FIS instruments were able to offer. This mission thus offers a realistic
(and exciting) prospect for allowing to discern PAH FIR modes from the dust background
[292].

6.4.2 Solid PAHs in Titan’s atmosphere?
The ∼ 220 cm−1 Haystack feature in Titan’s atmosphere has been observed in a nar-
row altitude regime (95–130 km) at high latitudes during many seasons without show-
ing evidence of spectral variation [294]. Speculations about its origin involve mixtures
of nitrogen-containing ices created by the co-condensation of several vapor species as the
altitude decreases [294]. However, recent theoretical and experimental studies on ice mix-
tures have not been able to confirm this speculation [277, 295].

The experimental spectra presented in this Chapter together with earlier works [171,
173, 282] show that both small neutral and positively charged PAHs can have medium
to strong modes in the 200–250 cm−1 range. In all cases, these modes can be classified
as jumping jacks (Fig. 6.6). To evaluate if this is true for other small PAHs as well, we
consider theoretical predictions further. Fig. 6.7 shows a collections of pure PAHs (not
containing oxygen or nitrogen) taken from the PAHdb [99] that possess intense and mod-
erately intense modes in the spectral window of the Haystack feature. These PAHs are
chosen based on their small size (up to 5 rings) and the absence of strong modes below
190 cm−1. Among the considered PAHs, those with additional hydrogen/protons exhibit
the strongest modes. In these molecules, the modes calculated around 200 cm−1 are ring-
puckering modes associated with the ring containing the additional hydrogen atoms. Nor-
mal PAHs also possess ring-puckering modes in the 200–250 cm−1 region, although their
intensities are lower.

It is an interesting idea to see if the broad Haystack feature detected on the stratosphere
of Titan could be produced by a superposition of small PAHs embedded in the hypothe-
sized mixed ices. The molecules c-C3H2 and benzene, known PAH precursors, have been
detected in the gas-phase, i.e. in the upper atmosphere of Titan [264, 296]. A collection of
neutral, gas-phase PAHs with m/z ≤ 430 was invoked as responsible for an unidentified
emission feature at 3.28 µm observed by Cassini in the mesosphere of Titan. There, during
daytime, UV photons coming from the Sun are able to excite small PAHs, which then can
emit in the 3-µm-region [267]. Similar masses and molecular structures are also invoked
to explain the mass spectra recorded by the Cassini Plasma Spectrometer [297].

At an altitude of 95–130 km, where the Haystack feature is observed [294], many
species, including PAHs, are no longer in the gas phase. Pressure-temperature-altitude
profiles derived from Cassini observations indicate that the temperature is roughly 120 K
and the pressure varies between 6 and 11 mbar at this altitude. We made use of the NIST
Webbook to calculate temperatures and pressures at triple point for the neutral PAHs in
Fig. 6.7 for which the information is available. The deduced triple-point temperatures
are in the range between 237 K (naphthalene) and 551 K (perylene) and their pressures

101



Chapter 6. Gas-phase spectroscopy of photostable PAH ions from the mid- to far-infrared

FIGURE 6.7: Theoretical frequencies of low energy modes in a sample of small PAHs as a func-
tion of their atomic mass in atomic mass units. The number of rings is indicated on the top for
convenience. The gray area corresponds to the spectral extent of the Haystack feature detected
on Titan. The shaded bar indicates the theoretical intrinsic intensity of the modes in unit of km
mol−1. The labels identify the molecules: Hn+ (protonated naphthalene, C10H9

+), Hn (hydro-
genated naphthalene, C10H9), 3Hn+ (hydrogenated naphthalene cation, C10H12

+), An (Acenaph-
thylene, C12H8), An+ (acenaphthylene cation, C12H8), tri (C13H9), fl (fluorene, C13H10), fl+ (flu-
orene cation, C13H10

+), ant (anthracene C14H10), ph (phenanthrene, C14H10), ph+ (phenanthrene
cation, C14H10

+), py (pyrene, C16H10), py+ (pyrene cation, C16H10), Hpy (hydrogenated pyrene,
C16H11), 2Hpy+ (dihydrogenated pyrene cation, C16H12

+), chr (chrysene, C18H12), chr+ (chry-
sene+, C18H12

+) and per (perylene, C20H12). The data for all the PAHs, except for An and An+ was
retrieved from the NASA AMES PAH database [99]. An and An+ were retrieved from the Cagliari

PAH database [293].
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between 0.1 and 50 mbar. These values suggest that PAHs, if present, are very likely in the
solid phase. This is corroborated by the detection of benzene ice at these altitudes [298].
Moreover, ternary ice mixtures that include benzene have been proposed to be present
in this region [277]. It is quite conceivable that solid-phase PAHs might be present in
the Titan’s lower stratosphere and might contribute to the Haystack feature. These PAHs
would then need to be part mixed ices that produce the Haystack feature upon thermal
heating. Experimental data on the FIR features of solid-phase PAHs in mixed ices would
be valuable to shed light on this possibility.

6.5 Summary and Conclusion
We have presented gas-phase spectra of cationic PAHs in the MIR to FIR region, going
down to 100 µm/100 cm−1. An excellent match was found with our scaled, harmonic
DFT spectra. We also presented anharmonic DFT calculations for cationic PAHs in the
FIR. The need for these anharmonic calculations was exemplified by the improved fit for
the 434 cm−1 pyrene feature with the inclusion of anharmonic coupling, and the observa-
tion of the purely anharmonic 305 and 388 cm−1 perylene features. The detection of these
modes opens the possibility for the future benchmarking of anharmonic methods. Due to
both the high sensitivity of the FELICE FT-ICR apparatus and these state-of-the-art calcu-
lations, we have been able to assign bands with a predicted intensity of 0.006 km·mol−1.
The FIR spectra of the three spectra display features with a high S/N ratio. By using both
experimentally observed FIR bands of gas-phase cationic PAHs, as well as DFT calcula-
tions in the NASA Ames PAH Database, we provide experimental support to accompany
the modeling of how peak positions of different mode types evolve as a function of shape
and size. Experiment coarsely follows the predicted peak positions, though significant
shifts between experiment and theory are observed. Further FIR experiments are needed
to confirm this behavior over a larger range. For high-symmetry PAHs, we confirmed the
previously established dependencies of the spectral position of drumhead modes on PAH
size, and jumping jacks on both shape and size. However, as we include more irregu-
lar species in our investigation, we found a dependence of the drumhead modes on the
(a)symmetry of the PAHs, or tentatively on the point group of the PAHs. Additionally,
single-row PAHs such as phenanthrene and dibenzo[a,j]anthracene lie very close to the
jumping jack trend for acenes. Finally, this work reports on the importance of the far-IR
region as a diagnostic for the presence of specific PAHs in the ISM and possibly in the at-
mosphere of Titan, in support of astronomical observations obtained by the future Origins
Space Telescope [292].
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Chapter 7

The infrared spectrum of dibenzo[a,l]pyrene

In this Chapter, we present the experimental Infrared Multiple Photon Dissociation spec-
trum of cationic dibenzo[a,l]pyrene (C24H14

+) in the 6–40 µm / 250–1650 cm−1 range
and compare it to the Density Functional Theory calculated spectrum. We aim to un-
derstand how irregularity affects the infrared spectrum and fragmentation chemistry of
PAHs. Dibenzo[a,l]pyrene is ideal for this purpose, because it is an asymmetric, non-
planar molecule, for which all vibrational modes are in principle IR-active. This is re-
flected in the richness of both the observed and calculated absorption spectra, which show
a reasonably good match. Comparison between experiment and theory enables us to come
to a detailed assignment of the observed bands. The periphery of the molecule contains al-
most all possible types of edge geometry, posing complications for the conventionally used
designations of out-of-plane C – H bending modes in the 11–14 µm region, which serve
to determine the average PAH edge structure in astronomical objects. The fragmentation
mass spectra reveal facile 2H-loss and no [2C, 2H]-loss, even though irregular PAHs with
structural protrusions are generally thought to be easily photofragmented. We speculate
that these protrusions lead to both the ease in 2H-abstraction, and the stability to resist
[2C, 2H]-loss.
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7.1 Introduction
Polycyclic aromatic hydrocarbons (PAHs) are by now commonly accepted as the carri-
ers of the Aromatic Infrared Bands (AIBs), the strongest set of interstellar infrared (IR)
emission bands between 3 and 20 µm [47]. These bands are detected throughout many
objects in the interstellar medium (ISM) [32, 61, 271, 299]. Interstellar PAHs occur in
various shapes and sizes, which are often deduced from the intensity ratios of bands in the
11–14 µm range, the spectral region characteristic for the out-of-plane bending modes of
aromatic C – H bonds (CHoop modes) [47, 50, 140, 272, 300–305].

The number of neighboring H atoms per ring is the main factor in determining of the
peak position in this 11–14 µm range, and has led to their designation as being solo, duo,
trio or quartet hydrogen atoms [47]. The left panel in Fig. 7.1 shows these arrangements,
and all other periphery types for the molecule studied in this Chapter. All four types
of CHoop modes are reported to have their own distinctive wavelength ranges, based on
the spectra of smaller, highly symmetric PAHs [301]. However, the coupling between
solo and duo CHoop modes, and between duo and trio CHoop modes, interferes with such
distinctions in asymmetric, irregular PAHs [302, 303].

For all considered CHoop bands, the peak positions for cationic PAHs move to shorter
wavelengths with respect to their neutral counterparts [50, 301–303]. There is now a
rather strong consensus that the strong, astronomically observed 11.2 µm band is caused
by solo CHoop vibrations of neutral PAHs, whereas its small 11.0 µm side-band is caused
by solo CHoop vibrations of cationic PAHs [50, 300, 301, 303, 304, 306]. The origin of
the strong 12.7 µm-band is less clear. This band is suggested to be of both mixed duo/trio
and cationic/neutral character [300–302, 305], although it was proposed that out-of-plane
C – C – C (CCCoop) vibrations of armchair-edged, neutral PAHs could also contribute sig-
nificantly [272]. PAHs with pendant rings present relatively strong quartet CHoop modes
around 13.5 µm [275, 300, 301, 303, 306].

