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Chapter 1
Introduction

1.1 Stars, Gas & Dust, and Carbon

Carbon is a key element in the evolution of the Cosmos. With its ability to bind to itself
and other atoms, carbon is the backbone element of the most complex phenomenon of the
known Universe — life. When stars face their inexorable end, the carbon once produced
in their interiors, is sent off into space — together with oxygen and other heavy elements
such as N, Si, Fe — in the form of stellar winds. In these expanding gas envelopes, or-
ganics, dust and ice are formed; as elemental molecules such as CO, small hydrocarbons,
to micro-sized carbon (or silicate) dust grains. This material blends into the interstellar
medium, where it is further processed under the local conditions, and where new organic
synthesis takes place; in the gas or on grains. It is in these material-rich clouds that new
stars and planets are born, if one gives gravity enough time.

Over the past 40 years, spectroscopic signatures of about 150 gas-phase organic mole-
cules (ranging from 2 to 13 atoms) have been detected in circumstellar and interstellar
media (Herbst & van Dishoeck 2009); an observation that has left no doubt about the
richness of the chemical facet of the Universe. The existence of dust grains is as well
known from the scattering and absorption effects (known as extinction) on the starlight
(Mathis 1990). Together, gas and dust comprises ∼ 20% of the total mass in our galaxy —
only 1% is dust grains and the rest is gas made of around 89% hydrogen, 8% helium and
2% heavier elements (e.g., C, O, N, noble gases). The physical and chemical transforma-
tions of the gas and dust material are illustrated in Fig. 1.1 in terms of the cosmic lifecycle
of matter as five benchmark space environments: mass-loss circumstellar envelope in old
stars, diffuse optically-thin cloud, dense molecular cloud, collapsing core cloud (accre-
tion disk) and stellar system. These five stages represent one or more components of the
interstellar medium, which is classified in Table 1.1 according to the physical properties.

The coronal gas component (HIM) comprises the largest volume of the interstellar
medium and can be observed by the absorption lines caused by highly ionized atoms, or by
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Table 1.1 – Components of the interstellar medium (ISM) according to their physical proper-
ties. Data compiled from Wooden et al. (2004) and Tielens (2005).

ISM Component T Densityc State of
Designation

[V (%)a, H (pc)b] (K) (cm−3) Hydrogend

Hot ionized medium (HIM) 106–107 10−4–10−2 H+ coronal gas
[30–70, 1000–3000]

Warm ionized medium (WIM) 104 0.2–0.5 H+ diffuse ionized gas
[20–50, 1000]

HII regions 104 102–104 H+ diffuse ionized gas
[<1, 70]

Warm neutral medium (WNM) 103–104 0.2–0.5 H0 intercloud HI
[10–20, 300–400]

Cold neutral atomic medium 100 20–50 H0 + H2 diffuse cloud
(CNM) [1–5, 100–300]

Molecular cold neutral medium <50 102–106 H2 dark, dense,
(M-CNM) [< 1, 70] molecular cloud
Molecular hot cores 100–300 ≥ 106 H2 protostellar core

[< 1, 0.02–0.05]

aV: Fractional volume, bH: Scale height, cNumber of H atoms, nH , (or molecules, nH2 ) per volume,
dH+(ionized atomic hydrogen), H0(neutral atomic hydrogen), H2(molecular hydrogen).

emission of X rays. On the other hand, one of the smallest components occur in the form
of molecular clouds which represents less than 1% (illustrated by the ‘dense cloud’ in
Fig. 1.1, top-center) and is observed via radio and infrared emission and absorption lines
(and continuum). Molecular and solid-state dust species shape the space environments by
regulating their physical conditions, for instance, through heating (e.g., by injection of hot
electrons via the photoelectric effect on grains) and cooling (e.g., by rotational excitation
of CO) mechanisms.

Dust grains are strongly processed by shock waves (caused by supernova explosions or
stellar winds), and/or ultra-violet (UV) photons in low-density, diffuse media, and could
desintegrate back into their basic molecular building blocks (Jones & Nuth 2011). While
the exact nature of these basic molecular blocks is really unknown, carbonaceous grains
might break down as aromatic carbon units in the form of polycyclic aromatic hydro-
carbon (PAH) molecules. PAHs may also occur as by-products during interstellar grain
formation in interstellar clouds. The possible ingredients of carbon grain particles vary
depending on the prevailing chemistry and physical conditions upon which the gas-phase
condensation and growth processes take place, and could include graphite (aromatic, sp2),
diamond-like (sp3), PAH materials (sp2 with peripheral hydrogens), or amorphous car-
bon (short-range ordered sp2 and sp3 mixtures). In the mass-loss stellar stage (Fig. 1.1,
bottom-left), when the amount of oxygen initially ejected by the evolved star is larger
than that of carbon (i.e., C/O < 1), the grains formed are primarily composed of silicates.
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1.1 Stars, Gas & Dust, and Carbon

Figure 1.1 – The cosmic lifecycle of matter. Gas and dust material adopts different physical
and chemical forms as it incorporates into the cosmic reservoirs represented by the five space
environments. The recycling timescale before the cosmic material becomes a star forming
region is ∼ 107 years. Figure by B. Saxton, NRAO/AUI/NSF (used with permission).

In cool, dense regions, ice (made of CO or H2O for instance) accumulates around
the grains. In these icy mantles, atomic and molecular gas-phase species stick onto them
which can lead to a complex grain-surface organic chemistry. A cold gas-phase chemistry
can take place as well if the local population of organics have not been entirely frozen onto
the dust (Herbst 2001). By the time the gas-and-dust material becomes a star-forming
region, it has gone through a long history of physical and chemical processing.

When a prestellar nebula collapses within a giant molecular cloud, a new regime of
local processing takes place inside an increasingly denser and freezing region that leads
— after some 10,000 to 100,000 years — to the formation of a protostar and possibly a
planetary disk. As the protostar heats the immediate environment, the ices accreted during
the freezing phase evaporate. The release of the ice drives a complex chemistry in the
warm, dense gas of the so-called hot core or hot corino, depending on the mass of the new
star. The planetary disk is a flat region where gas and grain matter is continuously accreted
and from which eventually planets and other leftover small bodies (such as comets and
asteroids) form, while the remaining material is swept away by the light emitted by the
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newborn star. About 4.6 billion years ago an event like this (first triggered by a supernova
explosion) led to the formation of the Solar System. Most material in the solar nebula fell
into the center until the pressure and temperature were enough to ignite nuclear reactions
in the core of the Sun. Only a small fraction of the initial material accumulated in planets.

