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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, organics, 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 molecules (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 transformations 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 (accretion 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
1

1 Introduction

Table 1.1 – Components of the interstellar medium (ISM) according to their physical properties. Data compiled from Wooden et al. (2004) and Tielens (2005).
ISM Component
[V (%)a , H (pc)b ]

T
(K)

Densityc
(cm−3 )

State of
Hydrogend

Designation

Hot ionized medium (HIM)
[30–70, 1000–3000]
Warm ionized medium (WIM)

106 –107

10−4 –10−2

H+

coronal gas

104

0.2–0.5

H+

diffuse ionized gas

104

102 –104

H+

diffuse ionized gas

103 –104

0.2–0.5

H0

intercloud HI

100

20–50

H0 + H2

diffuse cloud

<50

102 –106

H2

100–300

≥ 106

H2

[20–50, 1000]
HII regions
[<1, 70]
Warm neutral medium (WNM)
[10–20, 300–400]
Cold neutral atomic medium
(CNM) [1–5, 100–300]
Molecular cold neutral medium
(M-CNM) [< 1, 70]
Molecular hot cores
[< 1, 0.02–0.05]
a V:

dark, dense,
molecular cloud
protostellar core

Fractional volume, b H: Scale height, c Number of H atoms, nH , (or molecules, nH2 ) per volume,
atomic hydrogen), H0 (neutral atomic hydrogen), H2 (molecular hydrogen).

d H+ (ionized

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 hydrocarbon (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 carbon (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.
2
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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 H2 O 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
3
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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 highmelting point compounds such as metals (for instance, iron and nickel), oxides and silicates 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 occured in the form of aromatic networks and PAHs (Ehrenfreund & Cami 2010). The transition of non-living matter into the first simple unicellular organisms involved primitive
metabolic mechanisms sustained on prebiotic materials capable of storing genetic information 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 interstellar 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 organic 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 (Ehrenfreund & 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.
1 An 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 planetforming 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

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. Carbonaceous grains are the end result of gas-phase condensation of small hydrocarbon species, 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 contain 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 become 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). Many 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 formation 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).
5
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Figure 1.2 – Carbon families according to the hybridization of the 2p x , 2py , 2pz and 2s valence 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 -symmetry 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
6
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Elias 1

1.2 nm

diamond
nanocrystal

0.9 nm

0.6 nm

HD 97048
diamond
nanocrystal

Figure 1.3 – Evidence of diamond-like matter in space. Left: A comparison of the 3 µmregion 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, respectively. 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 diamond 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 molecular 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−1
tic exctinction curve centered at 217.5 nm (λ−1
o = 4.6 µm ). 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 profiles in diffuse and star-forming environments to broad profiles in dense medium environments — as compared to variations in the peak position of the bump λ−1
o (< ±1%)
(Fitzpatrick & Massa 1986).
7
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Because of the characteristic π–π∗ electronic transitions in sp2 carbon aromatic matter, 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 accordingly, which in turn induces large variations of λ−1
o (Draine 2003).
Mennella et al. (1998) suggested that UV-photoprocessed HAC grains can reproduce 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 transformation 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 developed 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 identification. 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 vibrational 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 unidenti8
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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 temperatures 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 & Novakov 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 symmetry 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, Cohen 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 stable, 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 significant 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 suggested 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 environments 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 environment 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).
3 Infrared

Space Observatory (ESA in collaboration with NASA, launched 1995).
Infrared Telescope Facility (NASA, launched 2003), named after physicist Lyman Spitzer.
5 The 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.
4 Space
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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 UVprocessed, 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 sub11
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Table 1.2 – The ISO classification of the astronomical UIR emission bandsa .
UIRs
Class
A

6.2 µm

7.7 µmb

6.22(α)

7.6(α0 )

8.6 µm
∼

8.6(α00 )

B

6.24–6.28(β)

7.8–8(β0 )

> 8.62(β00 )

C

∼ 6.3(γ)

8.22(γ0 )

- - - (γ00 )

astronomical

G0

objectsc

ranged

Sp.

HII, embedded Herbig AeBe’s

3 × 102

few RNe, few post-AGB’s
few PNe, galaxies

7 × 106

most PNe, few post-AGB’s
free Herbig AeBe’s

6 × 104 2 × 107

B,A
WC

2 post-AGB’s: IRAS 13416
CRL 2688

5 × 103

F5

classe

-

O,B

Adapted from Peeters et al (2002), b Classifies its dominant peak component, c atomic H ionized regions
(HII), Reflection Nebulae (RNe), Planetary Nebulae (PNe), post-Asymptotic Giant Branch (AGB) stars
(proto–PNe), d Local radiation field G0 , e Spectral class of star(s) associated with the astronomical object.
a

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 established 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 α0 , β0 , and γ0 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
12
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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 interlinked. 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 population, 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 frequencies. 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 governed 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 particle 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
6 This 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 corroborate 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 ionization 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) discussed 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
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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 particles 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 recognized 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 observational 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 surrounding 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 media 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 material 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 conversion 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 photons (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 absorbing 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 understood from soot particle formation in terrestial flames fueled by hydrocarbons. This illustration 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 population 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 processing (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 component 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 acetylene (H–C≡C–H) chemistry via H-atom abstraction and addition reactions of small hydrocarbons. Subsequent rings follow similar mechanisms plus addition reactions of carbon
radicals. These pathways lead to the formation of exotic intermediate PAHs such as dehydrogenated 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 agreggate 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 interstellar 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 gasgrain/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 occurrence 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 heterocycles (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 fraction 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 compounds 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 dipolar 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 naphthalene (C10 H8 ) to coronene (C24 H12 ) 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 densities attained as a consequence of the mutual electrostatic repulsion of the molecular ions.
Therefore, direct-light absorption techniques are not an effective approach. Action spectroscopic 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 impossible 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 environments 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 really 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 circumstances 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 family, the two- and three-cage species are studied. The methodology consists in the spectroscopic characterization of the isolated, mass-selected species in a Paul-type quadrupole
ion trap by infrared action spectroscopy, and calculation of relevant molecular properties such as equilibrium structures and fundamental vibrational transtions. Three scientific 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 complemented by quantum-chemical calculations through various ab initio and density functional 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 discussion 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 C24 H12 structural isomers (picene
and pentacene) is done in order to better understand the connection between PAH molecular charge distributions and PAH shapes. Here on Earth, the funcionality of solid materials 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.
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Chapter