FIGURE 7.1: The molecular structure of dibenzo[a,l]pyrene, with labeling for the C – H and edge
peripheries (left), and the labeling for the individual hydrogen atoms, and the pendant [a,l] rings and

corresponding vibration propagation axes, based on IUPAC rules (right).
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In spite of the pervasive idea that PAHs with pendant rings are less stable [245, 307,
308], these quartets could be significant contributors to this 13.5 µm band [300]. The
postulation that compact, coronene-like PAHs are more stable than irregular ones is mostly
based on dissociation studies on small, unrepresentative PAHs and turned out to be invalid
[15]. Zigzag edges in room-temperature graphene self-repair to form armchair edges, and
armchair edges in PAHs have been proposed to be more resistant to C2H2-losses than other
edge structures [137, 152, 272, 309, 310]. This edge structure also has implications for
the hydrogen chemistry inside an astronomical object. Hydrogen atoms in cove and bay
regions experience steric hindrance which increases the likelihood of 1,2-hydrogen shifts,
and thus forming aliphatic C – H2 groups, promoting H and H2 abstraction [88, 92, 210].

Dibenzo[a,l]pyrene is the ideal testing ground to answer how irregularity influences
the infrared absorption and emission spectrum and how these irregular species fragment.
It consists of a cove and a bay region, and one solo, one duo, one trio, and two quartet
C – H sites, plus an armchair edge and two zigzag edges. In this Chapter, we report on a
study of the spectral signatures and fragmentation of this highly-irregular, non-planar PAH.
We present its gas-phase, infrared multiple photon dissociation (IRMPD) spectrum in the
range of 250–1650 cm−1. We also present the accompanying harmonic DFT spectrum
to interpret and compare with the experimental data. The IRMPD fragmentation is also
outlined, as well as the astrochemical context of our findings.

7.2 Methods

7.2.1 Experimental
The IR spectrum was measured using the Fourier Transform Ion Cyclotron Resonance
Mass Spectrometer (FT-ICR MS) beamline of the intra-cavity free-electron laser FELICE
[132]. A detailed description of this apparatus is presented in Chapter 3 of this thesis.

Dibenzo[a,l]pyrene (C24H14, m/z = 302, LGC standards) was brought into the gas-
phase from an effusive sublimation source heated to 130°C. The gaseous molecules were
ionized in an electron impact ionization source, with 20 eV electrons. The resulting ions
were directed into a quadrupole mass selector, used in radio-frequency (rf) guiding mode
only. They were subsequently led into a quadrupole ion trap with rectilinear rods [180],
which is segmented into three parts for optimal pulse compression. There, the ions were
collisionally cooled with room-temperature argon gas at a pressure of 10−2 mbar. The
thermalized ion cloud was extracted into a large, electrostatic quadrupole bender, which
aligns the ion cloud with both the FT-ICR and the laser. Through a large, 2 cm radius,
1 m long, rf-guiding quadrupole, the ions were led towards the final cell of the four ICR
trapping cells, positioned along the central axis of the FT-ICR magnet and the intra-cavity
laser. The center of cell 1 is located in the focus of the laser cavity, while cells 2, 3, and
4 are each positioned 100 mm away from the previous cell. Measurements have been
performed in the storage cell with the lowest possible photon densities, cell 4, to avoid
unnecessary spectral broadening and too stringent alignment constraints. During storage
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in the ICR cell, masses other than the desired m/z = 302 were ejected by means of a
Stored Waveform Inverse Fourier Transform (SWIFT) pulse [135]. The ion cloud was then
exposed to a single FELICE macropulse, after which the mass spectrum was recorded. The
ion intensity of each fragment mass is recorded as a function of the FELICE frequency. In
the 650–1700 cm−1 range, the detuning of the undulator was increased from 3λ to 6λ , and
the macropulse length was decreased from 10 µs to 5 µs in an effort to reduce saturation.

The IRMPD spectrum was calculated as the ratio of the total fragment ion intensity
and the total ion intensity, i.e. the sum of both fragment and parent masses. This gives the
IRMPD yield Y (ν) at frequency ν as:

Y (ν) =
1

P(ν)
ln
(

Npar(ν)

Npar (ν)+Nfrag (ν)

)
, (7.1)

for which Nfrag and Npar are the total fragment and parent mass counts, respectively, and
P(ν) is the macropulse energy. To this end, a small fraction of the light was coupled out
through a 0.5 mm hole in the middle of the cavity end mirror. This light was directed
onto a Coherent EPM1000 power meter, and used to measure the laser pulse energy be-
fore and after each measurement. The resulting power-corrected Y (ν) is then normalized
to its maximum. Wavelength calibration was performed concurrently with the measure-
ments, by directing the outcoupled beam onto a grating spectrometer (Princeton Instru-
ments SpectraPro). The spectral bandwidth is near transform-limited and ∼0.6% of the
full-width at half maximum (FWHM).

7.2.2 Computational
Density functional theory (DFT) calculations were performed using the Gaussian16 pack-
age [155]. For the harmonic calculations, the B3LYP functional was used [159, 160],
which has previously been shown to accurately predict the infrared spectra of PAHs [199].
A 6-311++G(2d,p) basis set was used to optimize the molecular structure and compute the
harmonic vibrational spectrum. A scaling factor of 0.975 was applied to the calculated
frequencies to line them up the observed gas-phase spectrum. For comparison with the
experimental spectrum, the calculated stick spectrum has been convolved with a 30 cm−1

Gaussian line shape.

7.3 Results and Discussion
Figure 7.2 shows the IRMPD mass spectrum of cationic dibenzo[a,l]pyrene (m/z = 302),
recorded at 1200 cm−1. Next to the nearly-depleted parent ion, three ion fragments are
observed, at m/z = 301, 300, and 298, corresponding to loss of H, 2H and 4H. At weaker
resonances, small amounts of m/z = 299 (–3H) ion signal are observed as well. The
loss of 2H/H2 is dominant, and no C-loss fragments are observed, in agreement with UV
photodissociation results on the same molecule [92, 138].
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FIGURE 7.2: The IRMPD mass spectrum of
dibenzo[a,l]pyrene (C24H14

+, m/z = 302), recorded
at 1200 cm−1.
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Sterically hindered groups in the bay and cove regions of PAHs could play a role in the
catalysis of H to H2 in the ISM [88, 92, 152, 290, 291]. This hypothesis has been sup-
ported through the modeling of interstellar PAHs in photodissociation regions (PDRs) [80,
81]. Furthermore, armchair edges could induce additional structural stability, since the
presence of PAHs with armchair edges has been deduced from the high intensity of the
12.7 µm armchair deformation band near strong UV sources [272]. This stabilizing ef-
fect is, however, not fully understood, as there is currently no explanation for the large
[2C, 2H]-loss that was observed from cationic isoviolanthrene (C24H18

+) using IRMPD
conditions similar to this study [129]. Isoviolanthrene is an asymmetric molecule with
two long armchair edges, but loses much more [2C, 2H] than the perylene, peropyrene, or
ovalene molecules that were studied in the same publication. The cove region and presence
of a trio in dibenzo[a,l]pyrene is what sets it apart from isoviolanthrene, and we suggest
that future photodissociation studies focus on these differences to find what leads to the
stability or fragility of these irregular PAHs.

Figure 7.3a displays the IRMPD spectrum of cationic dibenzo[a,l]pyrene. A plethora
of bands is observed, consistent with the non-planar, asymmetric character of the ion,
allowing all vibrational modes to have non-zero intensities. This is especially visible in the
1100–1650 cm−1 region, where a multitude of transitions gives rise to a broad structure.
The MIR bands are saturated due to the high power of FELICE and strong absorptions
of the molecule in this region. This saturation leads to an apparent underestimation of
the normalized intensity in this range as the yield is maximized but still divided by the
(too) high laser fluence. The positions the broad experimental bands were determined by
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FIGURE 7.3: The experimental IRMPD spectrum (a) and the scaled harmonic DFT spectrum (b) of
dibenzo[a,l]pyrene (C24H14

+). The experimental spectrum has been constructed from two measure-
ment sets, overlapping around 650 cm−1. Both (a) and (b) include a magnified inset, displaying the

lower-intensity modes in more detail.
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TABLE 7.1: Observed band wavelengths (in µm), frequencies (in cm−1), band widths (in cm−1),
and normalized yield Y , in comparison with calculated frequencies (in cm−1) and IR intensities
(in km·mol−1), with descriptions of the observed modes. Harmonic frequencies are scaled by a
factor 0.975. oop: out-of-plane; ip: in-plane; E/C: elongation/compression; deform.: deformation;

antisym.: antisymmetric

Experiment Harmonic calculations
Wavel. Freq. Norm. Y FWHM Freq. IR int. Mode description
(µm) (cm−1) (arb. u.) (cm−1) (cm−1) (km·mol−1)
21.4 468 0.12 18 469 7 ring scissor at short zigzag
19.2 520 0.13 15 523 11 antisym. E/C at short zigzag
16.9 590 0.18 45 587 23 armchair CCCoop/

CHoop all, except H2, 5, 6, 12
15.6 639 0.16 26 635 24 antisym. E/C pendant rings
13.4 749 0.38 24 765 41 CHoop trio and quartet of L-ring

777 19 CHoop quartet of A-ring
12 831 0.03 852 27 CHoop duo, trio, H1, sym./

antisym. for H3, 4, 10
11.1 897 0.05 908 17 CHoop solo/deform. ring A/

breathing other rings
1028 25 antisym. breath. of pendant rings
1147 57 CHip scissor duo

8.5 1177 0.36 54 1190 119 CHip rock long zigzag/scissor ring A
8.1 1241 0.38 59 1245 96 breath. central ring

1284 149 deform. long zigzag and arm.
7.6 1311 0.29 53 1324 114 deform. bay and cove

1347 99 deform. short zigzag, A ring rock
7.2 1381 0.57 98 1385 98 deform. L axis, L ring rock

1400 95 deform. L axis, duo rock, L ring rock
1457 132 deform. along A and L axes

6.8 1475 0.51 56 1487 142 CHip rock all/slight ring deform. all
6.5 1530 0.61 25 1548 214 deform. ring A
6.4 1566 0.9 49 1567 218 deform. ring A
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deconvolution using Gaussian curves with a FWHM of 30 cm−1. These and three narrow
bands at 468, 520, and 749 cm−1 are given in the Figure and in Table 7.1. Two very
weak, but significant features were also observed at 831 and 896 cm−1, and are shown
more clearly in the magnified inset. Over the entire range from 250–1650 cm−1, at least
fourteen bands can be identified, as listed in the Figure as well as in Table 7.1. The
spectrum shows typical ionic character with active regions largely located between 6–9
µm (1100–1600 cm−1) and above 12 µm (450–800 cm−1) with the strongest bands on the
blue side. Between 250–450 cm−1 and 800–1100 cm−1, little to no activity is observed.
However, there are two very weak features, at 831 and 897 cm−1, which are noisy but
significant.