Close to the Sun, most volatile compounds were evaporated and only refractory high-
melting point compounds such as metals (for instance, iron and nickel), oxides and sili-
cates clumped into the known rocky planets. Away from the Sun, organic matter survived
trapped in comets and asteroids (also known as planetesimals) which regularly impacted
the young rocky planets. The Late Heavy Bombardment (LHB) is an episode about 4 to 3.8
billion years ago of intensification of planetesimal impacts (Gomes et al. 2005) in which
substantial organic matter was delivered to Earth’s surface (∼ 109 kg of carbon per year),
and possibly determined the prebiotic chemistry that led to the origin of life (Chyba &
Sagan 1992).

Large amounts of organic matter delivered during the LHB are thought to have oc-
cured in the form of aromatic networks and PAHs (Ehrenfreund & Cami 2010). The tran-
sition of non-living matter into the first simple unicellular organisms involved primitive
metabolic mechanisms sustained on prebiotic materials capable of storing genetic infor-
mation and harvesting energy (Pascal et al. 2006). Since they were the most available
and durable forms of carbon on the young Earth, PAH materials might have been the
raw molecular entities from which protocells self-assembled (Ehrenfreund et al. 2006).
Analysis of primitive meteorites shows that molecular organic compounds essential to
modern biology were already around at the beginning of the Solar System (Martins et al.
2008).

How then did the molecular and solid organic matter form in circumstellar and inter-
stellar space? What is the chemical history of this material by the time it was incorporated
into the solar nebula? How did it survive the formation of the Solar System and processing
inside comets and asteroids? These profound questions clearly follow an evolutionary line
through the different environments as depicted in Fig. 1.1. In particular, decisive insights
can be found by searching for light signatures of carbon-rich species in regions of star and
planet formation, where the nature of the embedded organic compounds certainly reflects
the very particular physical conditions and, more importantly, the chemistry prevailing
in these places. A crucial step has been taken with the Herschel space observatory1, for
which sub-millimeter and far-infrared technology, is capable to look through the dusty
envelopes of newborn stars in search for ‘solar systems’ in ongoing formation.

Thus, finding the signatures that testify the organic inventory in star forming regions
and in other key environments, can shed light on the chemical connection between or-
ganic compounds in the interstellar medium and solar systems. This prime information
may ultimately hold the key to the understanding of the advent of life on Earth (Ehren-
freund & Charnley 2000), and possibly reveal that the chemistry outside our planet is
not purely chaotic, but rather, that this chaotic molecular dynamism ultimately leads to a
biological Universe full of purposeless transcendence.

1An outstanding recent discovery, crucial to the chemical evolution of carbon-rich matter, presumably into
higher levels of organic complexity, is the detection of water vapor around a young T Tauri star with a planet-
forming disk, suggesting the existence of a huge ice water reservoir (Hogerheijde et al. 2011).
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1.2 Carbon-rich Matter in Space

1.2 Carbon-rich Matter in Space
Direct evidence of interstellar grain matter, or stardust, rich in carbon (carbonaceous)
and other materials (such as minerals and metals) is found in metorites that have been
recovered here on Earth. This material survived the long journey from the stellar birth
sites all the way through the formation of the Solar System until its parental space rock
encountered Earth. Another method to learn about the interstellar presence of carbon-rich
and related materials relies on astronomical observations and subsequent spectroscopic
analysis.

1.2.1 Observational Spectroscopic Evidence

Important spectroscopic evidence for the widespread presence of carbonaceous material
in space consist of the 217-nm spectral absorption feature (UV bump) in extinction light
curves, the mid-infrared emissions at 3.3, 6.2, 7.7, 8.6, 11.3, and 12.7 µm (UIR bands),
the diffuse interstellar bands (DIBs) superimposed on stellar spectra and the extended
red emission (ERE) and blue luminescence (BL) phenomena. The origin of these spectral
signatures is not entirely understood but observational constraints suggest that their origin
is related to the processing of carbonaceous dust grains. Hence, the species responsible
must be rich in carbon in one or more of its allotrope forms (carbyne, fullerene, diamond
and graphite), or carbon families defined according to the sp, sp2 or sp3 valence orbital
hybridization (Cataldo 2004).

The underlying chemistry for each of the carbon families is illustrated in Fig. 1.2. Car-
bonaceous grains are the end result of gas-phase condensation of small hydrocarbon spe-
cies, and can adopt a crystalline or amorphous internal structure with a mixture of two or
more carbon families. For instance, hydrogenated amorphous carbon (HAC) grains con-
tain a sp2 + sp3 mixture. Grains may also include heavy elements forming solid crystals
like carbides, e.g., SiC. Due to their physical properties such as thermodynamic stability,
optical and infrared activity, sp2-type polyaromatic hydrocarbon (PAH) materials have be-
come a recurrent explanation for the origin of most interstellar spectroscopic phenomena.

A carbyne chemistry is favored in hydrogen-poor environments where chains of the
form –(C≡C)–n (polyynes) and –(C=C)–n (cumulenes) are created (Kroto et al. 1993). Ma-
ny environments sustain carbon chain formation such as outflows of carbon-rich evolved
stars (Cernicharo et al. 2002) and planetary atmospheres like in Saturn’s moon Titan.

Space infrared observations of different circumstellar environments and reflection
nebulae have corroborated that a small fraction of the total carbon in space occurs in the
form of fullerenes such as C60 and C70 (Cami et al. 2010, Zhang & Kwok 2011, Sellgren
et al. 2010). Recognizing fullerene signatures in the infrared range is not easy since PAH
materials and other grain species dominate this range of the astronomical spectrum. The
positive identification of fullerenes is highly relevant to our understanding of the forma-
tion of complex molecular compounds in space. It establishes the two ends of a possible
evolutionary line connecting planar PAHs and fullerenes and a renewed motivation for
the quest of interstellar corannulene since this is known to play an intermediate chemical
role in the synthesis of C60 (Pope et al. 1993, Lafleur et al. 1993).
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Figure 1.2 – Carbon families according to the hybridization of the 2px, 2py, 2pz and 2s va-
lence atomic orbitals. In sp hybridization, two of the four valence electrons reside in two pure
p orbitals and the other are in two lineary arranged orbitals of 1/2s and 1/2p mixed character.
In sp2 hybridization, one valence electron is in a pure p orbital and three in orbitals forming a
trigonal planar geometry, where each sp2 orbital has a 2/3s and 1/3p mixed character. In sp3

hybridization, the four valence electrons are in four orbitals of mixed 1/4s and 3/4p character
arranged in a tetrahedral geometry. Top: carbyne (left) and diamond (right) families. Bottom:
graphite (left) and fullerene (right) families. Figure by J. van Maurik.