2

Laboratory Methods
Evidence of the observable Universe, its vastness and constituents, is provided by the
light that reaches Earth. Laboratory infrared (IR) spectroscopy is essential to the study
of the interstellar and circumstellar media since many space environments are populated
with organic gas molecules and solid dust species absorbing and emitting at infared wavelengths. While direct IR photon-absorption techniques are a common practice to record
spectra of gas-phase neutral molecules, they do not work for isolated, mass-selected ionized molecules due to their mutual electrostatic interaction that inevitably lead to low
densities. An important technique to circumvent this problem is infrared multiple-photon
dissociation (IRMPD) action spectroscopy. The IRMPD technique used in this Thesis relies on ion trapping technology and mass spectrometry methods and is introduced in this
chapter. An overview of some foundations in molecular spectroscopy is also given, as
well as an introduction to the quantum chemistry computations used to predict electronic
molecular structures and to model the infrared activity of the molecular species studied.
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2.1

Introduction

Laboratory spectroscopy investigates the fundamentals of matter through its interactions
with light. The basic principle consists of measuring the amount of light absorbed or
emitted from a source by the medium under study. The electric forces holding the nuclei
together in a molecule determine the type of chemical bonds, and keep the nuclei vibrating
around an equilibrium position at frequencies that fall in the infrared region. Therefore,
infrared-based spectroscopic methods are essential in the determination of molecular geometries and intramolecular dynamics, as well as in the identification of structural isomers
and conformational dynamics.
In space, about 30% of the light produced by stars is converted to infrared cosmic
radiation through absorption-emission and/or scattering processes. Dust is an important
component of the interstellar medium and the main source of infrared light after being
heated by energetic photons. For regions characterized by large-scale dynamics and turbulence, or under strong gravitational pulling (e.g., as in protoplanetary disks), dust and
gas is kinetically heated and subsequently cools down by emitting at millimeter and IR
wavelengths.
The UIR emission bands (see Sec. 1.2.3) are the result of an absorption-emission
process in which UV photons are absorbed by poly-aromatic species, raising their internal energies (∼1000 K) and subsequently cooling by IR fluorescence in the mid-IR
spectral range. In this Thesis, laboratory infrared characterization of PAH-derivative and
diamondoid- molecular species is undertaken in the mid-IR range. Ideally, laboratory
infrared spectra in emission offer the best approach to study the UIR phenomenon (see
Sec. 1.2). While most modern spectrocopic techniques yield absorption spectra, these
still provide essential information (such as anharmonicity of vibrational modes, or optical
properties) that is required to understand interstellar emission mechanisms, as well as the
infrared signatures needed for detection of possible interstellar constituents.
Absorption spectra of available neutral PAHs obtained using conventional spectroscopic methods, e.g., KBr pellets with grating or fourier transform (FT-) IR spectrometers, have been catalogued ever since these species came on the market. Some gas-phase
spectra of neutral PAHs have also been recorded using thermal vaporization of the PAHs
combined with IR direct absorption (Joblin et al. 1995) or emission spectroscopy (Shan
et al. 1991, Cook et al. 1996), and jet-expansion molecular beam methods (Piest et al.
2001). Obtaining IR spectra for the cationic PAHs constituted a larger challenge, that
was first tackled by the group of Vala. Thermally vaporized PAHs were ionized using electron impact (EI) ionization and deposited into a cryogenic matrix at ∼12 K —
quenching the rotational motion of the molecules — which was then analyzed using an
FTIR spectrometer (Szczepanski et al. 1992, Szczepanski & Vala 1993). Alternatively,
neutral PAHs were deposited into the cryogenic matrix and ionization was induced in-situ
using an UV source. Using this method, Hudgins, Allamandola and coworkers at the
NASA Ames group recorded the spectra of a large number of PAH cations (Hudgins &
Allamandola 1995) and created a database of spectral properties. Matrix-based methods
provide high-resolution IR spectra with band profiles as narrow as 1 cm−1 FWHM1 that
1 Full
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can provide links to processes of interstellar dark, dense clouds where absolute temperatures are around 10 K. Possible matrix effects on IR band positions and relative intensities
have been investigated (Joblin et al. 1994), and such influences can be important when
studying spectral properties of PAH species embedded in interstellar ices (Bernstein et al.
2005).
Measuring gas-phase spectra of isolated ionized PAHs is challenging as the ion densities typically obtained in mass spectrometers are extremely low, so that no direct absorption spectra can be recorded. Emission spectra of cationic PAHs had been recorded in the
3 µm region of the spectrum (Williams & Leone 1995), however, extension to the astrophysically important range between 6 and 16 µm required the use of a cryogenic IR spectrometer. Saykally and coworkers had developed such an instrument to study the emission
spectra of various neutral PAH species (Cook et al. 1996) and successfully coupled this
spectrometer to a high-current ion source to record the emission spectrum of the pyrene
cation (C16 H+10 ) (Kim et al. 2001). Other gas-phase methods developed since the 1990’s
make use of laser-based photo-dissociation spectroscopy and rely on mass-spectrometric
ion detection, rather than on photon detection. One implementation of these methods produces weakly bound clusters of rare gas atoms (or small molecules such as H2 ) and the
ion under study; upon IR absorption by the ion, the rare gas atom is detached, which is
signalled in the mass analyzer. This method, often referred to as messenger-atom spectroscopy was pioneered by Lee and coworkers (Okumura et al. 1990) and was applied
to several small PAHs using the radiation produced by an IR free electron laser (FEL)
in the group of Meijer (Piest et al. 1999). Alternatively, using a mJ-energy optical parametric oscillator (OPO), the group of Duncan applied the messenger technique to record
IR spectra of the protonated forms of benzene (Douberly et al. 2008) and naphthalene
(Ricks et al. 2009) by producing Ar van der Waals complexes in the expanding beam of
a pulsed discharge nozzle, and recording the IR-induced Ar detachment with a TOF mass
spectrometer. This yielded the IR spectra of the protonated species at a resolution of a
few wavenumbers.
In 2000, Meijer’s group showed that the IR pulse energies of the FEL were sufficient
to dissociate not only weakly bound clusters, but also the PAH ion itself, which grounded
the way for IR multiple-photon dissociation (IRMPD) spectroscopy of mass-selected PAH
ions (Oomens et al. 2000, 2006b). The combination of tandem mass spectrometry with
laser spectroscopy has developed into an experimental approach that is able to address the
spectroscopy of a large variety of ionized species that are not easily studied with conventional spectroscopic methods (Bréchignac & Pino 1999, Ricks et al. 2009, Knorke et al.
2009, Useli-Bacchitta et al. 2010). It is this method that is applied in this Thesis to obtain
IR spectra for a series of cationic PAH derivatives and related species.
Along with the experimental spectroscopy of PAH species, quantum-chemical computed spectra have played a major role in the development of the PAH hypothesis (Pauzat
et al. 1992, Langhoff 1996, Bauschlicher et al. 2010, Malloci et al. 2011). The rapid
development in density functional theory (DFT) boosted by the ever-increasing speed of
modern processors now makes it possible to reliably compute IR spectra for PAHs in the
size up to hundreds of atoms. Not only are the computed spectra used to support experimental data, they have especially also been applied to predict IR spectra for species
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that are not easily accessible experimentally. Extensive databases containing theoretical
spectra of PAHs and many of their derivatives in different charge states are now freely
available (Bauschlicher et al. 2010, Cami et al. 2010). Similar DFT-based computational
methods are applied in this Thesis to investigate the electronic structures and IR activity
of the species investigated experimentally.
In the subsequent sections the problem arising when attempting to measure gas-phase
spectra of molecular ions using direct absorption techniques is discussed. Then, an expression relating the integrated absorption intensity of an IR band with molecular structural properties (e.g. dipole derivatives) is deduced. It will become clear that even though
this expression is derived within the harmonic approximation and linear absorption techniques, it is yet useful to understand the IR activity of the molecular ions studied using
non-linear absorption methods such as IRMPD spectroscopy. Furthermore, when combined with quantum chemistry calculations it is possible to differentiate species in terms
of electron dynamic correlation. Next, the IRMPD spectroscopic technique is explained
and the iop trap setup and associated instrumentation is described. Finally, an introduction
is given to the quantum-chemistry computational methods used in this Thesis.