The harmonic DFT spectrum is displayed in panel (b), and shows a good match with
the IRMPD spectrum. The theoretical peak positions given in the Figure correspond to the
convolved features. The underlying individual modes are listed in Table 7.1. The dense,
rich structure in the 1100–1600 cm−1 region agrees well in terms of shape. The significant
differences in intensity ratios in this region can be attributed to both the saturation and
the coupling between the densely packed modes that is not accounted for in this harmonic
calculation. The derived band frequencies in the 250–1100 cm−1 range match well, with
no deviations larger than 18 cm−1. This agreement is less good when comparing band
intensities and shapes. The experimental bands in this region are more narrow and sym-
metric than predicted by theory. Convolving the theoretical spectrum with a more narrow
FWHM of 20 cm−1 does not resolve this discrepancy, but instead worsens the match in
both shape and peak position, as split features appear which are not observed in the exper-
iment. Theory predicts many more bands of similar intensity, resulting in broader and less
symmetric spectral features. More importantly, where theory distributes the intensity over
many bands, lowering the average intensity, experiment reveals fewer bands that appear
much stronger. This is particularly interesting in view of the search for fingerprints.

Table 7.1 also lists the descriptions of the assigned vibrational modes. Assignment
of the experimental bands was determined by matching the highest-intensity theoretical
modes coinciding with the corresponding observed band. The listed descriptions give the
dominant vibrational character of the assigned theoretical modes. To aid in the descrip-
tion of the (primary) modes, the different hydrogen positions on the molecule have been
unambiguously labeled following IUPAC rules [311]. We identify two principal ‘axes’
consisting of rows of three fused rings, labeled A and L after the [a] and [l] positions on
the central pyrene. This labeled structure is shown in the right panel of Fig. 7.1, further
detailing the different structures that can be identified in the molecule.

Also listed in Table 7.1 are the band positions in µm as to best compare the assigned
modes of the irregular dibenzo[a,l]pyrene to the those reported in literature for the more
symmetric species. When we compare experiment to our DFT calculations, and then to
the conventional wavelength ranges in which the same vibrations are found, we observe
several discrepancies which are caused by the strong coupling between the different modes
in this cation. Spectral differences relative to symmetric species are mostly expected in the
CHoop mode range (700–950 cm−1) due to the irregular periphery. The highest-intensity
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band observed here is the 749 cm−1 band, which falls into the conventional 734–761 cm−1

range for quartet CHoop modes [301]. The broad theoretical feature at 763 cm−1 contains
several different modes, but the dominant one shows quartet character. This shows that
even for a highly irregular PAH such as dibenzo[a,l]pyrene, the CHoop bands remain a
suitable diagnostic tool. The observed 590 cm−1 / 16.9 µm band is assigned to a mode
that mixes a typical CCCoop motion at the armchair edge [272] and a CHoop mode of most
H atoms. In rylenes, this CCCoop appears at 12.7 µm (787 cm−1). The long wavelength
at which this mode is observed here, shows that armchair edge modes are not likely to
manifest at the same wavelength for different classes of PAHs. The experimental 639
cm−1 band is best described as an antisymmetric elongation/compression (E/C) of the two
pendant rings. E/C modes are more commonly associated with the far-infrared (< 600
cm−1 / > 16 µm) [140, 280], but the relatively short wavelength at which it is observed
here can both be due to the ion’s relatively small size and to the coupling of the pendant
rings with the central pyrene [275].

As is common for most PAHs [47], the activity between 1100 and 1650 cm−1 can be
largely attributed to C – C stretching and in-plane C – H bending. Ring deformations tend
to follow either the A or the L vibration propagation axis (see Fig. 7.1) and modes often
couple along one of the planes along those axes. However, a few strong CCip stretch-
ing modes involving both peripheral rings are also present in the theoretical prediction.
The wealth of predicted lines shown in Fig. 7.3b, and the difficulty to match them to
the observed bands in Fig. 7.3a underscores the necessity for an anharmonic calculation,
which could drastically change the intensity ratios and band shapes across the whole spec-
trum. We calculated the Quartic Force Field anharmonic spectrum using B3LYP/N07D
—- which has been successfully used for PAH cations in the past [143], but this resulted
in modes with unrealistic relative intensities and large positive corrections (see Chapter 5
and Appendix A). Anharmonic calculations for large molecules are still problematic and
dedicated benchmark effort is needed [312].

IR spectra of similarly low-symmetry PAHs are scarce [115, 129, 303, 318]. To our
knowledge there is only one such spectrum in the mid-infrared, namely of isoviolan-
threne, which has a C2 symmetry and two long armchair edges [129]. In Fig. 7.4, the
dibenzo[a,l]pyrene spectrum (dark green) is compared to the previously reported isovi-
olanthrene spectrum (violet) in the 6–10 µm range, exhibiting a very similar shape. Two
distinct features between 6.1–7.0 µm are observed, as well as a broader range with less
structure between 7.0–8.9 µm, ending with little to no activity in the 8.9–10 µm range.
In the same publication, the isoviolanthrene spectrum was compared to the spectrum of
a D-class astronomical object [299, 319]. Here, it was argued that as the D-class spec-
trum does not line up with the spectra of more regular PAHs, irregular PAHs might be
contributors to D-class spectra in addition to regular PAHs. The same D-class spectrum is
shown in Fig. 7.4 (blue) in addition to an A-class spectrum (purple) [299] and an IRMPD
spectrum of a regular PAH (light green, pyrene, Chapter 6). The vertical dotted lines are
placed to guide the eye to the peak positions of the D-class spectrum. When we first com-
pare the D-class spectrum to the isoviolanthrene and dibenzo[a,l]pyrene spectra, it is clear
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FIGURE 7.4: IRMPD spectra of cationic pyrene (pyr; light green), cationic dibenzo[a,l]pyrene
(dbALp; dark green) and cationic isoviolanthrene (iso; violet) [129], and the astronomical IR spec-
tra of an A-class (IRAS 23133+6050; violet) [313–315] and a D-class (IRAS 05110–6616; blue)

astronomical object [316, 317].
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that none of the features provide a good match. Both irregular PAHs show too much ac-
tivity in the 6.1–7.0 µm range, and the distinct astronomical features at 6.9 and 7.3 µm
are not reproduced by the experiment. However, compared to the distinct bands shown in
the spectrum of a regular PAH like pyrene, the broad range between 7.0–8.9 µm is more
similar to the long, reddening tail from 7.6 µm to 9.0 µm. Both irregular PAHs show a
more pronounced mismatch with the class-A spectrum than with the class-D spectrum.
Further study on mid-infrared spectra of irregular PAHs is needed to investigate whether
they could be significant contributors to class-D astronomical spectra.

7.4 Conclusions and Outlook
Dibenzo[a,l]pyrene’s fragmentation mass spectrum has revealed facile 2H/H2-loss, and no
[2C, 2H]-loss, underlining the catalytic potential of PAHs with sterically hindered C – H
groups. However, the previously mentioned isoviolanthrene molecule easily fragments
through the loss of [2C, 2H] under similar IRMPD conditions. Considering that both of
these molecules have the armchair edges, we conclude that the presence of armchair edges
alone is not sufficient to predict structural stability.

We also presented the IRMPD spectrum of cationic dibenzo[a,l]pyrene, and compared
it to scaled, harmonic DFT calculations. This has led to the conclusion that the spectrum
shows a rich C – C stretching and CHip bending structure in the 1100–1650 cm−1 region,
a CHoop bending region (700–950 cm−1) which is dominated by a typical quartet mode at
749 cm−1, and a FIR-range with modes that are strongly shifted in band position compared
to regular, symmetric species. Overall, a good match between theory and experiment is
found in terms of peak position, but less so in terms of band shape and relative intensity.

The irregularity and amount of IR-active modes in dibenzo[a,l]pyrene demands for a
comparison with anharmonic calculations. However, both anharmonic calculations did
not yield successful results. Dedicated theoretical studies are needed to determine the best
approach, which falls outside of the scope of this work.

Comparison to a previously reported spectrum of an asymmetric PAH, isoviolanthrene,
has revealed a close resemblance. Comparison to a class-D astronomical spectrum yielded
a possible explanation for the long reddening tail starting at 7.6 µm, but also showed large
mismatches in other parts of the spectrum. Further studies of how spectra of irregular
PAHs manifest themselves in astronomical observations are thus highly of interest. Such
studies are presently underway.
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Appendix A

Appendices to Chapter 4

A.1 Anthracene

A.1.1 Anthracene cation mass spectrum

FIGURE A.1: Fragmentation mass spectrum of the anthracene cation C14H10
+. The black trace was

recorded after exposure to 1 mJ pulses at 10 Hz of a 266 nm (4th harmonic of a Nd:YAG laser)
for 3 s, while the gray trace was recorded with the laser off and was given an offset of 0.2 amu for

legibility.

Figure A.1 shows fragmentation mass spectra for the radical cation C14H10
+ at m/z = 178

(gray). After UV irradiation (black), the fragmentation mass spectrum shows one fragment
at m/z = 176, depicting the loss of two H atoms as the only dissociation process from the
radical cation, which was also observed by Ekern et al. [205].

A quantitative interpretation of mass spectra exhibiting sequential H-loss could be
complicated by the presence of naturally abundant 13C isotopologs of the PAH under in-
vestigation, amounting to 15.3 % for a molecule with 14 carbons. To ensure the isotopic
purity, the mass spectra were made as clean as possible prior to isolation, that is, minimiz-
ing the intensity of the cations in the case of protonation, and optimizing deuteronation
versus protonation for the deuteronated anthracene. Using unisolated mass spectra, it is
possible to make accurate estimates of the isotopic contamination in the precursor peaks
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for each spectrum. Knowing that the cation only loses two hydrogen atoms, we can dis-
tinguish contributions of the protonated and deuteronated isomers from the contributions
of the radical cationic 13C isomers.