Circumstellar nano-sized diamondoid materials were tentatively identified in the new
Herbig Ae/Be stars HD 97048 and Elias 1 through two broad stellar emissions at 3.43
and 3.53 µm (Guillois et al. 1999). Previously, small amounts of nanodiamonds were
first isolated from the Allende meteorite showing that these are older than the Solar
System, hence, their stellar origin (Lewis et al. 1987). The diamondoid nature of the
3.43 and 3.53 µm bands has been corraborated by calculated spectra of neutral Td-symme-
try molecular diamondoids (Pirali et al. 2007), which are fully sp3 hybridized closed-cage
structures with dangling carbon bonds terminated by H atoms. However, contrary to the
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Figure 1.3 – Evidence of diamond-like matter in space. Left: A comparison of the 3 µm-
region emission spectra of two newborn stars and laboratory absorption spectra of diamond
nanocrystals at 300 K (figure taken from Guillois et al. (1999)). Right: Quantum-chemical
calculated spectra of tetrahedral (Td) molecular nanodiamondoids in neutral form showing
peculiar 3.43 and 3.53 µm absorption bands owing to CH2- and CH-group vibrations, re-
spectively. Note that as the size of nanodiamondoid increases the match to the circum-stellar
emissions is improved (figure taken from Pirali et al. (2007)).

first circumstellar identification, in which the comparison was done with synthetic dia-
mond nanocrystal films with sizes of ca. 100 nm, the molecular Td diamondoids have sizes
of ∼ 1 nm. It is interesting to note also that, although structurally related, the small mole-
cular diamondoids belong to a class of hydrocarbons that occur naturally in petroleum
(Dahl et al. 2003), while the origin of the diamond films is without doubt inorganic. Thus,
far from associating any of these two origins to the circumstellar diamondoids, their exact
nature is yet to be unraveled. Fig. 1.3 shows evidence of ‘nano-diamonds’ in space.

1.2.2 217.5-nm UV Bump
The UV bump is by far the most prominent spectroscopic absorption feature in the galac-
tic exctinction curve centered at 217.5 nm (λ−1

o = 4.6 µm−1). Despite the lack of obvious
correlation, the UV bump is strongly influenced by the environment: where the bump
bandwidth presents a substantial variability in mean values (±25%) — from narrow pro-
files in diffuse and star-forming environments to broad profiles in dense medium envi-
ronments — as compared to variations in the peak position of the bump λ−1

o (< ±1%)
(Fitzpatrick & Massa 1986).
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Because of the characteristic π–π∗ electronic transitions in sp2 carbon aromatic mat-
ter, graphite grains are considered attractive candidates. However in order to account for
the interstellar variations of the bandwidth, the graphitic grain sizes need to change ac-
cordingly, which in turn induces large variations of λ−1

o (Draine 2003).
Mennella et al. (1998) suggested that UV-photoprocessed HAC grains can repro-

duce the 217.5-nm feature. Later, Gadallah et al. (2011) proved that nanometer HAC
materials produced with laser ablation evolve in their internal carbon-bonding structure
(sp3 → sp2) as they are irradiated with strong UV light fluxes. This structural transfor-
mation is accompanied by a UV/vis spectral modification of the HAC materials that result
in an absorption at 4.6 µm−1. However, in order to reproduce the interstellar UV bump
strengths, the amount of carbon in HAC materials suppresses the available carbon locked
in interstellar grains. Since PAH materials have similar electronic properties as graphite,
these are as well considered as candidates for the UV extinction bump.

1.2.3 Infrared Bands at 3.3, 6.2, 7.7, 8.6, 11.3, and 12.7 µm

Discovery

In the 1970s, when astronomers first used the semiconductor infrared technology devel-
oped by the military industry, intriguing emissions were discovered that seemed to have
no apparent physical connection to their astronomical sources. Gillett et al. (1973) studied
three planetary nebulae (PNe) and found an unidentified 11.3 µm band in a high-excitation
PN (NGC 7027) and in a low-excitation PN (BD +303639). However, in the third PN of
intermediate excitation (NGC 6572), this emission was not found at all. They attributed
the 11.3 µm band to the presence of carbonates (XCO3, where X = Mg, Ca).

With the Kuiper airbone observatory (KAO) in service, Russell et al. (1977) observed
the 4-8 µm spectrum of NGC 7027 and found that a key carbonate feature around 6.9 µm
was missing in the spectrum, hence, disproving the earlier carbonate 11.3 µm identifica-
tion. Additionally, they discussed other unidentified bands at 3.3/3.4, 6.2, 7.7 and 8.6 µm,
of which none could be explained by blends of atomic lines. Soon after, it was recognized
that these unidentified infrared (UIR) emissions at 3.3, 3.4, 6.2, 7.7, 8.6 and 11.3 µm are
part of a generic spectrum due to a common phenomenon in this and other galaxies, that
is carried by a common physical entity. The figure in page 11 shows the UIR emissions
of three different astronomical sources.

In an attempt to unravel the excitation-emission mechanism, Allamandola et al. (1979)
proposed infrared fluorescence of small vibrationally excited molecules (transiently heated
by the local UV flux) bonded to thermally cold grain mantles. They assigned the 6.2 µm
and 11.3 µm emissions to water, and the 3.3 µm emission to methane, both frozen on the
ice. Later, in 1981, Duley & Williams pointed out that the UIR features match the vi-
brational frequencies of aromatic material and explained that CH groups bonded to small
graphite and amorphous carbon particles are possible carriers. The emission mechanism
was thought to be thermal in nature. Barlow (1983) looked at infrared dust observations of
PNe and discussed trends on grain chemistry by relating the relative abundance of carbon
and oxygen (nebular C/O ratio), the silicon carbide (SiC) broad feature, and the unidenti-
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fied 11.3 µm band. He concluded that the UIR features observed in carbon rich PNe could
indicate that they originate from carbon grains.