2.2

The Absorption–Density Spectroscopic Paradigm

The amount of light removed from a source beam by an absorbing medium composed of
N non- (or weakly-) interacting molecules per unit volume (cm−3 ) in a differential optical
path d` (cm) is
−dI = σν̃ N I d`
(2.1)
where I (W cm−2 ) is the instantaneous beam intensity and σν̃ (cm2 ) is the molecular
absorption cross-section. The subindex ν̃ shows the frequency dependence (in wavenumbers, cm−1 ). The solution of eq. 2.1 is I = Io exp (−σν̃ N`), where Io is the incident
beam intensity. Thus, the absorbance, Aν̃ ≡ ln (Io /I), exhibits a logarithmic dependence
between the ratio of incident and transmitted light, in relation with the absorption coefficient, αν̃ ≡ σν̃ N (cm−1 ). This implies that Aν̃ varies linearly with the number density of
absorbing molecules and optical length:
Aν̃ = αν̃ ` = σν̃ N`

(2.2)

This is Beer-Lambert’s law for direct-absorption IR spectroscopy. The integrated absorption cross-section A (cm2 cm−1 ), is obtained by integration of the absorbance over the
absorption band, divided by the number density and optical path length:
Z
Z
I 
1
o
ln
dν̃
(2.3)
A=
σν̃ dν̃ =
N`
I
band
band
which holds for infrared spectra of trapped, isolated absorbing molecules contained in an
optical gas cell. The quantity A is the true theoretical strength of a transition, or simply,
intensity. In quantum-chemical calculations, computed IR intensities are customary reported in units of length per amount of molecular gas (km mol−1 = 105 cm mol−1 = 105
cm2 mol−1 cm−1 ) .
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It is clear from eq. 2.2 that the effectivity of a direct IR photon-absorption technique is
strongly determined by the number of molecular absorbers per unit volume (the number
density, N). Now, suppose the absorbance centered over an IR band of a given molecular
species with characteristic cross-section σaν̃ will be measured in its neutral and ionized
forms employing an optical gas cell and a linear ion trap, respectively. The absorbance
in both cases is Aoν̃ = σaν̃ N o `o and Aiν̃ = σaν̃ N i `i , where `o and `i are the optical path lengths
for the gas cell and ion trap. The cross-section σaν̃ is assumed not to change upon ionization at such band transition. By exploring the densities N o and N i attained respectively
inside the gas cell and the ion trap, the problem arising in the direct-absorption ion trap
experiment can be clearly recognized.
First, in gas-cell experiments, typical neutral pressure values P range within a few
Torr, for instance, such as in CW laser mid-IR spectroscopy (Tittel et al. 2003). Therefore,
for the neutral molecular gas in a cell at, say, P = 1 Torr, the number density of molecules
N o can be computed in a straightforward manner using the ideal gas law, PV = nRT ,
where n is the amount of gas in moles, R the universal gas constant (82.0574 cm3 atm
K−1 mol−1 ), and T is the temperature in Kelvin. Solving for the amount of gas per volume
(mol cm−3 ) at room temperature (∼ 300 K) gives
P
n
=
V
RT

=

1.3158 × 10−3 atm
(82.0574 cm3 atm K−1 mol−1 ) (300 K)

(2.4)

= 5.345 × 10−8 mol cm−3
where 1 Torr = 1.3158 × 10−3 atm. Therefore, the number density of neutral molecules
N o is NA (n/V), where NA is Avogadro’s number (6.022 × 1023 mol−1 ). This gives N o =
3.218 × 1016 cm−3 .
On the other hand, the number density of molecular ions N i is governed by the electric
forces keeping the ions in confinement. Then, the maximum amount of ions stored is
achieved when the electric field due to the effective potential generated by the ion trap
is balanced to the total electric field due to the space charge generated by the ion cloud.
Assuming
that the ion cloud confined in a linear ion trap has a cylindrical geometry, Gauss
H
law S E · dA = Q/εo can be readily applied. The Gauss surface S enclosing a cylindrical
ion cloud volume is 2πbL (where b is the radius and L the length of the cylindrical ion
cloud), whereas the net charge Q due to the total number of enclosed ions (each having
an elementary charge e) is found by integrating the charge density over the cylindrical
volume τ = πb2 L. Thus, assuming a constant space charge density (eN i ), application of
Gauss law to our physical situation leads to
Z
eN i
eN i
dτ =
(πb2 L)
(2.5)
E(2πbL) =
εo τ
εo
where E is the electric field (V/m) due to the enclosed charge density, and εo is the electrical permittivity in vacuum (8.85 × 10−12 C / V m). Solving for E results in
E=

eN i b
2εo

(2.6)
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For a linear quadrupole ion trap, the effective potential is Ve (r) = VRF (q/4)(r/ro )2 (March
& Hughes 1989), where VRF is the RF amplitude of the time-dependent part of the applied
ion trap voltage, and q is a stability parameter that arises when solving the equations
of motion (Mathieu equations) that describe the trajectories of the ions. The generated
electric field is |E| = ∂Ve /∂r = qVRF /2b at r = ro = b. By balancing this equation with
eq. 2.6, a solution for the number of ions per volume N i can be found such that
Ni =

qVRF εo
eb2

(2.7)

Using some typical values for q = 0.7 and VRF = 100 V, and assuming a cylindrical
ion cloud with radius b = 3 mm, numerical substitution in eq. 2.7 gives
Ni

=

(0.7) (100 V) (8.85 × 10−12 C / V m)
(1.602 × 10−19 C) (3 × 10−3 m)2

(2.8)

= 4.296 × 1014 m−3 = 4.296 × 105 cm−3
Now, assuming a desired outcome such that Aoν̃ = Aiν̃ , implies that N o `o = N i `i .
Solving for `i yields `i = (N o /N i )`o . Therefore, by recalling the number densities N o and
N i calculated above, in order to satisfy the Aoν̃ = Aiν̃ condition, the length of the linear
ion trap must be N o /N i = 7.5 × 1010 times longer than the length of the gas cell. Action
spectroscopy encompass techniques that circumvent this engineering ‘inconvenience’ by
measuring the induced effects of the absorbing light instead of the light itself. Infrared
multiple-photon dissociation (IRMPD) spectroscopy is one of such techniques, which is
used to conduct the research presented in this Thesis.