A.1.2 Anthracene band positions
Table A.1 lists all of the measured band positions of protonated anthracene featured in
Fig. 4.1g–i, and compares them with the theoretical band positions of the three different
position isomers as calculated using DFT.

Table A.2 lists those measured and calculated for deuteronated anthracene given in
Fig. 4.1j–l. Interestingly, the only band not predicted by the 9-isomer is precisely the
experimental band at 1360 cm−1. Suitable modes are predicted at 1355 cm−1 for the 1-
isomer (k) and at 1363 for the 2-isomer (l). However, the predicted features of the 1- and
2-isomers around 900 cm−1 are not present in the experiment. Overall, the features are
consistent with the 9-isomer.

Table A.3 lists all measured and calculated for protonated, perdeuterated anthracene
given in Fig. 4.1m–o. Only calculated frequencies that exhibit enough intensity to allow
for comparison with the experimental features are listed.

A.1.3 Theoretical spectra for additional anthracene isomers
Figure A.2 displays the six different isotopic isomers that can be formed by a [D – C14H10]+

with the aliphatic group at the 9-position. These spectra mostly differ in terms of intensity
ratios. The only spectrum showing significant changes in band position, is the one where
the D is at the 5 site, opposite the C – HH group, which is the most symmetric configu-
ration. This increased symmetry leads to improved resonant enhancement of the in-plane
C – H bending vibrations, which significantly changes the shape of the spectrum. However,
this theoretical spectrum is clearly not in agreement with the experimental spectrum.

A.2 Phenanthrene

A.2.1 Band positions for phenanthrene
Table A.4 lists all of the measured bands visible in Fig. 4.4b–f, and compares them with
the calculated band positions of the five different position isomers.
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TABLE A.1: Band positions in cm−1 of the experimental spectrum of protonated anthracene
[H – C14H10]+ and the most intense modes of the unconvoluted, theoretical spectra, capped off at
10 km/mol. A scaling factor of 0.9662 has been applied to the calculated spectrum to correct for
anharmonicity. The experimental IR intensities are normalized to the highest intensity, while the

theoretical IR intensities are the absolute cross sections in km/mol.

[H – C14H10]+

experiment 9-isomer 1-isomer 2-isomer
ν̄ I ν̄ I ν̄ I ν̄ I
(cm−1) (a.u.) (cm−1) (km/mol) (cm−1) (km/mol) (cm−1) (km/mol)
759 0.11 755 84 743 41 741 38

873 34
886 11
888 16
900 15

932 25 911 11
944 20

984 10 1047 15 1005 11
1146 0.49 1146 88 1163 25 1155 52

1166 15
1185 0.30 1191 63 1177 88 1181 68

1223 70 1221 28
1276 20 1257 12 1261 13

1290 74
1319 0.61 1312 220 1324 139 1309 113

1337 18
1347 14 1335 35 1333 26
1355 43 1355 128 1364 163

1376 22 1381 49
1409 65 1406 13 1419 12
1438 168 1432 324

1445 1.00 1441 25 1441 66
1476 18 1492 404 1466 25

1505 0.84 1501 305 1506 32
1535 11 1521 85 1523 56
1539 35 1555 101 1568 99

1581 0.83 1578 429 1590 14 1592 443
1592 21 1602 228 1611 103
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TABLE A.2: Band positions in cm−1 of the experimental spectrum of deuteronated anthracene
[D – C14H10]+ and the most intense modes of the unconvoluted, theoretical spectra, capped off at
10 km/mol. A scaling factor of 0.9662 has been applied to the calculated spectrum to correct for
anharmonicity. The experimental IR intensities are normalized to the highest intensity, while the

theoretical IR intensities are the absolute cross sections in km/mol.

[D – C14H10]+

experiment 9-isomer 1-isomer 2-isomer
ν̄ I ν̄ I ν̄ I ν̄ I
(cm−1) (a.u.) (cm−1) (km/mol) (cm−1) (km/mol) (cm−1) (km/mol)
758 0.07 755 86 743 44 737 13

742 26
811 14 869 29
828 10 888 20
896 35 913 28

984 10 1048 17 950 14
1146 0.42 1150 81 1159 50 1142 33

1158 12 1177 95 1152 137
1167 19 1155 46

1191 0.24 1188 66 1183 37 1183 26
1201 25 1223 54 1220 29
1276 20 1265 10 1261 12

1315 0.61 1308 178 1319 19 1307 15
1333 54

1360 0.27 1337 16 1355 168 1363 194
1406 55 1374 25 1380 48

1403 13
1424 6

1439 1.00 1438 180 1432 334 1441 65
1441 24 1466 27
1474 25

1499 0.85 1501 305 1490 434 1505 42
1534 13 1520 81 1523 61
1538 35 1554 92 1567 93

1569 1.00 1577 429 1590 10 1592 473
1592 21 1602 237 1609 95
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TABLE A.3: Band positions in cm−1 of the experimental spectrum of protonated, perdeuterated an-
thracene [H – C14D10]+ and the most intense modes of the unconvoluted, theoretical spectra, capped
off at 10 km/mol. A scaling factor of 0.9662 has been applied to the calculated spectrum to correct
for anharmonicity. The experimental IR intensities are normalized to the highest intensity, while the

theoretical IR intensities are the absolute cross sections in km/mol.

[H – C14D10]+

experiment 9-isomer 1-isomer 2-isomer
ν̄ I ν̄ I ν̄ I ν̄ I
(cm−1) (a.u.) (cm−1) (km/mol) (cm−1) (km/mol) (cm−1) (km/mol)

938 29 932 11
1139 13 1152 134
1197 13 1179 74
1206 31

1227 14 1233 14
1277 67 1289 24
1311 70

1321 0.13 1324 13 1327 112 1337 291
1349 28 1334 39 1349 33

1380 0.21 1371 110 1402 263 1391 9
1389 19 1403 46 1410 43

1450 1 1451 451 1452 552 1473 16
1494 73 1486 169 1488 120
1499 27 1506 74 1532 11

1540 0.79 1540 555 1560 524
1559 14 1575 273 1577 162
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FIGURE A.2: Calculations for the six scrambled isomers of the 9-isomer
of deuteronated anthracene (red) compared to the FELIX IRMPD spec-
trum of [D – C14H10]+ (black). The shifting D atom is marked in black
on the molecule, and the label in the upper right corner of each panel
indicates its position. The energy of each of these isomers is listed in eV

with respect to the global minimum.
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Appendices to Chapter 5

B.1 Density of States
Previous attempts to record the IRMPD spectrum of gas-phase phenylium were unsuccess-
ful. One reason might be is an insufficiently low IVR rate, necessary to mediate multiple-
photon excitation. The IVR rate is linked to the vibrational density of states (VDOS).
Fig. B.1 shows the VDOS per cm−1 for the phenylium and the naphthylium cations (the
smallest aryls studied so far with IRMPD spectroscopy), calculated using a direct count
method on scaled harmonic frequencies [320]. The curves are accompanied by a smooth-
ing (black), where the states are binned in 20 cm−1 intervals. One observes that the VDOS
for naphthylium exceeds 1 per cm−1 only above 1200 cm−1. This suggests that already for
naphthylium sequential absorptions of photons resulting in a population of states higher
than v = 1 are required before IVR becomes efficient. For phenylium, this regime is only
reached around 2000 cm−1, suggesting that in this case even more photons need to be ab-
sorbed and that the demand on IR intensity to drive these excitations should be similarly
increased. The successful observation of IR-induced fragmentation in this study illustrates
the need for a high-fluence photon source like FELICE in the study of IRMPD-resistant
molecules. This was also evidenced by the previous work at FELICE on three- [249] or
four-atomic systems [248, 321–324], with dissociation energies higher than 1.8 eV. Al-
though it is difficult to prove a direct link between the size of a system, and hence with
the VDOS [325], it is perhaps telling that direct IR fragmentation of molecular systems
with calculated binding energies exceeding 2 eV has been successful with a plethora of
systems for the conventional FELIX beam lines (e.g., [124, 240]); the only studies report-
ing IR-induced fragmentation of three- and four-atomic species were carried out using the
FELICE beam lines [248, 249, 321–324]. As it is uncommon to report on failed exper-
iments, only for the PtCH2

+ system, it was explicitly reported that irradiation using the
conventional FELIX beam line was fruitless [321].

B.2 Anharmonic Calculations
Phenylium belongs to the C2v point group and among its 27 fundamental vibrations, 24
are IR active (10 A1 +5 B1 +9 B2). Initially, we performed VPT2 anharmonic calculations
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FIGURE B.1: Harmonic vibrational density of states as function of energy for phenylium (C6H5
+,

blue) and naphthylium (C10H7
+, magenta) with bins of 1 cm−1 and smoothing with bins of cm−1.