PAH Hypothesis

Sellgren (1984) studied various reflection nebulae (RNe) in which the unidentified 3.3 and
3.4 µm emissions cannot be explained by known mechanisms within the cold conditions
of the nebulae. She proposed that these features are the result of non-equilibrium thermal
emission of very small grains (VSGs, ∼ 1 nm in size) that are briefly heated to temper-
atures of about 1000 K by absorption of background single UV photons. Following this
conclusion and considering the CH aromatic nature of the carrier suggested by Duley
& Williams (1981), Léger & Puget (1984) proposed that the VSGs should be viewed
as small pre-graphitic molecular solids or large polycyclic aromatic hydrocarbon (PAH)
molecules. The PAH identification was propelled by Allamandola, Tielens, & Barker
(1985), who presented the spectral properties of a small PAH molecule, chrysene2, using
statistical mechanics and molecular physics. They strengthened this hypothesis by closely
matching the 5–10 µm spectrum of the Orion Bar with a laboratory Raman spectrum of a
carbonized sample (graphitic soot) collected from an automobile exhaust (Rosen & No-
vakov 1978). Based on its combustion-soot nature, they claimed that the sample consists
of a mixture of PAHs and graphite. They suggested that PAHs are formed as by-products
during carbon grain formation. A new feature associated with the 11.3 µm UIR band in
the form of a plateau at 11.3–13 µm was also attributed to the UIR carriers (Cohen et al.
1985). This plateau raises questions about the possibility of a new CH out-of-plane sym-
metry mode, as laboratory PAHs exhibit CH modes in the 11–15 µm region. Based on
the correlation between CH groups in an aromatic ring and CH mode frequencies, Co-
hen et al. (1985) concluded that this range provides constrains to the molecular structure
and/or degree of hydrogenation in interstellar PAHs. Cohen et al. (1986) also analyzed
new and existing airborne/ground-based UIR data in several PNe, RNe and HII regions,
and found weak features at 5.6 and 6.9 µm. A strong correlation between the 7.7 µm UIR
band and C/O ratio in PNe proves the hydrocarbon origin of the UIR bands. A few years
later, Allamandola et al. (1989) presented a comprehensive study of the UIR phenomenon
in terms of interstellar PAH emissions. While minor UIR features are due to less sta-
ble, small PAHs, the broad main UIR features are due to large and/or clustered PAHs.
Therefore, the UIR bands are attributed to stretching and bending vibrations of CH and
CC bonds in UV-pumped gas-phase PAH molecules: the 3.3 µm UIR band is attributed
to CH stretching modes, the 6.2 µm to CC stretching in-plane modes, the 7.7 and 8.6 µm
to combinations of CC stretching and CH bending in-plane modes and 11.3 µm to CH
bending out-of-plane modes.

A breakthrough occured when Szczepanski & Vala (1993) recorded the first laboratory
IR spectrum of a small PAH cation, naphthalene, and proved experimentally the signif-
icant intensity–enhancement effect upon ionization — see for instance the IR spectra of
corannulene in Fig. 7.3. In the neutral form, the dominant feature is a CH out-of-plane

2A four-ring species fused in a zig-zag fashion; an extra fused ring becomes picene studied in Ch. 8.
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symmetry mode, while the in-plane CC stretching modes in the 1000–1700 cm−1 (10–
5.8 µm) range are relatively very weak. Upon ionization, radical cationic and protonated
forms show highly enhanced CC modes — on the in-plane-symmetry CC modes in the
6–9 µm spectral range. This outcome corroborated a computational study that had sug-
gested the same effect a year earlier (Pauzat et al. 1992). Consequently, the variations in
relative intensities seen in the UIR spectra were explained as being due to the combined
contribution of neutral and ionized PAHs. Joblin et al. (1994, 1995) studied the effects of
temperature and solid-state intermolecular interactions on infrared spectra of neutral PAH
species. This work provided the first understanding of the link between local conditions
of interstellar environments and variations in the UIR emissions.

Local Variations of the UIR Bands and PAHs

The era of ISO3 and Spitzer4 infrared space observatories gave a whole new dimension to
the UIR phenomenon by revealing its spectroscopic richness and variabilty in galactic and
extra galactic regions (Tielens 2008). Variations of the UIR emission bands are observed
from source to source (and within sources according to the distance to the illuminating
stars) depending on the physical conditions (ISM component, Table 1.1). Various studies
have found a connection between the physical conditions of the space environments and
the intensity ratios, peak positions and profiles of the UIR bands (Hony et al. 2001, Peeters
et al. 2002, Galliano et al. 2008).

Hony et al. (2001) studied infrared spectra in the 10–15 µm region of 31 astronomical
sources which include HII regions, YSOs (e.g., Herbig AeBe stars), RNe, and old stars
(post-AGB’s) . The 3.3 and 11.3 µm bands are correlated and exhibit profiles and peaks
that are generally invariable among all astrophysical regions. For circumstellar environ-
ments such as post-AGB stars or PNe, the 11.3 µm band is a dominant feature, while for
HII regions the 11.3 µm and 12.7 µm are equally important. Since post-AGB stars and
HII regions are two completely different stages in the evolution of interstellar matter, this
analysis revealed a connection between the UIR spectral variability and the type of envi-
ronment from where the emissions originate. Thus, insights into the nature of the local
population of gas-phase PAH molecules can be obtained. The CH bending out-of-plane
modes in PAH molecules are informative of the molecular shape as delineated by the
number of adjacent CH bonds in each aromatic ring5, hence, a link between PAH shapes
and sizes with the frequencies of the UIR bands can be drawn. The 11.3- and 12.7-µm
UIR bands are predominantly caused by CH solo-group modes and CH duo- (trio-) group
modes, respectively. Therefore, for old stars or PNe regions the 11.3 µm UIR band is
dominant, and is emitted by large, compact PAHs with regular straight edges (solo CH
groups).

3Infrared Space Observatory (ESA in collaboration with NASA, launched 1995).
4Space Infrared Telescope Facility (NASA, launched 2003), named after physicist Lyman Spitzer.
5The underlying reason for this trend (mode frequencies as a function of number of CH groups per ring)

obeys to the local inductive electronic effects between C (sp2) and H atoms along the out-of-plane angular
defomations (Gussoni et al. 1984). For any ring having the same number of peripheral C (sp2) atoms (binded to
hydrogens), the magnitude of these effects is moreless the same.
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Figure 1.4 – Astronomical mid-infrared spectra (UIRs: 6.2, 7.7, 8.6, 11.3, 12.7 µm) of three
space environments representing the ISO classification of Peeters et al. Figure elaborated
according to Peeters et al. (2002) using spectra of the SWS-ISO atlas (Sloan et al 2003). See
text in page 12 for more details.

On the other hand, the 12.7 µm UIR band typical of HII regions arises from highly UV-
processed, small and irregularly shaped PAHs (where duo and trio groups are important).

Next, Peeters et al. (2002) found ample variability when studying the short-wavelength
UIR emissions in the 6–9 µm range of 57 astronomical sources, which include some extra
galactic sources. An intriguing trend found is the peak of the 6.2 µm band that shifts
longwards up to 6.3 µm as a function of source. The broad 7.7 µm band shows sub-
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Table 1.2 – The ISO classification of the astronomical UIR emission bandsa.