2.3

Spectroscopic Transitions and Observables

Consider a sample of gas phase molecules in a cell at temperature T subject to laser irradiation. A molecule with internal degrees of freedom (electronic, vibrational, rotational)
represented by a quantum state n (, v, J) makes a transition to an upper state n0 ( 0 , v0 ,
J 0 ) when it absorbs a photon of energy
E = h fn0 n ,

(2.9)

where fn0 n is the frequency (s−1 ) of the photon and the relative populations of the two
states are governed by the Boltzmann distribution
Nn0
= exp (−h fn0 n /kT )
Nn

(2.10)

where k is the Boltzmann constant. The number of photon absorption events (transition
probability) per unit time in the presence of the radiation laser field with energy density
u( fn0 n ) is written as (Hilborn 2002)
Rn0 n = (8π3 /3h2 ) µ2n0 n u( fn0 n )
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where the transition dipole moment µn0 n describing the coupling of the field and an absorbing molecule—having an electric dipole moment µ = (µ x µy µz ) defined in a moleculefixed Cartesian system—that undergoes the n0 ← n quantum transition is (Demtröder 2005)
Z
Ψ∗n0 µ Ψn d3 r
(2.12)
µn0 n = n0 µ n =
where the term on the right is the transition moment integral involving the two quantum
state wavefunctions Ψn0 and Ψn . This integral determines the selection rules of a spectroscopic transition.
For photons with infrared energies there is usually no change in electronic quanta but
only a change in vibrational and rotational quantum numbers2 . Thus, for a given electronic state, a vibrational transition is accompanied by a series of rotational transitions.
The two states involved in the dipole transition matrix hn0 | µ | ni are then associated with
the vibrational-rotational wavefunction ΨvJ . An approximation based on Eckart conditions minimize the coupling between vibration and rotation states by defining a fixed
frame on a semi-rigid molecule, and the wavefunction can be written as a product of vibrational and rotational wavefunctions, ΨvJ = Ψv Ψ J (Wilson Jr. et al. 1955). The matrix
elements hn0 | µ | ni in integral form are
Z
Ψ∗v0 J 0 µ ΨvJ d3 r
(2.13a)
n0 µ n = v0 J 0 µ vJ =
Z
=
Ψ∗v0 Ψ∗J 0 µ Ψv Ψ J d3 r.
(2.13b)
Evaluation of the matrix elements for a vibrational transition requires summation over
all associated rotational quantum numbers J and J 0 . Experimentally, the intensity of a
gas-phase infrared band represents a convolution over the fine structure of rotational line
intensities.
The quantity (8π3 /3h2 ) µ2n0 n in eq. 2.11 is the Einstein coefficient Bn0 n of the radiative
absorption process (Hilborn 2002) and its nature is governed by the molecular structure.
Therefore a link between spectroscopic observables (i.e. experimental infrared intensities and frequencies) and the molecule–field interaction can be drawn and provides the
information to characterize molecule physical properties. In order to fully describe the
molecule–field interaction, the spontaneous and stimulated radiative emission processes
need to be considered via the Ann0 and Bnn0 Einstein coefficients, respectively. Then, the
rate of absorption of energy dE/dt is simply given by the difference between the rate of
absorption and the rate of emission multiplied by the energy absorbed during the transition (Atkins & Friedman 2011):
dE
= [Nn Rn0 n − Nn0 Rnn0 ]h fn0 n
dt

(2.14)

where Nn and Nn0 are the populations for the lower and upper states, and Rn0 n = Bn0 n u( fn0 n )
and Rnn0 = Bnn0 u( fn0 n ) + Ann0 . In terms of radiative lifetimes, A−1
nn0 is large in comparison
some molecular systems (for instance, long polyenes) the spacing between electronic π π∗ energy
levels lie in the IR range and a photon in that range could induce transitions between electronic quantum levels.
2 For
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with our experimental time sequence and Rnn0 ≈ Bnn0 u( fn0 n ). Thus the net absorbed energy
per unit volume (dτ = ad`, where a is the beam area) is
dE
= (Nn − Nn0 )h fnn0 Bn0 n u( fn0 n )
(2.15)
dt
where Bn0 n = Bnn0 because µn0 n µ∗n0 n = µ∗nn0 µnn0 . Then, the decrease in intensity or the energy
absorbed in a unity cross-section (a = 1) along a differential optical path length d` is
I
(2.16)
−dI = h fnn0 (Nn − Nn0 )Bn0 n d`
c
where the field is expressed in terms of the beam intensity I = cu. In view of eq. 2.13 and
using the explicit form of Bn0 n , eq. 2.16 can be re-written as
8π3 f
2
(Nv − Nv0 ) v0 µ v d`
(2.17)
3hc
where the quantization of the rotational motion is omitted in the transition matrix and
can be included later as a rotational factor. Similarly, the rotational contribution to the
population difference is implicit in (Nv − Nv0 ). The frequency f refers to an infrared
photon frequency and its subscript is dropped. Integration of eq. 2.17 yields
 I  8π3 f
2
o
(2.18)
=
(Nv − Nv0 ) v0 µ v `
ln
I
3hc
−d ln I =

where Io is the incident laser beam intensity. By comparing eqs. 2.18 and 2.3, it is seen
that this expression relates the integrated absorption intensity directly to the difference in
vibrational state populations, and the square of the vibrational transition matrix, that is,
Z
I 
1
8π3 f (Nv − Nv0 ) 0
2
o
v µ v
(2.19)
A=
ln
df =
N` band
I
3hc
N
In order to relate infrared band intensities to physical quantities such as dipole derivatives —which are closely connected to the electronic structure of a molecule — the matrix
elements hv0 | µ | vi need to be investigated:
Z
v0 µ v =
Ψ∗v0 µ Ψv d3 r
(2.20)
Firstly, the vibrational wavefunctions involved in the transition v0 ← v (eq. 2.20) are
each a product of wavefunctions ψvi defined with respect to vibrational normal coordinates Qi
3N−6
Y
Ψv = ψv1 (Q1 )ψv2 (Q2 ) . . . =
ψvi (Qi ),
(2.21)
i

where the number of factors is equal to the number of vibrational degrees of freedom of
the (non-linear) molecule. Each function ψvi satisfies the Schrödinger equation Hi ψvi (Qi ) =
Ei ψi (Qi ) such that
~2 ∂2 ψvi (Qi ) 1
+ 2 ki Q2i ψvi (Qi ) = Ei ψi (Qi )
(2.22)
−
2 ∂Q2i
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This is the equation of the harmonic oscillator of unity effective mass and force constant ki = ω2i . Therefore, the vibrational eigen-functions and eigen-energies are (Atkins
& Friedman 2011)
Evi = (vi + 21 )~ωi ,