TABLE B.1: List of fundamentals in the singlet ground state of C6H5
+ showing positive anharmonic

corrections at one or both levels of theory, sorted by irreducible representation. A2 fundamentals are
IR inactive, while B1 are IR active

C6H5
+

B2PLYP B3LYP
mode harm. ν̄ anh. ν̄ anh-harm harm ν̄ anh. ν̄ anh-harm

(cm−1) (cm−1)
A2
1 371.0 448.4 77.4 379.4 417.8 38.4
2 452.5 561.9 109.4 462.7 483.9 21.2
3 933.6 963.4 29.8 932.8 915.5 -17.3
B1
1 407.8 436.6 28.8 415.8 396.8 -19.0
2 526.9 612.2 85.3 526.7 514.7 -12.0
4 842.0 960.1 118.1 847.4 830.6 -16.8
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for C6H5
+ and C6D5

+ with the double hybrid functional B2PLYP [326] in conjunction
with the triple zeta aug-cc-pVTZ basis set. The choice was motivated by the benchmark
work on the anharmonicity of small to medium molecules [327]. However, the resulting
spectrum did not compare well with the experimental spectrum: fundamentals were often
blueshifted with respect to experimental peaks and strong modes appeared in regions of the
spectra void of experimentally observed intensity. Inspection of the calculations revealed
that some fundamentals, in particular modes of A2 and B1 symmetry, have exceptionally
large positive anharmonic corrections, i.e., these modes shift to higher frequency after an-
harmonic corrections (see Table B.1). The A2 fundamentals can be described as symmetric
out-of-plane (oop) modes involving different combinations of C-H groups. The B1 funda-
mentals are asymmetric oop modes. Similar modes with large positive corrections are also
present in C6D5

+ and when triplet ground state multiplicity in considered.
Vibrational modes showing positive anharmonic corrections are very rare but some

cases have been reported [328, 329]. To test whether the vibrational modes with positive
corrections reported here are indeed part of those special cases, we recalculated the an-
harmonic spectrum of C6H5

+ and its perdeuterated counterpart at the B3LYP/N07D level,
which is known to give quite accurate anharmonic vibrational spectra for Polycyclic Aro-
matic Hydrocarbons (PAHs) [253, 330]. At B3LYP/N07D level, the previously unusual B1
modes have now negative anharmonic correction (they shifted to lower frequency after an-
harmonic corrections) and of the A2 modes only modes 1 and 4 in C6H5

+ and only mode 1
in C6D5

+ exhibit positive, albeit significantly smaller, anharmonic corrections (Table B.1).
The test with a different level of theory together with lack of good match between the fully
anharmonic spectrum provides strong evidence that the positive anharmonic corrections
resulting from the calculations are spurious. We decided to choose the B3LYP/N07D level
of theory to calculate the anharmonic spectra of both C6H5

+ and C6D5
+ and we treated the

A2 modes harmonically, which showed positive anharmonic correction before. This was
done in Gaussian 16 with the keyword SkipPT2 that removes the derivatives with respect
to any of the chosen normal modes. This implies that the anharmonic corrections of the
remaining modes do not have contributions from the chosen modes. The new QFF anhar-
monic spectra showed an improved comparison to the experimental one in the case of the
C6D5

+. The harmonic treatment of its A2 mode at 602 cm−1 cancelled its strong IR-active
overtone appearing at 671 cm−1 which does not have a counterpart in the experiment. For
C6D5

+, differences between the two treatments are of 2–3 cm−1, both in maximum and
average absolute deviations.

The QFF anharmonic spectrum of PAHs also exhibits modes with large negative cor-
rections and harmonic treatment of the IR-inactive Raman-Active modes generally im-
proves substantially the comparison of the theoretical spectrum to the experimental one
[331]. The cause of this behaviour requires more investigation: only in few cases the re-
sults of QFF anharmonic calculations of aromatic hydrocarbons have been compared to
Raman spectra [332]. One reason could be that the predicted harmonic frequencies of
these modes might show some dependence on the level of theory, similar to what happens
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for the Kekulé modes in benzene and other hydrocarbons [333]. Alternatively, the har-
monic term does not dominate the shape of the potential energy curve for these modes and
thus the VPT2 treatment describes them poorly [334].
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Summary

After the Big Bang, the main constituents of the Universe were hydrogen, helium and
deuterium, which formed large clouds of gas. From density fluctuations in those clouds,
the first stars were born. These stars spent their lives converting hydrogen, helium and
deuterium into other, heavier elements, and after running out of fuel, died and returned
much of their mass to vast interstellar clouds. New solar systems containing heavier ele-
ments were formed, and the cycle continued. Most stars that we observe nowadays are of
the second or third generation, and the majority of the elemental abundances in our Uni-
verse is accounted for as the nucleosynthesis processes in stars are understood quite well.
However, there are abundance variations in the interstellar medium (ISM) which cannot
be fully explained by stellar nucleosynthesis. These variations are indicative of additional
local, chemical processes.

The most abundant nuclei in space are H, He, and D, while the abundance of other
nuclei are orders of magnitude lower. In spite of its low abundance, carbon plays a very
important role in shaping astronomical environments. Soot particles and large hydrocar-
bons are readily formed and absorb significant portions of the UV radiation field, and then
emit so much of this energy at longer wavelengths that these species dominate IR and
microwave emissions. Mostly from microwave and radio emissions, astrochemists have
managed to identify over 200 molecules to date, of which the majority is organic.

In this thesis I will focus on polycyclic aromatic hydrocarbons (PAHs), large carbona-
ceous molecules, thought to be formed in outflows of dying stars. Bands detected in the
infrared (IR) emission spectra from various objects in the ISM and other environments are
now widely thought to indicate the presence of PAHs, and are referred to as the Aromatic
Infrared Bands (AIBs). These characteristic bands at 3.3, 6.2, 7.7, 8.6, 11.2, and 12.7 µm
occur in varying intensity ratios and often display subtle shifts, which are indicative for the
charge state, size, or shape of the PAHs or PAH populations present at the probed location.
This family of molecules accounts for up to 20% of the cosmic carbon inventory, but as
yet it has not been possible to identify a single member of this family.

At the foundation of the current body of knowledge on interstellar PAHs, lies a fruit-
ful collaboration between the disciplines of observational astronomy, theoretical astro-
chemistry and laboratory astrochemistry. Without advances in observational astronomy, it
would not be possible to see those lines with the resolution that we do now, nor would we
be able to properly interpret the astronomical environment. Considering the large number
of candidate species for the AIBs, and the large size (≥ 50 C atoms) of astronomically-
relevant PAHs, theoretical calculations are needed. However, theorists need laboratory
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astrochemists to benchmark their methods, and in turn, laboratory astrochemists need the-
oretical calculations to get the maximum amount of information out of the measured data.
By recreating chemical processes in the lab, reactions can be probed that provide valuable
boundary conditions for further theoretical interpretation. The laboratory astrochemistry
presented in this thesis cannot be considered outside of the context of this important syn-
ergy. However, laboratory experiments probe the chemistry as it really is, allowing us to
probe processes that cannot (yet) be predicted with theory. With the work in this thesis,
I explore how high-intensity IR light can be used to both record IR spectra of highly sta-
ble PAHs whose IR absorption spectra could not be studied under astronomically relevant
conditions up to now, and study the fragmentation of these PAHs under the influence of
this high-intensity light. By choosing PAHs with different heteroatoms, sizes and shapes,
I examine the way these variations influence both the IR spectra and fragmentation chem-
istry.

In Chapter 2 I discuss the mass-spectrometric and IR spectroscopic methods. One par-
ticularly important aspect of these methods is that they employ infrared multiple photon
dissociation (IRMPD) spectroscopy, which allows us to measure down to the far-infrared
(FIR) where PAH modes will exhibit shape- and size-sensitive modes. An important part
of the present thesis is the comparison between experimentally observed spectra and the-
oretical predictions. The latter are obtained from Density Functional Theory calculations,
which is consequently briefly discussed in this Chapter as well.

Two different experimental setups were used at the Free-Electron Laser for Infrared
eXperiments (FELIX) in Nijmegen. Chapter 3 explains how the FEL works, and pro-
vides further details on the two experimental instruments with which the studies in this
thesis have been carried out: the FT-ICR mass spectrometer coupled to the FELIX free-
electron laser, and the FT-ICR coupled to the FELICE free-electron laser. Developments
for PAH deuteronation (complexing a molecule with D+) on the FELIX FT-ICR setup is
briefly highlighted. The bulk of the work has been carried out using the FELICE FTICR
MS, and the developments and operations of the FELICE FT-ICR are therefore explained
in full detail in this Chapter. The Free-Electron Laser for Intra-Cavity Experiments (FE-
LICE) provides over thirty times the laser fluence that FELIX can provide, allowing us
to measure IR spectra, and probe dissociation chemistry of PAHs that would be too dif-
ficult to fragment with other methods. Special attention is given to how the challenge of
operation inside the laser cavity was overcome.

In Chapter 4, PAHs are considered as a possible cause for unexplained deficits in
the interstellar deuterium background. By comparing the fragmentation mass spectra of
deuteronated and protonated versions of several PAHs through both UV dissociation and
IRMPD spectroscopy, we show that PAHs have a much higher than expected propensity to
retain deuterium than hydrogen. Supported by Density Functional Theory (DFT) calcula-
tions, we find that deuterium-enriched PAHs undergo a scrambling mechanism that locks
the deuterium on aromatic sites prone to fragment upon UV excitation. This mechanism
could lead to an increase in the relative intensity of the aromatic C – D compared to the
aliphatic C – H stretching band (3.4/4.4 µm or 3.5/4.4 µm).
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In Chapter 5 we explore the fragmentation chemistry and fingerprint IR spectrum of
phenylium in both its perprotio (C6D5

+) and perdeutero form (C6D5
+). Phenylium has

a relatively small vibrational density of states, which is a very likely reason why it proved
hitherto not possible to measure its IRMPD spectrum. With the use of FELICE, and its
significantly increased pulse energies, we have shown that it is possible to measure the
IRMPD spectrum of this compound throughout the fingerprint region (260–1925 cm−1)
of the IR spectrum. Besides finally having recorded the so-far elusive IRMPD spectrum
of this astrophysically important cation, these experiments also helped us to confirm that
its electronic ground state is a singlet, which so far was still a matter of debate. The frag-
mentation mass spectra showed no [nH]-losses, but abundant [2C, 2H]- losses. Starting
from the confirmed singlet ground state, we calculated the potential energy surface (PES)
describing phenylium’s fragmentation chemistry. A facile ring-opening mechanism with
subsequent, low-barrier (≤ 3.5 eV) isomerization into several linear isomers was found,
which lead into H-loss channels at internal energies of less than 5 eV. The [2C, 2H]-loss
channels are only accessible through barriers higher than 5.3 eV. However, the loss of pri-
marily [2C, 2H] can be explained through the entropy of activation, which is two times
higher for CCH2-loss than for H-loss. It is speculated that the internal energies to which
the current IR excitation process drives the phenylium cation, are such that the loss of
CCH2 is favored. Isomers of this fragment are important reagents in many ring-forming
reaction mechanisms, which could have implications for the chemical balances in com-
bustion processes, both on Earth and in interstellar environments.