UIRs astronomical G0 Sp.
Class 6.2 µm 7.7 µmb 8.6 µm objectsc ranged classe

A 6.22(α) 7.6(α′) ∼ 8.6(α′′) HII, embedded Herbig AeBe’s 3 × 102- O,B
few RNe, few post-AGB’s 7 × 106

few PNe, galaxies
B 6.24–6.28(β) 7.8–8(β′) > 8.62(β′′) most PNe, few post-AGB’s 6 × 104- B,A

free Herbig AeBe’s 2 × 107 WC

C ∼ 6.3(γ) 8.22(γ′) - - - (γ′′) 2 post-AGB’s: IRAS 13416 5 × 103 F5
CRL 2688

a Adapted from Peeters et al (2002), bClassifies its dominant peak component, catomic H ionized regions
(HII), Reflection Nebulae (RNe), Planetary Nebulae (PNe), post-Asymptotic Giant Branch (AGB) stars
(proto–PNe), dLocal radiation field G0, eSpectral class of star(s) associated with the astronomical object.

structure with two main peaks at 7.6 µm and the other evolving from 7.8 to 8 µm. For
two post-AGB stars (IRAS 13416–6243 and CRL 2688), a very broad band at ∼ 8.22 µm
was discovered instead of the regular 7.7 µm feature. Generally, the 6.2-, 7.7-, 8.6-µm
bands behave similarly depending on the object, implying that these three emissions are
indeed related to a carrier with common properties. A classification scheme was establi-
shed according to these three bands from which three main classes emerged as listed in
Table 1.2.

Figure 1.4 shows astronomical UIR spectra of three sources representative of the A, B
and C ISO classes. The UIR-band peaks are marked as listed in Table 1.2. For the 7.7 µm
complex, the α′, β′, and γ′ designations represent the peak of the dominant component.
Class A is represented by the Orion Bar, the neighboring molecular cloud is illuminated
and heavily photo-processed by energetic UV photons emmitted by an open cluster of OB
stars (the trapezium stars). Here the gas is ionized and the dust photo–evaporated. Class
B is represented by the young BD +30 3639 planetary nebula which has a peculiar [WC9]
central star. The mixed O-rich/C-rich chemistry of the nebular wind envelope (Waters et
al 1998) suggests that not long ago the carbon-compounds (e.g., PAHs) responsible for
the UIR emissons were formed. The rare C class is defined by the proto–planetary nebula
IRAS 13416–6243. This object represents a transition between a star leaving the mass–
loss AGB phase to the planetary nebula phase, and hence, the gas and dust is heavily
processed —changing the characteristics of the material rapidly. Objects belonging to
class C have no 8.6 µm emission, and instead of the 7.7 µm complex, they exhibit a
broad convoluted band at 8.22 µm. They show as well a feature at 6.3 µm. The broad
aspect of the mid-infrared spectrum of IRAS 13416–6243 may be due to a very dense
AGB late envelope. In summary, broadly speaking, interstellar–like regions belong to
class A, while circumstellar–like regions and planetary nebulae (which is a very late stage
of a circumstellar environment) belong to class B. Regions associated with class C are
also circumstellar, although the UIR emissions appear to be dominated by an extremely
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dense, dusty environment. Note as well the class trend A→B→C according to the surface
temperature6 of the illuminating star.

Thus, in terms of an interstellar PAH population responsible for the UIR emissions,
the 6–9 µm spectral range clearly shows an evolutionary trend that reflects the physical
and chemical properties of the population of PAHs in connection to the interstellar local
conditions. In class-B regions, both PAH and dust material components are still well in-
terlinked. The 7.85 µm band indicates that PAH molecules are chemically intact, while
the 7.65 µm band is indicative of processing by the UV radiation field typical of diffuse
media. In class-A regions, highly photo–processed PAHs dominate the interstellar popu-
lation, in which also PAH derivatives including heteroatoms or side groups may occur.
For instance, the characteristic 6.22 µm emission (α designation) is, to date, explained
as being due to nitrogenated PAHs (Hudgins et al 2005) with the N atom replacing an
endoskeletal C atom. It is clear why this chemical modification reproduces the expected
blueshift of the nominal 6.2 µm band (relative to β and γ)—as the effect of induced charge
re-distribution in the HOMO (see pag. 40) that provides enough charge deformation along
CC skeletal modes such that larger force constants are generated, hence, higher frequen-
cies. The 7.8 µm and 8.22 µm UIR features were not linked to a particular evolutionary
stage, or any attribute of the PAH spectra.

An alternative explanation proposed by Pino et al. (2008) considers soot particles of
mixed sp2-aromatic and aliphatic (which includes sp and sp3 carbon) carbon chemistries
as the UIR carriers. Then, the variations in the position of the 6.2 µm band are gov-
erned by the evolution of internal structural composition in the particles: the 6.3 µm peak
reflects aliphatic carbon while the 6.2 µm peak corresponds to a predominant aromatic
composition. A correlation between the classification of Peeters et al. and both parti-
cle compositions was found in terms of UV photo-processing, and in which an aliphatic
composition is typical of heavy internal transformation.

Variations of the UIR emissions have been especially investigated in reflection nebulae
(Bregman & Temi 2005). In general, the 7.7 µm complex was observed to split into two
substructures at 7.85 µm and 7.65 µm. The band complex centroid evolves from 7.75 µm
at the edge of the nebulae to 7.65 µm towards the illuminating central star. Similarly, the
11.3/7.7 intensity ratio first rises from the center towards the nebula edges. For zones far
away from the illuminating star the ratio drops off. This UIR band behaviour indicates that
the relative intensities are governed by the ionization state of PAHs. However to explain
the variations of the 7.7 µm complex, two scenarios were considered. One in which the
7.85 µm feature is attributed to anions and the 7.65 µm feature to cations, and a second
one in which the band center simply shifts depending on the general chemical nature of
PAHs (not specified).

Reflection nebulae are special environments because the local radiation field is low as
compared to other interstellar clouds, hence, the typically poor UV fluxes do not ionize
the nebular material. Because PAHs need UV photons to become excited before they can
vibrationally decay via IR fluorescence, reflection nebulae are regions that challenge the

6This temperature defines the spectral class of the star. In the Harvard classification the first star classes
(from hottest to coldest) are O (≥ 30,000 K), B (10,000–30,000 K) A (7,500–10,000 K), F (6,000–7,500 K),
G (4,900–6,000 K) . . ..
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PAH model (Uchida et al. 1998, 2000, Kwok & Zhang 2011). Nevertheless, Li & Draine
(2002) have shown that PAHs can be pumped with low UV fluxes and still emit in the mid
IR region.