ψvi = Dvi Hvi (αQi ) exp (−α2 Qi /2)

(2.23)

with α = (ki /~2 )1/4 , Dvi = (α/2v !π1/2 )1/2 as normalization constant, and Hvi are Hermite polynomials. The Qi coordinates describe the vibrations of the molecule as a linear
combination of 3N − 6 separate harmonic oscillators at a frequency fi = ωi /2π.
Secondly, consider the dipole moment µ which is expanded in a Taylor series with
respect to the normal coordinates around the equilibrium position

µ = µo +

!
X ∂µ !
1 X ∂2 µ
Qi +
Qi Q j
∂Qi o
2 i, j ∂Qi ∂Q j o
i
!
1X
∂3 µ
+
Qi Q j Qk + . . .
6 i, j,k ∂Qi ∂Q j ∂Qk o

(2.24)

where µo is the (permanent) dipole moment when the nuclear displacements are zero.
In view of the solutions represented by eq. 2.23, in the harmonic regime, the nuclei in
the molecule exhibit small oscillatory displacements around the equilibrium, and higherorder terms can be neglected. Thus, the vibrational transition matrix or transition integral
(eq. 2.20) is
!
∂µ
0
0
v µ v = µo v v +
v0 Q i v
(2.25)
∂Qi o
where the first term is zero (as determined by the orthogonality of vibrational eigenstates).
Eq. 2.25 determines the coupling between the dipole moment and the electromagnetic
field, and hence, the allowed IR active transitions. This is the gross selection rule which
defines the occurrence of a vibrational transition ν0 ← ν whenever the change in dipole
moment along Qi is non-zero.
An explicit form of the transition matrix is obtained by operating the i-th
√ normal coordinate expressed in terms of the annihilation and creation operators Qi = ~/2ωi (a† + a):
√

p
√
(2.26)
v0 Qi v = ~/2ωi v + 1 v0 v + 1 + v v0 v − 1
Accordingly, the transition integral is non-zero for transitions that occur only by a
change of one vibrational quantum number, +1 or −1. This condition defines the electricdipole harmonic selection rules ∆ν = ±1. At high internal energies, the integral is also
non-zero for transitions involving higher vibrational states as long as ∆ν = ±1. These
transitions produce vibrational hot bands. For fundamental absorption transitions v0 =
1 ← v = 0, the transition matrix element becomes
s
!
h
∂µ
0
v µ v =
(v + 1)
(2.27)
∂Qi o
8π2 fi
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where fi = ωi /2π and h = 2π~. Therefore, substituing eq. 2.27 back into eq. 2.19 and
noting that for infrared energies h f  kT , the Boltzmann vibrational populations satisfy
Nv  Nv0 , the absorption band intensity due to the i-th fundamental vibrational mode is
π ∂µ
Ai =
3c ∂Qi

!2
(2.28)

where (∂µ/∂Qi )2 = (∂µ x /∂Qi )2 + (∂µy /∂Qi )2 + (∂µz /∂Qi )2 . Thus, the observed intensities
Ai in an IR spectrum are those due to transitions involving a change of one vibrational
quantum number (e.g., fundamentals or hot bands) and are associated with a change in
the molecular dipole moment along the normal coordinates (∂µ/∂Qi , 0), for which magnitudes are given by (∂µ/∂Qi )2 .
Relating the intramolecular charge distribution and its fluctuations along vibrational
distortions to IR intensities requires a proper transformation of Qi normal coordinates
into internal vibrational coordinates Rk , or into Cartesian atomic displacements xk , of
the molecule (Wilson 1941, Thorndike et al. 1947, Gussoni 1990). For instance, the
transformation in terms of Rk coordinates is
X
Lki Qi
Rk
=
i

∂µ
∂Rk

=

X
k

L−1


ik

∂µ
∂Qi

(2.29)

where Lki is the transformation matrix. The Rk coordinates represent bond lengths and
bond angles (e.g., out-of-plane, torsional) as vibrational degrees of freedom of the molecule. Ambiguity in the signs of the dipole derivatives and Rk coordinates is a major
problem that becomes harder to solve for large polyatomic molecules. A transformation
into atomic displacements yields the definition of the so-called atomic polar tensor (APT)
of the molecule. The interpretation of IR intensities via the APT provides a localized
character for the behavior of the charge distribution along vibrations.
Introducing mass-weighted coordinates qi in terms of the 3Nα Cartesian displacements (where Nα is the total number of atoms), such as qi = m1/2
i xi (where mi is the atomic
mass displaced along xi ), allows us to search for ways in which normal coordinates are
written directly as linear combinations of qi . Furthermore, if a set of mass-weighted coordinates {qi } is used as a basis to span the irreducible representations of the point group of
the molecule, the symmetry for each normal coordinate Qi , or vibrational mode, can be
found via their mutual transformations under the operations of that group. The symmetry
species of normal modes are used to predict when fundamental transitions (h1i | µ | 0i i) are
allowed. If the symmetry of Qi is the same as the one of µ x , µy , or µz , then h1i | µ | 0i i , 0
and the corresponding fundamental transition is IR active (since the vibrational ground
state is totally symmetric under all operations of the group and the first excited vibrational state has the same symmetry as its corresponding normal coordinate mode). This
is the basic procedure of group theory to study the IR activity of molecules and is used
throughout this Thesis. Further details can be found in the relevant chapters.
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2.4

Ion-Trap IRMPD Spectroscopy

The IRMPD spectroscopic technique used to conduct the research presented in this Thesis
consists in applying a combination of four technological resources: (1) an ion trapping
scheme, (2) high-sensitivity mass spectrometry, (3) an ionization source, and (4) a tunable
high-fluence IR laser source. Points (1)–(3) comprise the ion trap machine described in
Sec. 2.4.2, and (4) is the free electron laser (FEL) for infrared experiments—FELIX—
described in Sec. 2.4.1.
In FEL-based IRMPD spectroscopy, a sample of gas-phase trapped molecular ions is
heated up through incoherent multiple photon excitation using a high-fluence IR FELsource. The excitation is always initiated by a resonant absorption event that provides
the vibrational mode selectivity; thus, electronic structure information is, in principle,
yet encoded in the IRMPD spectrum as shown in e.q 2.28. The generation of a subpopulation of ions with very high internal energies is achieved that eventually relaxes via
unimolecular statistical dissociation (Bagratashvili et al. 1985); resulting in one or more
fragments. This excitation mechanism is mediated by a fast diffusion of the absorbed photon energy — originally pumped into the νi vibrational mode of the ion species — to a
number of coupled vibrational dark states (quasi-continuum). The photon-energy diffusion or intramolecular vibrational energy redistribution (IVR) defines the lifetime (τ) of
the excited, bright (non-stationary) state (|vi) as τ = 1/2πΓ, where Γ is the IVR transition
rate (s−1 ) given by Fermi’s golden rule
Γ=