In Chapter 6 we demonstrate how the use of FELICE dramatically extends the spectral
range over which IRMPD spectra for PAH cations can be recorded. We present the gas-
phase IR spectra of three cationic polycyclic aromatic hydrocarbons (PAHs) — phenan-
threne, pyrene and perylene — in the 6–95 µm (1700–105 cm−1) range. These are the
first experiments exploring the complete available wavelength range of FELICE in the FT-
ICR mass spectrometer, and its available power attenuation methods. With both harmonic
and anharmonic density functional theory (DFT) calculations, different types of molecule-
specific skeletal modes have been identified. We have been able to experimentally confirm
predicted spectroscopic trends for interstellar PAHs, and found symmetry-related refine-
ments to these trends that further enable the search for individual PAHs in the far-IR.
Finally, we compared these far-IR findings to a broad feature around 200–250 cm−1 range
found in the atmosphere of Titan. We find a good agreement between a mix of different
PAHs and this so-called Haystack feature. We speculate that thermally heated mixed ices
containing PAHs could give rise to a similarly broad feature.

Dibenzo[a,l]pyrene is an asymmetric, non-planar PAH. Two pendant rings are attached
to the central pyrene, giving it three different edge structures and all four different types
of peripheral hydrogens that can be present on a PAH ring. This makes dibenzo[a,l]pyrene
an excellent candidate to test the preconceived notions we have about in which frequency
regions certain types of local modes manifest themselves in the mid-infrared. The IRMPD
and harmonic DFT spectra in the 250–1650 cm−1 range are presented in Chapter 7. The
rich spectrum shows a wealth of different modes, which often exhibit the character of
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more than one type of vibration. Edge deformation modes and elongation modes appear
in different locations of the spectrum than would be expected of a regular PAH, while the
CH out-of-plane bending modes behave in a predictable manner. This spectral behavior
depending on the structure of the molecule has implications for the possible detection of
irregular PAHs in the ISM. Even though PAHs with pendant rings are often thought to be
relatively fragile, the fragmentation mass spectrum primarily shows the loss of 2H, and
no C-losses. These observations support the idea that cove and bay areas with sterically
hindered H-atoms can quickly form H2, and that this favorable loss mechanism can be a
valuable mechanism to prevent UV-induced damage to the carbon skeleton in interstellar
environments. However, as conflicting data exists on the photofragmentation of irregular
PAHs, it is clear that future work should focus on how trio hydrogens and cove regions
can influence PAH stability.
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Het heelal wordt bestuurd door de natuurwetten, die stellen dat er geen materie of energie
verloren mag gaan. Figuur 1 laat in grote lijnen zien hoe de materie in een sterrenstelsel
wordt hergebruikt. Grote, koude wolken ijl moleculair gas (1) beslaan een groot deel
van de ruimte, en eens in de zoveel tijd wordt het gas op een bepaald punt in de wolk
alsmaar dichter, en ontstaat er een nieuwe ster (2). Deze vormt dan om zich heen een
planetenstelsel (3) — dat zijn systemen net zoals ons Zonnestelsel. Wanneer de ster door
zijn brandstof heen is wordt hij steeds groter en heter, totdat de rode reus (4) zijn gas
afstoot en de materie weer terugkomt in een grote moleculaire wolk (1). Die ruimte tussen
de sterren, en het soort wolken erin, noemt men het interstellair medium (ISM). Hoewel
de natuurwetten duidelijk zijn, is voor veel zaken in het ISM het kosmische kasboek nog
niet sluitend.

FIGUUR 1: De cyclus van materie in een sterrenstelsel. De bronvermelding is gegeven bij Figuur
1.2 in Hoofdstuk 1.
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FIGUUR 2: Een continu spectrum van het zichtbare licht, in vergelijking met een emissiespectrum
en een absorptiespectrum van atomair waterstof (H).

Sterrenlicht dat de aarde bereikt, is doorgaans jaren naar ons onderweg door het ISM. Dit
licht vertelt ons niet alleen waar een ster zich aan de hemel bevindt, het draagt ook infor-
matie mee over de samenstelling van het ISM. Het felle sterrenlicht is rijk aan ultraviolette
(UV) straling, die de deeltjes in de wolken verhit. Dit zorgt er vaak voor dat de wolk
dit UV-licht uit het sterrenlicht wegfiltert (absorptie) en/of juist meer van één of meer-
dere kleur uitzendt (emissie), zoals te zien is in Figuur 2 voor atomair waterstof (H). Deze
kleuren zijn een vingerafdruk voor de chemische structuur van de deeltjes in de wolk, op
dezelfde manier dat een geel-oranje kleur kenmerkend is voor de natriumlampen die in
Nederland langs de snelweg staan.

Een kenmerkende ‘kleur’ kan ook een kleur zijn die we niet kunnen zien, zoals UV,
infrarood (IR) of radiostraling. Die kleur kunnen we aanduiden als een lengte van de licht-
golf. Zo heeft het waterstofatoom onder meer een 91-nm-lijn in het ultraviolet (korter dan
een tien miljoenste meter), een groene 486-nm-lijn, tot aan een 21-cm-lijn in het radiobe-
reik. Waterstofwolken die direct door een naburige ster worden verhit zullen de 91-nm-lijn
laten zien, terwijl de 21-cm-lijn zelfs door waterstof kouder dan -250°C wordt uitgezon-
den, en zo gebruikt kan worden om al het waterstof in sterrenstelsels in kaart te brengen.
De kleur, of uitgezonden golflengte, van een interstellair object kan ons dus ook vertellen
hoe warm het daar is. Op de manier waarop blauwe vlammen heter zijn dan rode, kunnen
we uit emissie van kortere (blauwere) golflengtes afleiden dat een bepaalde omgeving war-
mer is dan eentje die alleen de langere golven uitzendt. Door deze emissielijnen weten we
dat de materie in het heelal voornamelijk bestaat uit atomair waterstof, maar weten we ook
dat er in kleinere hoeveelheden nog veel meer verschillende chemicaliën te vinden zijn.

In de eerder genoemde moleculaire wolken zit naast al het waterstof ook een soort fijn-
stof gemaakt van koolstof. Halverwege de jaren ’70 vonden verschillende astronomen erg
soortgelijke, brede emissielijnen (banden) in het IR in meerdere gaswolken, waarvan ze
eerst dachten dat een roetachtige stof de veroorzaker was. De astronome Kristen Sellgren
berekende echter in 1984 dat deze roetdeeltjes minstens 700°C zouden moeten worden
om die banden te kunnen verklaren, wat roet niet kan, omdat het in veel kleinere vlokjes
uiteen zou vallen. Later dat jaar viel het de astronomen Alain Léger en Jean-Loup Puget
op dat het emissiespectrum van coroneen (C24H12), een polycyclische aromatische kool-
waterstof, een PAK, veel gemeen had met deze mysterieuze IR-banden. Figuur 3 toont
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FIGUUR 3: De PAK coroneen (C24H12). De waterstofatomen zijn grijs en de koolstofatomen roze.

een tekening van coroneen, waarin de roze ballen de koolstofatomen (C) zijn, en de grijze
de waterstofatomen (H). De afgebeelde honingraatstructuur met een rand van waterstof is
kenmerkend voor PAKs, en zorgt voor een stevige structuur die interstellaire UV-straling
kan weerstaan, in tegenstelling tot roet. Daarnaast zorgen de waterstofatomen er voor dat
er banden in het IR-spectrum terechtkomen die niet met roet te verklaren zijn.

De verdenkingen van Léger en Puget werd een jaar later bevestigd door de schei-
kundigen Louis Allamandola en John Barker, en de astronoom Xander Tielens. In het
Nederlands is de titel van hun werk: "Polycyclische Aromatische Koolwaterstoffen en
de onverklaarde infrarood-emissiebanden — uitlaatgassen van auto’s langs de Melkweg".
Ze vergeleken het IR-spectrum van gewoon uitlaatgas met het spectrum van de Orion-
nevel, en vonden een heel overtuigende overeenkomst. Uitlaatgas is een mengsel van
veel verschillende soorten PAKs. Ze worden op Aarde gevormd in verbrandingsprocessen
en blijven lang intact, omdat ze een van de weinige grote moleculen zijn die hitte van
bijvoorbeeld een benzinemotor, een sigaret of de vlammende kolen van een aspirerende
grillmeister kunnen weerstaan.

In de ruimte worden deze moleculen gevormd door bijvoorbeeld de rode reuzensterren
uit Figuur 1, die aan het einde van hun leven in zeer hete schokgolven grote hoeveelheden
koolstof produceren. Dit koolstof reageert vervolgens met het vele waterstof in de omge-
ving, en zo heb je iets wat lijkt op uitlaatgas in de ruimte. Door deze ontdekking staan
deze IR-banden tussen 3 en 16 µm intussen bekend als de Aromatische InfraroodBanden
(AIBs).

Allamandola, Barker en Tielens vergeleken de AIBs met de spectra van verschillende
kleine PAK-moleculen, en vonden dat die spectra erg veel op elkaar lijken. Daar ligt ook
het grote probleem waar dit proefschrift op in gaat. Omdat PAKs allemaal een soortgelijke
structuur hebben, zenden ze hun IR-banden ook op grofweg dezelfde golflengte uit. Omdat
er ontzettend veel verschillende manieren zijn om een honingraatstructuur van koolstof en
waterstof in elkaar te zetten, kunnen we niet van alle AIB-kandidaten een IR-spectrum
meten in het lab. Gelukkig is het mogelijk om met de computer goede benaderingen voor
de IR-spectra uit te rekenen. In het laboratorium meten we een deel van deze IR-spectra “in
het echt”, en brengen onvoorziene effecten en verschuivingen in kaart die met de computer
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vaak (nog) niet uit te rekenen zijn. Hiermee kan ook de theorie aangepast en verbeterd
worden. Door deze metingen en berekeningen te vergelijken met de astronomische spectra,
weten we bijvoorbeeld nu dat de PAKs die zich dichtbij een ster bevinden vaak elektrisch
geladen zijn. Maar vooralsnog is het niemand nog gelukt individuele PAKs te identificeren.