Galliano et al. (2008) investigated several galactic and extra galactic regions and cor-
roborate the finding of Peeters et al. in which the 6.2, 7.7, 8.6 µm bands have a common
carrier. The ratios of these bands with respect to the 11.3 µm band vary by one order of
magnitude in the three cases. In star forming regions, the 6.2/11.3 ratio is the highest.
An interpretation is that the CH bonds in the sp2 PAH material are being destroyed as a
consequence of the violent conditions typical of these regions. These observations show
that the properties of PAHs are uniform, and the intensity ratios are controlled by ion-
ization fraction and hydrogenation state. In particular, no evident connection to dust size
distributions and to the 9.7 µm silicate feature was found.

Alternative UIR Models

Parallel to the formulation of the PAH hypothesis other explanations have been developed
to explain the UIR phenomenon. The essential difference with the PAH model is that the
UIR carrier is suggested to be solid state (e.g., nano-sized carbonacous grains) rather than
molecular. Only models developed on an experimental basis are described.

Sakata et al. (1984) used a hydrocarbon plasma apparatus to generate polyynes and
PAH structures that condensate into solid–state quenched carbonaceous composites
(QCCs). Spectroscopic studies of QCCs showed that they inherently account for the
nominal UIR bands. This confirms the carbon nature of the carriers (Sakata et al. 1984,
1987). Borghesi et al. (1987) measured spectra of hydrogenated amorphous carbon (HAC)
nanoparticles (∼ 5 nm) and found absorption bands (e.g., at T = 260◦C, they are 3.39,
3.42, 3.51, 5.78, 6.29, 6.85, 7.3, and 11.3 µm) that nicely match some of the UIR bands.
Since they did not observe the 3.28, 7.7 and 8.6 µm UIR bands, they proposed that the
UIR phenomenon is due to the joint effect of HAC and PAH emiters. A few years earlier,
Duley and Williams had already proposed HAC materials as UIR carriers.

In an attempt to reconcile all proposed carbon materials, Bregman et al. (1989) dis-
cussed HACs, PAHs, and QCCs and their possible contributions to the UIR bands. They
studied the 3–14 µm dust emissions in the Orion Bar region and deduced a three-component
model: thermal emission from 20 µm to longer wavelengths from classical dust (T ∼
60 K), continuous non-equilibrium emission at 6–9 µm and 11-13 µm from HACs and
clustered PAHs, and non-thermal discrete emissions at 3.3, 6.2, 7.7, 8.6, and 11.3 µm
from free-flying gas-phase PAHs.

Papoular et al. (1991) studied coal materials spectroscopically and, as in the case of
HAC and QCC solid materials, coal particles were found to naturally produce absorptions
near the UIR bands. This coal model supports the hypothesis of Duley and Williams
that explains the spectral properties of the UIR spectra by CH surface functional groups.
Nowadays, QCC and HAC materials are invoked to explain aspects of the UIR and other
astronomical spectroscopic phenomena (Draine 2003).

14



1.2 Carbon-rich Matter in Space

1.2.4 Diffuse Interstellar Bands

The diffuse interstellar bands (DIBs) are absorption lines in the near UV, visible and near
infrared spectra of stars observed between 380 nm and 1000 nm, which are believed to
result from electronic transitions in polyatomic molecules and/or extremely small parti-
cles that are widespread in interstellar regions (Herbig 1995, Jenniskens & Desert 1994).
The carriers may also be formed in circumstellar media, in which case they are heavily
processed when they reach interstellar regions. Soon after their discovery, it was recog-
nized that the carriers are related to dust particles, since the DIBs are correlated with the
redding of stars (Merrill & Wilson 1938). Nowadays, DIBs are observed in many galactic
and extragalactic regions, and present great spectroscopic variability in widths (ranging
from 2 nm to 0.1 nm) and peak wavelengths (Snow & Destree 2011). Figure 1.5 shows
evidence of DIBs in the spectrum of the hypergiant star HD 183143.

Figure 1.5 – DIBs in the spectrum of the star HD 183143 (B7Iae). The well known ‘D’
absorption lines due to Na at 589.5 nm (D1) and 588.9 nm (D2), and to He at 587.5 nm (D3),
originate in the atmosphere of the star. The absorption lines with ‘diffuse’ bandwidths at 578,
579.7, 627, and 628.4 nm originate in the interstellar medium. Figure taken from Merrill &
Wilson 1938.

Because of their substructure (due to rotational contours or isotope variations), lack
of regularity amongst them (e.g. the strength of DIBs are not correlated) and their large
number (∼ 400) (Salama et al. 2011), the origin of the DIBs must be due to more than one
interstellar species. Today, the identity of the DIB carriers is unknown but the observa-
tional contraints indicate that at least some of them must be carbon based, such as carbon
chains (Thaddeus 1995), fullerenes (Foing & Ehrenfreund 1994) and PAHs (Crawford
et al. 1985, Salama et al. 2011).
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1.2.5 Extended Red Emission and Blue Luminescence

The extended red emission (ERE) and blue luminescene (BL) features are structureless,
broad optical bands originating in dusty environments, for which peak wavelengths vary
with region between 500 nm–1000 nm, and between 350 nm–400 nm, respectively. Both
ERE and BL phenomena appear to be photoluminescent in nature (Gordon et al. 1998,
Vijh et al. 2004), that is, a few nanoseconds after the absorption of an energetic UV-vis
photon, their respective carriers relax via radiative electronic transition.

The ERE was first recognized in the proto-planetary ‘Red Rectangle (RR)’ nebula sur-
rounding the post-AGB star HD 44179 as an optical molecular emission (Schmidt et al.
1980). In various reflection nebulae, ERE was spectroscopically studied and attributed
to HAC grains (Witt & Boroson 1990). Optical continuum observations of the planetary
nebula NGC 7027 showed that the ERE originates from an outside shell of the ionized
nebular region, with a contribution of up to 20 % of red-excess flux in the 550–800 nm
range (Furton & Witt 1990). A spatial correlation was found between the ERE and the
3.28 µm UIR band. Gordon et al. (1998) analyzed the red excess in galactic diffuse me-
dia and confirmed that it is a general characteristic of dusty regions. Since the ERE is
stronger in regions where H2 is dissociated, they rationalized that the ERE luminescence
efficiency increases in warm atomic hydrogen environments, and hence, that the mate-
rial responsible must be robust and carbon rich, such as HAC. They concluded that the
strength of the ERE is proportional to the radiation excitation field with a photon conver-
sion lower-limit efficiency of ∼ 10 %. Darbon et al. (2000) studied images (visible and
IR) and low-dispersion visible spectra of a compact HII region, and found that while the
ERE originates within the ionized zone, two UIR bands at 3.3 and 6.2 µm have fluxes
coinciding with the ionization edge front. This lack of spatial correlation points towards
a grain origin for the ERE, and they reservedly proposed silicon nanoparticles as carriers.