2π 0
v µ v
~

2

ρv (E)

(2.30)

where |v0 i is the set of coupling final states and ρv is the density of vibraqtional states
(number of states per unit energy) at the internal energy E of the molecular ion. Thus,
the IVR rate depends on the strength of the coupling (squared transition matrix) and the
available density of states, and is essential to the success of the technique since it allows
the excited mode to decay in time for the arrival of the next FEL micropulse (see next
section for details on the FEL pulse structure).
The integrated dissociation yield D is the ratio of total number of fragment ions over
the total number of ions (fragments and parent)
P m
mSf
D(λFEL ) = P m
,
(2.31)
mS f + SP
where m runs over the ionic fragments produced under IRMPD, and S mf and S P are the
intensity signals for the m-fragment ion and parent target ion, respectively. These ion
signals are recorded as the FEL wavelength λFEL is continously tuned. The function D(λFEL )
is the IRMPD absorption cross-section and provides the gas-phase IR spectrum. Taking as
an example PAH species, the dissociation thresholds are typically in the 3.5–8 eV range.
This requires the absorption of tens to hundreds of IR photons. Clearly, due to the true
anharmonic shape of the νi potential, excitation does not occur climbing the vibrational
ladder (νi = 0 → νi = 1 → νi = 2 . . .) but via anharmonic couplings (IVR mechanism)
with other modes in the ion.
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Table 2.1 – Specifications of the Free-Electron Laser for Infrared Experiments.

wavelenght (λFEL ) range
macropulse repetition rate
macropulse duration
micropulse duration
micropulse repetition rate
micropulse energy
micropulse power
spectral bandwidth
polarization

2.4.1

3–250 µm
≤10 Hz
< 10 µs
6–100 optical cycles
1 GHz or 25 MHz
1–50 µJ
0.5–100 MW
∼0.2–7 %
linear (> 99 %)

Free Electron Laser for Infrared Experiments

A free-electron laser (FEL) uses relativistic electrons to generate tunable laser radiation.
The principle of operation consists of first generating electron bunches which are accelerated by a linear particle accelerator (linac) to a speed close to c and then guided through
an undulator. The undulator consists of an array of magnets with alternating polarity that
induces a wiggle motion on the electrons and hence, a change in the direction of their
velocity vectors, generating in this way synchrotron radiation. Two high-reflectivity mirrors are placed on either side of the undulator as illustrated in Fig. 2.1, and function as an
optical resonator. The undulator’s magnetic field is varied in order to tune the wavelength
(λFEL ) of the IR photons. Table 2.1 lists the specifications of the FEL source (Oepts et al.
1995) employed in this Thesis. The structure of the FEL pulse consists of a macropulse
composed of about 5000 micropulses (at a 1 GHz micropulse rate), at a rate of 10 Hz.
A typical value of the macropulse power is 420 mW at 13 µm, which at 10 Hz yields a
pulse energy of 42 mJ. In particular, these values corresponded to experiments in which
the pulse duration and RMS bandwidth were 7 µs and 0.22 %, respectively.

Figure 2.1 – Core components of a Free Electron Laser. Taken from Pellegrini & Reiche
(2007).

2.4.2

Ion Trap Machine

The ion trap machine is the primary experimental setup used to apply the IRMPD actionspectroscopy technique, and is coupled to a beamline of the IR free-electron laser FELIX.
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Figure 2.2 – Illustration of the FEL source (FELIX) and Paul ion trap setup (not to scale).
Taken from Oomens et al. (2006b).

It consists of a Paul-type quadrupole ion trap (Paul 1990) attached to a time-of-flight
(TOF) mass spectrometer. An illustration of the complete instrumental arrangement is
presented in Figure 2.2. FELIX is located in a radiation-shielded basement where it spans
more than 20 m in length, whereas the Paul-ion-trap plus TOF-mass-spectrometer are
situated on an optical table.
The Paul ion trap (Jordan TOF Products, Inc.) is used to store and mass select molecular ions. It is composed of three main parts (see Fig. 2.2): two endcap electrodes with hyperbolic geometry, and a 2-cm inner diameter electrode ring to which a 1 MHz RF-voltage
is applied. The amplitude of the RF-voltage determines the mass-dependent stability of
the ion trajectories. The entire trap is biased at a high voltage that is varied depending on
the experiment from +1000 to +1400 VDC. This bias sets the potential difference with
respect to the 0 V reference of the TOF mass spectrometer.
The TOF mass-spectrometer employs a TOF field-free tube of ca. 60 cm for mass
analysis. The endcap closer to the TOF tube has a 3-mm hole through which ions are extracted. Ejection of ions is achieved employing a delay generator (Stanford Research Systems DG535) that sends a trigger pulse to the Jordan electronics supply, which switches
off the RF at the next zero crossing. After a few RF cycles the bias at the 3-mm hole
endcap is pulsed down by ca. −250 VDC. A dual microchannel plate (MCP) detector is
placed at the other end of the TOF tube and registers the ion currents. The MCP amplifier
is connected to a 16-bit analog-to-digital converter (Acqiris digitizer, Agilent Tech.) that
is card-plugged to a PC. The digital signal is processed by a PC LabView routine, which
also commands the delay generator and the basic operational functions of FELIX (e.g.,
beam attenuation, changing of wavelength).
Preparation of the target molecular ion is achieved employing one of the following
methods depending on the molecular species under investigation: UV photoionization,
UV dissociative ionization or charge/proton transfer (chemical ionization). All molecular species fall in five broad molecular subfamilies and Fig. 2.3 shows representative
hydrocarbon structures for each subfamily.
For aromatic species, a cloud of precursor gas-phase molecules is first ionized with a
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Figure 2.3 – Representative molecular structures of PAH subfamilies and diamondoids studied
in this Thesis.