Dit proefschrift draagt bij aan de huidige kennis op het gebied van de IR-spectroscopie
van PAKs, en aan de kennis van hoe PAKs veranderen onder invloed van hoge intensiteiten.
Het beschrijft experimenten die de IR eigenschappen van PAKs proberen te ontrafelen.
Het meten van een IR spectrum van een PAK onder astronomisch relevante condities is
verre van triviaal. De AIBs zijn gemeten als een emissiespectrum, dus zou het logisch zijn
om naar het licht te kijken dat PAKs uitzenden nadat ze met zijn verhit, met bijvoorbeeld
UV-licht. Echter, op Aarde is meten van IR-licht dat uitgezonden wordt door een klein
wolkje PAKs lastig, omdat alles wat in de omgeving op kamertemperatuur is, ook IR-licht
uitstraalt. Dit is vergelijkbaar met het detecteren van een flikkerende kaars voor de zon.

Gelukkig is het ook mogelijk om uit een absorptiespectrum op te maken hoe het emis-
siespectrum eruit moet zien. Een voorbeeld hiervan is te zien in Figuur 2, waar het voor
atomair waterstof duidelijk is dat het optellen van de emissie en de absorptie een continu
spectrum geeft. Maar het wegfilteren van licht met alleen maar een ijl gaswolkje is lastig
te meten, dus kiezen wij er voor om de moleculen te bestralen met zeer intens IR-licht, en
het effect dat dit licht heeft op de moleculen te meten.

Het meten van het effect op het molecuul heet actiespectroscopie, en dit staat in con-
trast met gewone emissie- of absorptiespectroscopie omdat er naar veranderingen in mole-
culaire samenstelling wordt gekeken in plaats van veranderingen in lichtintensiteit. Hierbij
moet gedacht worden aan moleculen die kapot gaan en daardoor massa (fragmenten) ver-
liezen, of elektrische lading afstaan. Dit gebeurt alléén als het licht staat ingesteld op een
resonantie, wat een beter woord is voor een absorptie- of emissielijn. Buiten de resonan-
ties neemt het molecuul geen licht op en verandert het niet van toestand, dus het meten
van de toestandsveranderingen in het molecuul geeft dezelfde informatie als de traditio-
nele spectroscopie, plus informatie over die toestandsveranderingen.

In Hoofdstuk 2 worden de methodes beschreven die gebruikt zijn voor de experimenten en
de theoretische berekeningen. We beginnen met Fourier Transformatie Ion CyclotronRe-
sonantie MassaSpectrometrie (FT-ICR MS), de methode waarmee we moleculen kunnen
wegen, en dus vaststellen of we het kapot hebben gemaakt, gefragmenteerd in jargon.
Om ze te kunnen wegen, moeten ze wel een elektrische lading hebben. Deeltjes met
een elektrische lading — ionen — kunnen gemanipuleerd worden met magneetvelden en
elektrische velden. Een lichter deeltje is sneller in beweging te krijgen met een dergelijk
veld dan een zwaarder deeltje. Met een sterk magneetveld kun je een pakketje ionen in
kleine cirkelbanen brengen en ze draaien dan rondjes met precieze frequenties, de zogehe-
ten cyclotronfrequentie. De cyclotronfrequentie verschilt per massa: lichtere ionen zullen
sneller rondjes draaien dan zwaardere. Met een metalen plaat, dichtbij de ronddraaiende
ionenpakketjes, kun je hun aanwezigheid meten als zwakke elektrische signalen. Met een
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wiskundige methode genaamd Fourier transformatie kan dan worden uitgezet hoeveel sig-
naal er per frequentie, en dus hoeveel ionen van een specifieke massa er rondcirkelen. Een
grafiek waarin dit is weergegeven noemen we een massaspectrum.

Zowel met IR als met UV licht kunnen moleculen kapotgemaakt worden. In beide
gevallen neemt het molecuuul licht op, en licht is equivalent met energie, zoals we we-
ten sinds Einstein. Als een molecuul een UV-foton opneemt, dan komt het in een hogere
elektronische toestand waarin de elektronenverdeling over het molecuul veranderd is. De
kwantummechanica vertelt ons dat een dergelijke aangeslagen toestand niet oneindig lang
kan leven, en dat het molecuul op een gegeven moment weer terug zal vallen naar de
grondtoestand waarin het was voordat deze het foton absorbeerde. Dat terugvallen kan
gebeuren door een UV foton uit te zenden — en dat is dus wat in astronomische waar-
nemingen als emissie wordt gemeten — of het kan de opgenomen elektronische energie
omzetten in vibratie-energie. Een groot molecuul, zoals een PAK, kan op verschillende
manieren buigen en strekken, waarbij elke soort vibratie een net iets verschillende energie
heeft in het IR-bereik. De energie van al deze IR-fotonen bij elkaar opgeteld is tezamen de
energie van het UV-foton waar we mee begonnen. Deze IR-fotonen kunnen ook uitgezon-
den worden, wat leidt tot emissiespectra zoals de AIBs. Het zijn dat die vibratie-energie
zo groot is dat een of meerdere bindingen verbroken kunnen worden, en dat het molecuul
dus kan fragmenteren, in een proces dat UV-fotodissociatie (UVPD) heet.

Je kan op een soortgelijke manier het molecuul fragmenteren met héél véél IR-fotonen,
die met grote intensiteit op het molecuul worden gestraald. Bij de juiste resonantie loopt
de energie in het molecuul zo op dat het fragmenteert. Dit proces heet InfraRood Multi
Foton Dissociatie (IRMPD). Je kan het vergelijken met een operazangeres die een wijnglas
breekt met een hoge noot. Dit werkt alleen als ze precies de juiste noot raakt, en deze een
tijdje lang luid volhoudt.

Om de link tussen moleculaire structuur en infraroodgolflengtes te kunnen leggen,
gebruiken we theoretische berekeningen gebaseerd op zogenaamde dichtheidsfunctionaal-
theorie (DFT), methode om de Schrödingervergelijking, de centraal staat in de kwantum-
mechanica, bij benadering op te lossen. Hiertoe laten we een speciaal softwarepakket de
geometrie van een molecuul optimaliseren door deze zo lang te manipuleren tot hij de
laagst mogelijke energie heeft. Op basis van deze structuur kan uitgerekend worden hoe
het molecuul precies kan trillen, en met hoeveel energie elke verschillende vibratie gepaard
gaat, en in hoeverre elke vibratie in staat is energie op te nemen, wat ons het IR-spectrum
geeft. Als het molecuul van structuur verandert na een reactie, kan het spectrum er anders
uit komen te zien. Deze theoretische berekeningen zijn dus een erg nuttig instrument om
er zeker van te zijn dat je weet wat je meet.

In Hoofdstuk 3 beschrijft de apparatuur die is gebruikt voor het onderzoek. Als eerste
is er de vrije-elektronenlaser (FEL), die we nodig hebben om in golflengte verstelbaar
IR-licht te maken dat zo intens is dat je er moleculen mee kapot kan maken. De meeste
lasers werken door een optisch actief materiaal te kiezen dat bij bepaalde golflengtes intens
licht uit kan zenden (zoals het gele licht van een natriumlamp), er vervolgens energie in
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FIGUUR 4: Meetcyclus voor IR spectroscopie in FT-ICR massaspectrometer.

te pompen, en het uitgezonden licht dan tussen twee spiegels (dit heet een optische holte)
heen en weer te laten kaatsen. Er worden spiegels gekozen die net iets minder dan 100%
reflecteren, zodat er bij elke passage op de spiegel een beetje laserlicht uit komt dat we
kunnen gebruiken voor experimenten.

Voor het licht dat je op kunt wekken met een laser, ben je sterk afhankelijk van het
gekozen optische materiaal. In het IR bestaan er maar weinig geschikte optisch actieve
materialen. Elektronen kunnen elke golflengte die je wil uitzenden als je ze snelheden laat
bereiken die in de buurt komen van de lichtsnelheid, en ze met een periodiek magnetisch
veld een golfbeweging laat maken. Omdat de golflengte van het licht te manipuleren is
door de sterkte van dat magnetische veld te variëren kun je met electronen elke gewenste
golflengte licht maken, wat ze ideaal maakt als lasermedium. De vrije electronen laser
FELIX maak gebruik van dit principe.

Voor experimenten waarbij het IR licht dat door één van de spiegels van FELIX naar
buiten komt niet intens genoeg is, gebruiken we FELICE, de vrije-elektronenlaser voor
IntraCavity Experimenten. Door niet het licht wat naar buiten komt te gebruiken, maar
juist het experiment tussen de spiegels van de optische holte te plaatsen, kunnen we van
een veel hogere laserintensiteit gebruik maken. Zolang het materiaal dat je in de laser wil
bestuderen ijl genoeg is dat het niet het heen-en-weer kaatsende licht te veel absorbeert, is
het mogelijk om in de optische holte zelf spectroscopie te doen.
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FIGUUR 5: Foto van de FELICE FT-ICR machine.

Om de experimenten met FELIX en FELICE aan PAKs te doen gebruiken we een zoge-
naamde FT-ICR massaspectrometer. Een foto van de machine die aan FELICE gekoppeld
is, is te zien in Figuur 5. Het hele proces wordt afgebeeld in Figuur 4. Allereerst moeten
de PAKs in de gasfase worden gebracht. De poedervormige PAKs worden in een warmte-
bron verhit bij een temperatuur waar de PAK langzaam verdampt. De damp die hier vanaf
komt, wordt met elektronen beschoten zodat een positief ion gevormd wordt .

Vervolgens worden de ionen tot kamertemperatuur gekoeld, en van de continue stroom
ionen worden kleine, dichte pakketjes gevormd. Zo’n pakket ionen wordt in een ICR-cel
geladen. Vervolgens bestralen we het pakket ionen met IR-laserlicht totdat we zien dat
er ionen fragmenteren. Daarna meten we of de massaverdeling van het ionenpakketje
is veranderd om vast te stellen of fragmentatie heeft opgetreden. Vervolgens slaan we
deze data op, gooien we de fragmenten weg, veranderen we de golflengte en beginnen we
opnieuw. Deze cyclus herhaalt zich totdat we het gewenste IR-spectrum hebben gemeten.

Naast de gebruikelijke ionisatiemethode van verdamping en elektronenbombardement,
hebben we voor het onderzoek in Hoofdstuk 4 gebruikt gemaakt van elektrospray-ionisatie.
Wij hebben een aanpassing gemaakt aan de bestaande methode, waarmee een grotere ver-
scheidenheid aan PAKs geïoniseerd in de gasfase kan worden gebracht.