A few years later, a blue luminescence (BL) band centered at ∼ 370 nm was observed
in RR which is spatially separated from the ERE, but correlated with the UIR emissions
attributed to PAHs (Vijh et al. 2004). This has led to the consideration of small neutral
PAH molecules as BL carriers. Owing to a mismatch between the number of far-UV pho-
tons (E > 6 eV) exciting the carrier and the number of ERE photons, Witt et al. (2006)
argued that the ERE phenomenon occurs in a two-step process. Therefore, the ERE carrier
is first produced by photo-ionization or photo-dissociation of a precursor material absorb-
ing a far-UV photon, and then excited by a near-UV or visible photon. They proposed
that PAH di-cations would appear with these energetic conditions. The spatial distribution
of the UIR emissions and the ERE in photo-dissociation regions of the reflection nebula
NGC 7023 shows that the ERE is dominant for the zones where carbonaceous nano-sized
grains are photo-evaporated down to the formation of small gas-phase PAHs (Berné et al.
2008). This suggests that a PAH-like intermediate species formed during grain processing
is the ERE carrier. Since PAH clusters are a likely stage in the formation of carbonaceous
grains and soot, closed-shell cationic PAH dimers were proposed as ERE carriers since
they fulfill the energy constraints explained earlier via the two step process (Rhee et al.
2007). Because of their luminescence optical properties, nanodiamonds have also been
proposed as carriers of the ERE (Chang et al. 2006).
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Figure 1.6 – Formation of carbon dust grains in mass-loss outflows of evolved stars as under-
stood from soot particle formation in terrestial flames fueled by hydrocarbons. This illustra-
tion gives an idea of the molecular and solid-grain inventory of carbon-rich matter in space by
rationalising possible evolutionary physical and chemical paths. Once the in-situ grain pop-
ulation reaches a steady size distribution, the post-formation phase begins. This phase spans
the lifecycle of dust grains and is characterized by their modifications owing to the heavy pro-
cessing (e.g., shattering and fragmentation, ablation) exerted by local agents such as the UV
radiation field, shock waves, or cosmic rays (Jones 2001). Figure based on Richter & Howard
(2000).

According to the evidence, ERE and BL phenomena are ubiquitous optical processes
of interstellar media where the dust grain component is strongly photo-processed by a
hot illuminating star (T > 7000 K). These phenomena are likely associated with carbon
compounds and may be the link between an intermediate molecular-level carbon species
and the large nano-sized carbon particles or large molecular aggregates.

1.2.6 A Glance at the Lifecycle of Carbon-rich Matter in Space

The chemical transformation of cosmic carbon is driven by the large-scale dynamics
in circumstellar and interstellar media (see Sec. 1.1). Circumstellar environments are
known to be one of the main sources of complex organics and carbon solid materials in
space (Kwok 2004). Figure 1.6 illustrates the gas condensation process of hydrocarbon
molecules towards the formation of solid carbon occurring in the outflows of evolved
stars (e.g., red giants, AGB stars, novae). Important chemical routes have been identified
by studying combustion processes (Richter & Howard 2000) and gas-phase condensation
experiments (Jäger et al. 2009). PAH-like molecular structures are an important compo-
nent of the interstellar medium since they are by-products during the chemical pathways
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towards grain formation, and hence, they are the natural lower-limit extension of the size
distribution of carbon grain particles in space.

In the molecular zone, the formation of the first hydrocarbon rings is based on acety-
lene (H–C≡C–H) chemistry via H-atom abstraction and addition reactions of small hydro-
carbons. Subsequent rings follow similar mechanisms plus addition reactions of carbon
radicals. These pathways lead to the formation of exotic intermediate PAHs such as de-
hydrogenated radical species with high spin states (Richter et al. 1999), although these
may be incorporated in the dust particles soon after or during the inception stage, or they
react with other hydrocarbons. PAHs serve as condensation nuclei where others agreg-
gate onto. In hydrogen-poor environments such as the envelopes of Wolf-Rayet stars, a
carbon-vapor like chemistry governs the gas condensation. Here, small carbon chains are
formed followed by rearrangements into cyclic rings and then to fullerenes, PAHs and
fullerene-like structures (Cataldo 2004). In the inception zone these fullerene structures
grow into amorphous carbon particles (Cherchneff et al. 2000).

Once it reaches a steady size distribution, the grain population can be considered to
enter the evolutionary phase of post-formation, which includes its transport into the in-
terstellar medium by stellar winds, as well as its interstellar permanence. Dust grains
are processed under the local conditions by UV light through photo-desorption, and by
shock waves through sputtering by collisions with energetic particles, or shattering by gas-
grain/grain-grain collisions (Jones 2001). As result, grains change structurally, and can
decompose back into their building PAH blocks. It is not precisely known whether these
blocks are predominantly sp2, or if they include chemical groups, refractory materials, or
if they contain defects inducing different orbital hybridization mixtures. Similar to their
parent grains, these generic PAH-like structures are subject to the same conditions and are
further processed yielding molecular fragments, some of which are PAH molecular units
(∼ 50 atoms), which may resemble more closely the terrestial PAH species. These PAH
structures may be responsible for some of the DIBs, the ERE and BL phenomena (see
Sec. 1.2). They also yield UIR emissions and are responsible of those spectral variations
that are not easily explained by considering classic PAH molecules (Sec. 1.4). Therefore,
spectral changes in the UIR bands are a natural consequence of the processing of carbon
grains.

Carbonaceous grain material collected from meteoritic samples testifies the occur-
rence of extra-terrestial PAHs and diamond-like material (Draine 2003), as well as other
organic matter such as fullerenes and corannulene (Becker & Bunch 1997), nitrogen hete-
rocycles (Sephton 2002), and amino acids (Botta et al. 2007, Martins et al. 2008). Isotope
studies, indicate that some of these species have a presolar origin and thus, have survived
the journey through the interstellar medium as well as the formation of the Solar System.
Others were formed in the Solar System during the internal activity of their parent solar
system bodies and its interstellar heritage is perhaps completely erased. Biogenic material
such as small nucleobases are very likely to have formed inside meteoritic parent bodies
(Botta et al. 2007).
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1.2.7 Laboratory Studies
Besides ground- and space-based observations — that have helped to estimate the frac-
tion of cosmic carbon locked in different compounds (e.g., Snow & Witt 1995) — various
groups worldwide set out to map the physical and chemical properties of carbon-rich com-
pounds in the laboratory. In particular, much effort has been devoted to the spectroscopy of
large carbon-rich molecules and nano-particles. Many small molecular species are dipo-
lar and their astronomical identification is then based on their radio-frequency spectrum,
whereas larger species are more likely identified based on their IR and UV/vis spectral
properties.