focused 193-nm (ArF) excimer laser (PSX-501, Neweks Ltd). The ionization potentials
(IPs) of aromatic molecules fall in between 6–9 eV. Therefore the non-resonant absorption
of two photons (2 × 6.4 eV) provides sufficient energy to remove an electron from the π
highest occupied molecular orbital (HOMO). If the resulting radical cation is the target,
then it is mass selected and isolated. Table 2.2 lists all molecular species investigated with
their corresponding ionization methods. For instance, for aryl+ targets (Chapters 3 and 4),
UV dissociative ionization is applied to aromatic halide (Br) precursors, where photoionization of the bromo-precursor is accompanied by C–Br bond cleavage. Gas-phase
protonation of nitrogenated PAHs is achieved by self-protonation, that is, proton transfer
from the neutral to the radical cation (Chapter 6). Diamondoid cations are produced
by charge transfer from a UV photo-ionized aromatic ion species brought into the trap
simultaneously (Chapter 5). A detailed explanation of the preparation of each target ionic
species is found in the experimental section of the corresponding chapter.
The excimer laser is triggered and synchronized to the experimental sequence through
the delay generator, which is commanded by the PC. All neutral species are heated and
the vapors guided towards the center of the trap by a built-in graphite oven placed closeby,
or if the investigated species has a high vapor pressure, via a needle leak valve. The UV
laser beam is guided vertically to the center of the trap through two ca. 2.5 mm holes
drilled in the central ring electrode as shown in Fig. 2.2.
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Table 2.2 – Molecular hydrocarbon speciesa studied in this Thesis.
Target ion
Aryl cations
naphthyl+
phenanthryl+
pyrenyl+
Nitrogenated PAH cations
quinoline•+
isoquinoline•+
benzo-h-quinoline•+
acridine•+
phenanthridine•+
dibenzo-f,h-quinoline•+
H+ quinoline
H+ isoquinoline
H+ benzo-h-quinoline
H+ acridine
H+ phenanthridine
Diamondoid molecules
diamantyl+
triamantyl+
Buckybowl Corannulenes
corannnulene (neutral)
corannnulene•+
H+ corannnulene
Five-ring PAH cations
pentacene•+
picene•+

Molecular precursor

Ionization method

Chapter

1-(2-)bromonapthalene
9-bromophenanthrene
1-bromopyrene

UV dissociative ioniz.
UV dissociative ioniz.
UV dissociative ioniz.

3,4
4
4

quinoline
isoquinoline
benzo-h-quinoline
acridine
phenanthridine
dibenzo-f,h-quinoline
quinoline
isoquinoline
benzo-h-quinoline
acridine
phenanthridine

UV photo-ionization
UV photo-ionization
UV photo-ionization
UV photo-ionization
UV photo-ionization
UV photo-ionization
chemical ionization
chemical ionization
electrospray ioniz./FTICR
chemical ionization
chemical ionization

6
6
6
6
6
6
6
6
6
6
6

diamantane
triamantane

chemical ionization
chemical ionization

5
5

corannulene
corannulene
corannulene

solid KBr pellet/FTIR
UV photo-ionization
electrospray ioniz./FTICR

7
7
7

pentacene
picene

UV photo-ionization
UV photo-ionization

8
8

a
The ionization state of all species is singly positively charged (+ ) and they could have closedshell or open-shell (• ) electronic configurations. In Chapters 7 and 8 the • is droped for simplicity.
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During UV photo-ionization of the neutral precursors, UV-induced fragments are normally produced parallel to the parent target ion. Therefore, before FEL IR irradiation, the
UV-induced fragments are ejected by briefly (2–3 ms) raising the RF-amplitude voltage,
which is controlled by a DC signal sent with the delay generator to the remote control inpute of the power supply of the ion trap. Depending on the DC pulse height (0–9 V), the
low-mass cut-off of the ion trap can be set just below the mass of the parent ion. Thus, the
trajectories of the UV-induced fragments become unstable resulting in an isolated parent
target ion.

m/z 179

(a)

m/z 153
λFEL = 8.2 μm

(b)
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Figure 2.4 – Mass spectra during an experimental cycle (a,b) and IRMPD signal (c). Note
that at λFEL = 8.2 µm, the ion signal of the fragment m/z 153 has its largest value, and hence,
corresponds to the most intense absorption feature in the IRMPD spectrum.

After mass-isolation, FEL IR irradiation of the target ion cloud is carried out at a
wavelength (λFEL ) that is continuously varied. For those wavelengths corresponding to the
IR active vibrational transtions of the ionic species, many photons are absorbed inducing
a population of hot ions that relaxes via dissociation. This mechanism is described by the
unimolecular dissociation reaction
∗ kdiss
IR
C13 H9 N•+ −−→ C13 H9 N•+ −−−→ C11 H7 N•+ + C2 H2
where benzo-h-quinoline (C13 H9 N) is used as an example. Figure 2.4 shows the mass
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spectra before and after FEL IR irradiation. First, the fully isolated C13 H9 N•+ ion (m/z 179)
is shown in Fig. 2.4a. Then, FEL IR photodissociation yields the C11 H7 N•+ product ion
(m/z 153) via C2 H2 -loss (26 amu). Fig. 2.4b shows the mass spectrum recorded an instant after irradiation at λFEL = 8.22 µm. At this wavelength, the number of m/z 153
photo-product ions has its largest value, as clearly corroborated by the resulting IRMPD
spectrum in Fig. 2.4c.
A secondary experimental setup used is the in-house Fourier-transform ion cyclotron
resonance (FT-ICR) mass spectrometer coupled also to the FEL beamline (Valle et al.
2005). This was employed to record the IR spectrum of protonated benzo-h-quinoline,
presented in Fig. 6.5, and the IR spectrum of protonated corannulene, presented in Fig. 7.3.
Although the same IRMPD principle is used, this technique differs from the ion-trap machine in a number of essential ways. For instance, instead of detecting directly the ion
current with a TOF mass-spectrometer for mass analysis of the molecular species, the angular frequencies ωi of the ions in cyclotron motion are registered as a multi-component
sinusoidal signal that is Fourier-transformed to obtain their masses. This is the principle behind the Penning trap which consists of a strong, spatially homogeneous static
magnetic field (radial confinement via a Lorentz force) and an axial electric field (axial confinement) to induce the cyclotron motion (Guan & Marshall 1995). FTICR mass
spectrometers are comprehensively reviewed, see e.g., Marshall et al. (1998).