Voor elektrospray-ionisatie wordt het te ioniseren molecuul opgelost in een aange-
zuurde vloeistof. Zuren bijten omdat ze een overschot hebben aan vrije, ionische water-
stofatomen (H+; protonen). Als we onze PAKs opgelost in deze zure vloeistof door een
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FIGUUR 6: De PAK antraceen in de neutrale (C14H10) en de geprotoneerde (H+C14H10) vorm.
De waterstofatomen zijn grijs, de koolstofatomen roze en de overtollige positieve lading is verdeeld

over de blauwe wolk.

dun naaldje heen spuiten waar een hoge spanning op staat, verdampt de vloeistof, en blij-
ven de PAKs over met een H+ eraan gebonden. Een voorbeeld hier van is te zien in Figuur
6, waar links het gewone antraceenmolecuul (C14H10) te zien is, en rechts geprotoneerd
antraceen (H+C14H10).

De aanpassing die wij aan deze methode hebben aangebracht, is dat we een sterk zuur
hebben genomen, trifluoro-azijnzuur (TFA). In tegenstelling tot gewoon azijnzuur, is TFA
namelijk wel in staat is om PAKs met een kromme structuur te protoneren. Daarnaast
werkt deze methode ook om PAKs niet van een H+, maar van een D+ (een deuteron), het
zware isotopische broertje van H+, te voorzien; te deuteroneren in plaats van protoneren.

In Hoofdstuk 4 bestuderen we de rol die fotofragmentatieprocessen hebben op het vermo-
gen van PAKs om deuterium (D) op te nemen. In het ISM zijn er grote stukken van nevels
waarin de concentratie D in verhouding tot die van H vele malen lager ligt dan normaal
verwacht zou worden. Door D+PAKs te bestralen met zowel UV-licht als IR-licht, onder-
zoeken we of een PAK eerder H of D verliest. Op de plek waar de H of D zit, zit is de
structuur van het molecuul verzwakt, dus dit is de plek waar het verlies optreedt.

In Figuur 6 is een voorbeeld te zien van een geprotoneerd molecuul. In het gedeute-
roneerde geval, heeft de zwakke plek zowel een H als een D, en zien we dat er een veel
grotere waarschijnlijkheid is dat het ion een H verliest. Door het IR-spectrum te vergelij-
ken met theoretische spectra, herleiden we de structuur van de PAK voordat het bestraald
werd, waaruit we kunnen afleiden dat de extra H of D bij voorkeur op maar één plek op de
buitenrand van het molecuul gebonden is. Omdat het ion bij voorkeur H verliest, conclu-
deren we dat de D van plek wisselt met een H, zodat de zwakke plek twee H-atomen bevat
als het daadwerkelijk fragmenteert.

We hebben uitgerekend dat dit “husselen” van de atomen langs de rand een erg effici-
ënt proces is, en dat de energie waarbij dit kan gebeuren laag genoeg is om plaats te vinden
vóór fragmentatie. We denken dat dit husselen veel voor kan komen in het ISM, en dat
PAKs daar gemakkelijk veel meer D op kunnen slaan dan voorheen gedacht. We voor-
spellen dat bewijs hiervoor in interstellaire spectra te vinden zal zijn door de verhouding
tussen de strekvibraties van C – D en C – H te analyseren.
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In Hoofdstuk 5 bestuderen we het eerste IR-spectrum van fenylium, C6H5
+. Fenylium

is eigenlijk een monocyclische aromatische koolwaterstof (en dus een MAK), maar het is
een erg belangrijke bouwsteen om uiteindelijk polycyclische aromatische koolwaterstoffen
mee te kunnen maken in chemische processen op Aarde en in het ISM. Er is weinig bekend
over zijn fragmentatiekanalen en het was eerder niet mogelijk om het IR-spectrum op te
nemen vanwege zijn hoge reactiviteit en fotoresistentie.

Door het IR-spectrum te vergelijken met theoretische berekeningen kunnen we be-
vestigen wat de laagste elektronische energietoestand is. Doordat de elektronenverdeling
anders is in een hogere elektronische toestand, veranderen de vibrationele frequenties, en
kunnen we dus het IR-spectrum gebruiken om de elektronische toestand te bepalen. Uit de
massaspectra blijkt dat het geen H of H2, maar voornamelijk [2C, 2H]-fragmenten verliest.
We hebben uitgerekend hoeveel energie het kost om verschillende fragmenten te verliezen,
en vonden een scenario waarbij eerst de ringvormige structuur van fenylium openklapt en
verder isomeriseert, oftewel van structuur verandert. Hoewel H-verlies dan nog steeds
energetisch voordeliger is dan het verlies van [2C, 2H], hebben we ook de activeringsen-
tropie van beide verlies reacties berekend. Een reactie met een hogere activeringsentropie
wordt voordeliger bij een hogere interne energie, en zal bij de hoge energie waar we ze
naartoe exciteren met FELICE dus winnen. Omdat de entropie van het [2C, 2H]-verlies
ongeveer twee keer zo hoog is bij de geschatte energieen, denken we dat dit de reden is dat
dit het meest voorkomende fragment in ons experiment is. Deze bevindingen zijn belang-
rijk voor toekomstig onderzoek aan processen rondom stervende sterren die veel koolstof
uitstoten, maar ook bijvoorbeeld voor reactieprocessen in verbrandingsmotoren.

FIGUUR 7: De drie moleculen die bestudeerd zijn voor Hoofdstuk 6, fenantreen (C14H10
+), pyreen

(C16H10
+) en peryleen (C12H12

+). De waterstofatomen zijn grijs, de koolstofatomen roze en de
overtollige positieve lading is verdeeld over de blauwe wolk.

In Hoofdstuk 6 presenteren we de mid- en ver-infraroodspectra (MIR en FIR) van drie
verschillende PAKs: fenantreen (C14H10

+), pyreen (C16H10
+) en peryleen (C20H12

+), zie
Figuur 7. Dankzij FELICE is het mogelijk om deze spectra te meten in het FIR (> 16 µm),
waar de energie per foton te laag is om met de lagere intensiteit van FELIX een IRMPD-
proces tot een succesvol einde te brengen.

161



Publiekssamenvatting

We vergelijken onze gemeten spectra met zogeheten anharmonische berekeningen, die
bepaalde vibraties kunnen voorspellen die niet worden meegenomen in normale, harmo-
nische berekeningen. Dankzij deze nieuwe berekeningen is het mogelijk om banden te
verklaren die met erg laag signaal zijn gemeten, en zonder achteraf correcties te doen aan
de berekening. Deze FIR-spectra zijn van belang in de zoektocht naar de vingerafdruk van
een individuele PAK in het ISM. De banden liggen verder uit elkaar en zijn uniek voor de
verschillende moleculen, oftewel, de FIR spectra zijn niet zo gelijkend als de MIR spec-
tra. In het MIR zijn de vibraties vergelijkbaar omdat het lokale vibraties in het molecuul
zijn, zoals het strekken van een C – H verbinding, wat nauwelijks beïnvloed wordt door
de precieze structuur van het molecuul. In het FIR zijn de vibraties globaal voor het hele
molecuul en kan de hele structuur op en neer deinzen als een drumvel. Deze FIR vibraties
zijn wel sterk afhankelijk van de structuur en grootte van het molecuul.

We bestuderen specifieke soorten FIR vibraties, zoals het drumvel-type, en gebruiken
onze gemeten spectra als een startpunt. Daarna nemen veel lijnen die overeenkomen met
deze drumvel-vibraties uit de NASA-Ames-database voor berekende PAK-spectra, en zet-
ten deze samen in een grafiek met onze gemeten lijnen om een trend te vinden voor steeds
groter wordende PAKs. Voor PAKs met verschillende symmetrie zien we trends ontstaan
die niet eerder waren gevonden. De resultaten van deze studie kunnen door astrochemici
met een astronomische en theoretische specialisatie worden gebruikt om gerichtter te zoe-
ken naar specifieke PAKs aan de hand van FIR-banden.

FIGUUR 8: De onregelmatig gevormde PAK dibenzo[a,l]pyreen (C24H14
+), die bestudeerd wordt

in Hoofstuk 7. De waterstofatomen zijn grijs, de koolstofatomen roze en de overtollige positieve
lading is verdeeld over de blauwe wolk.

In Hoofdstuk 7 bestuderen we het IR-spectrum van dibenzo[a,l]pyreen, een onregelmatige
PAK. In dit molecuul zijn de ringen niet op een zo compact mogelijk manier aan elkaar
vast gezet zoals bijvoorbeeld bij pyreen het geval is (zie Figuur 7). Daar waar de tot
nu getoonde PAKs allen vlak waren, is deze PAK dat niet. Eén van de ringen ligt uit
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het vlak omdat de waterstofatomen in de ontstane holte elkaar teveel afstoten om nog
in hetzelfde vlak te kunnen liggen. Deze structuur zorgt voor een grote toename in het
aantal vrijheidsgraden van het molecuul, en zorgt er voor dat er veel meer lijnen in het
IR-spectrum worden voorspeld. In het gemeten spectrum is er daarom een brede heuvel
met substructuur te zien in het deel van het spectrum tussen 6 en 9 µm.

In onze theoretische berekening zien we een heel ‘grasveld’ aan lijnen, die uiteindelijk
niet meer optellen tot losse banden, maar tot de brede heuvel die we ook hebben geme-
ten. We zien ook dat bepaalde types vibraties verschoven zijn naar een andere plek in het
spectrum in vergelijking met de spectra van regelmatige PAKs. Uit de massaspectra blijkt
dat deze PAK eigenlijk een vrij stevige honingraatstructuur heeft, want het verliest geen
C-houdende fragmenten, maar voornamelijk H2. Deze moleculen kunnen mogelijk aan-
wezig zijn in voor UV afgeschermde binnenste delen van interstellaire wolken, en kunnen
daar een belangrijke rol spelen in het vormen van waterstofmoleculen (H2) uit losse wa-
terstofatomen (H). Het leren herkennen hoe deze unieke molecuulvorm een vingerafdruk
op spectra achterlaat kan helpen om plekken in het ISM te vinden waar deze potentiële
waterstoffabriekjes zich kunnen bevinden.
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