Of the various classes of carbonaceous species of astrophysical interest, PAHs have
been extensively investigated using laboratory spectroscopy, which in part, is due to
their ready availability. Solid carbonaceous species (e.g., HAC, QCC, coal) have also
been studied spectroscopically and some of the first important studies are described in
Sec. 1.2.3. Contrary to diamondoid molecules or carbon chains (which are produced only
under certain laboratory conditions), PAH molecular species in the size range from naph-
thalene (C10H8) to coronene (C24H12) are commercially available and ready to investigate
even at room temperature. Most spectroscopic studies on PAH compounds has focused on
their IR spectral properties and how these relate to the astronomical UIR emission bands.

In Chapter 2, an introduction is given into different spectroscopic approaches to study
PAHs in neutral and ionized forms. Particularly challenging is the study of the IR spectral
properties of gas-phase ionized PAH (or diamondoid) species because of the low densi-
ties attained as a consequence of the mutual electrostatic repulsion of the molecular ions.
Therefore, direct-light absorption techniques are not an effective approach. Action spec-
troscopic techniques involve measuring the effects induced by the absorption of laser light
rather than measuring the light itself. In this Thesis, an approach based on laser induced
photo-dissociation spectroscopy is applied to obtain infrared spectra of PAH derivatives
and diamondoid cationic species. It relies on ion trap technology and mass-spectrometric
ion detection. The use of ion traps allows us to study highly reactive ionized molecular
derivatives that are therefore short lived, and which otherwise would be almost impossi-
ble to study using invasive techniques. Additionally, we make use of quantum chemistry
computations in order to interpret our experimental spectoscopic data, as well as to further
characterize the species under study.

1.3 Thesis Outline
The main question addressed in this Thesis encompass the spectroscopic signatures and
the identification of sp2 and sp3 carbon compounds in space in the form of PAH molecules
and nano-diamondoids (see Fig. 1.2). The molecular species studied are ionized, trapped
and mass-selected, and their sizes range from 17 to 42 atoms. Both molecular families
occur as extensions toward the lower limit of the size distribution of carbonaceous grain
materials. In some space environments such as diffuse clouds, the investigated species
may occur only as transitory phenomena (see Sec. 1.2.6). In optically-thick dense en-
vironments they may survive longer and therefore participate in the local ion-molecule
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chemistry, as well as in complex organic chemistry on the surface of grain ice mantles.
Surface chemistry can take place as well on the ices incorporated in solar system bodies.
PAH materials are known to be responsible of the UIR emissions bands and despite the
advances in understanding these materials (Tielens 2008), their true chemical nature is re-
ally unknown. In solar system bodies, internal processing and seggregation of bulk PAH
materials may lead to the formation of smaller PAH species which under the right circum-
stances could have served as precursors of biogenic molecules (Allamandola 2011).

For the PAH molecular family, four main subclasses are studied: (1) Aryl cations, (2)
Nitrogenated PAH cations, (3) Bucky-bowl corannulenes, and (4) Five-ring containing
PAH species with phenanthrene-like edges and acene-like edges. For the diamonoid fam-
ily, the two- and three-cage species are studied. The methodology consists in the spectro-
scopic characterization of the isolated, mass-selected species in a Paul-type quadrupole
ion trap by infrared action spectroscopy, and calculation of relevant molecular proper-
ties such as equilibrium structures and fundamental vibrational transtions. Three scien-
tific aspects are covered: (1) the infrared signatures useful for detection, (2) the (photo-
)chemistry, and (3) electronic/optical properties. The laboratory technique used inolves
infrared multiple-photon dissociation (IRMPD) spectroscopy. The experiments are com-
plemented by quantum-chemical calculations through various ab initio and density func-
tional theory (DFT) formalisms. In Chapter 2 these methods are introduced as well as
their underlying principles and concepts.

Mono-dehydrogenated PAH ions, or aryl carbocations, are readily formed upon UV
irradiation (Ekern et al. 1998) or via energetic ion–PAH collisions (Holm et al. 2011).
Both processes are common in interstellar environments where stellar winds or supernova
explosions induce energetic shock-collisions with electrons or He atoms for instance, or
in diffuse clouds where there is a dominant UV stellar field (Le Page et al. 2003, Micelotta
& Jones 2010). Aryl cations are intermediate products in hydrocarbon-fueled combustion
chemistry (Richter et al. 1999) and UV-induced reactions (Slegt et al. 2007b,a, Winkler &
Sander 2006), and therefore, their role in ion-molecule and grain-surface interstellar/solar
PAH chemistry is imminent. In Chapters 3 and 4 the production of aryl cations in a Paul
ion trap via UV photolysis of halide-aryl precursors, and subsequent IR spectroscopic
characterization is presented. Their electronic properties are revealed and implications to
interstellar chemistry as well as to their infrared and optical activity are discussed in terms
of the UIR bands and DIBs.

The broad emission features at 3.43 and 3.53 µm in circumstellar regions of HD 97048
and Elias 1 Herbig Ae/Be stars have been attributed to H-terminated diamond surfaces
(Guillois et al. 1999) and neutral molecular diamondoids (Pirali et al. 2007). In Chapter 5,
the IR spectroscopic characterization of ionized diamantane and triamantane diamondoid
molecules is presented and discussed in an astrophysical context.

Nitrogen-containing PAH molecules have been extracted from primitive meteorites
(Sephton & Botta 2005) and possibly, these may have a precursor role in the formation
of biogenic matter in interstellar and solar asteroidal environments. In Chapter 6, various
ionized PANH species are characterized with IRMPD spectroscopy and a detailed discus-
sion in the context of the UIRs is presented. Their photo-stability and chemistry is also
considered.
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Although individual PAH molecules have been identified in solar system bodies, their
detection in interstellar environments remains elusive (Lovas et al. 2005). Buckybowl
corannuelne is a bowl-shaped PAH molecule, which owing to its inherent permanent
dipole moment, it offers the possibility to be searched in interestellar space through its
microwave spectrum. Corannulene is a key intermediate in the formation of interstellar
fullerenes e.g., Pope et al. (1993), and may provide an evolutionary link between planar
PAHs and the fullerene carbon family. In Chapter 7, corannulenes (neutral, cationic and
protonated forms) are isolated and investigated by IRMPD spectroscopy.

Finally in Chapter 8, an investigation of the two C24H12 structural isomers (picene
and pentacene) is done in order to better understand the connection between PAH molec-
ular charge distributions and PAH shapes. Here on Earth, the funcionality of solid ma-
terials based on these two species is explained in part by the intrinsic properties of the
single molecules, and in this Thesis, a rationale is provided that help understanding novel
properties such as superconductivity.

21