2.5

Computational Quantum Chemistry

A primary goal in computational quantum chemistry is the calculation of the adiabatic
potential energy surface—PES, the electronic energy plus the repulsive energy of the
nuclei as a function of spatial coordinates—of a N-body sytem (Ne electrons and Nn
nuclei) in the ground state by finding solutions to the time-independent, non-relativistic
electronic Schrödinger equation:
Ĥψe (r; R) = E(R)ψe (r; R)

(2.32)

where the electronic Hamiltonian operator is
Ĥ

N

Ne
Ne X
Ne
 n ZA X
1 
e2 X
~2 X
2


∇ −
−
= −
2me i i 4πo i  A riA i, j ri j 

(2.33)

= T̂ + V̂Ne + V̂ee
and r and R are the electronic and nuclear position vectors such that (r1 , r2 , . . . , rNe ) and
(R1 , R2 , . . . , RNn ). The energy terms on the right-hand side are due to the total kinetic
energy of the electrons (T̂ ), the electron–nuclei electrostatic interactions (V̂Ne ), and the
electron–electron repulsions (V̂ee ). The electronic energy E(R) is calculated for a fixed
set of nuclei positions R. Thus, the eigenfunction ψe (r; R) does not depend dynamically
on R but only parametrically. It follows the adiabatic adjustment concept on the passage
to new equilibrium positions: a fast oscillating system (e.g. the electronic motion) adjusts
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to a slowly oscillating system (e.g. nuclear motion), thus to a new equilibrium position.
This is the Born-Oppenheimer approximation that permits to split the total wavefunction
of the N-body system into an electronic and a nuclear part (vibrational and rotational
motion), i.e., Ψ = ψe × ψn . This allows to compute the total energy of system, Etot , by
adding up at the end the nuclei energy to the electronic energy such that Etot = E + En .
Finding the lowest stationary point of the PES constitutes a theoretical characterization of the equilibrium electronic structure of a molecular (N-body) system. Second
derivatives of the PES with respect to generalized molecule-fixed nuclei coordinates yield
the force constant matrix, which is diagonalized in order to find the vibrational mode
frequencies.

2.5.1

Many-Electron Wavefunction

The ground-state wavefunction, Ψo , of an Ne -electron system moving in a Nn -nuclei field
is formulated by simplifying the ri j dependence of the electron–electron repulsion term in
the Hamiltonian (eq. 2.33). If each electron moves in an Ne − 1 averaged field, the total
Ne -electron wavefunction Ψo can be written as a product of one-electron wavefunctions:
Ψo (r1 , r2 , . . . , rNe ) ≈

Ne
Y

ψom (r) = ψo1 (r1 )ψo2 (r2 )ψo3 (r3 ) . . . ψoNe (rNe )

(2.34)

m=1

where each electron occupies a molecular orbital m. Since electrons are fermions, the
wavefunction must obey Pauli’s principle, that is, Ψo must be antisymmetric whenever
two electrons exchange positions. To ensure this, Ψo is written as a Slater determinant of
spinorbitals ϕm (i), which are products of spatial wavefunctions and spin-space functions,
α(m s = +1/2) or β(m s = −1/2):

1
Ψo (1, 2, . . . , Ne ) =
Ne !

!1/2

ϕ1 (1)
ϕ1 (2)
..
.

ϕ2 (1)
ϕ2 (2)
..
.

...
...
..
.

ϕNe (1)
ϕNe (2)
..
.

ϕ1 (Ne ) ϕ2 (Ne )

...

ϕNe (Ne )

(2.35)

where the spinorbital functions ϕm (i) are orthonormal. A molecular orbital, ϕm (i), is expanded using a set of basis functions, which are defined as linear combinations of atomic
orbitals (LCAO). The product of ϕm with its complex conjugate provides a physical observable: the electron density distribution. A closed shell molecular system has an even
number of electrons, all paired in Ne /2 MOs. The highest occupied molecular orbital
(HOMO) most influences the physical properties of a molecule such as its geometry, infrared activity, or chemical reactivity. An open shell system, on the other hand, has an
odd number of electrons and the HOMO is singly occupied, which then becomes a singly
occupied molecular orbital (SOMO). This has important consequences to the binding between nuclei, and therefore to the molecular geometry, and is reflected in its infrared
activity. For instance, upon ionization of neutral closed-shell PAH systems an electron is
removed from the π HOMO forming an open-shell PAH radical cation. IR spectroscopy
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provides evidence for the difference in electronic properties of the PAH system in these
two charge states.
The ground-state many-electron wavefunction in the form given in eq. 2.35 can be
found via the ab initio Hartree-Fock formalism, in which electron-electron interactions
are inherently treated in average. Then, the LCAO molecular orbital solutions (and corresponding energies) are found by solving the Schrödinger non-linear equations in an
iterative manner using a starting approximated total wavefunction until self-consistency
is achieved, hence, an (averaged) self consistent field (SCF) is obtained. In restricted
Hartree Fock (RHF) theory, the molecule has all LCAO orbitals doubly occupied (closed
shell system). To find solutions to open-shell systems, there are the restricted open-shell
Hartree Fock (ROHF) and unrestricted Hartree Fock (UHF) methods. These are extensions of RHF theory having an additional treatment to deal with the singly occupied
LCAO molecular orbital.

2.5.2

Density Functional Theory

Instead of calculating the exact wavefunction of the molecule, density functional theory
(DFT) attempts to calculate its exact electron density. The main body of calculations in
this Thesis is based on DFT. DFT finds its origin in the statistical model developed by
Thomas and Fermi in 1927 to describe the electronic structure of atoms. The model relies
on the uniform electron gas approximation and an important corollary is the total kinetic
energy of the electrons in an atom expressed as a functional, which takes the electron
density function ρ(r) over a given region in space (Atkins & Friedman 2011):
T [ρ] = C

Z

ρ(r)5/3 d3 r

(2.36)

where C is 35/3 h2 /10me (8π)2/3 . The Thomas–Fermi (TF) energy functional incorporates
the attraction of the electrons and nuclei (VNe ), and the electron–electron repulsion (Vee ),
all as functionals of the electron density:
ET F [ρ] = T [ρ] + VNe [ρ] + Vee [ρ]

(2.37)

Application of a variational principle, in which the evolution of ρ(r) under a fixed
number of electrons (via the Lagrange multiplier µ) is such that it minimizes ET F , yields
the total bound energy of the atom. That is,
δET F [ρ]
= µ.
δρ

(2.38)

However, an important drawback in the TF model is the omission of electron exchange
in Vee . This term has a classical Coulombic part depending on a singly spatially-valued
density function, J[ρ(r)], but also, a non-classical part that depends on two locations,
K[ρ(r, r0 )]. Paul Dirac revised the uniform gas approximation and proved that the exchange functional K[ρ(r, r0 )] can be written as if it depends on a single location
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K[ρ(r, r )] → K[ρ(r)] = Cexc
0

Z

ρ(r)4/3 d3 r

(2.39)

This is the expression for the exchange contribution under a local density approximation (LDA). In 1964 Hohenberg and Kohn proved that there cannot exist two N-body
systems (each with Ne electrons and Nn nuclei) with Hamiltonians H1 and H2 , and respective external nuclear potentials v1 (r1 ) and v2 (r2 ) (in which the electrons move), possessing the same ρ(r). Therefore, the existence of a ground-state electron density function
uniquely corresponds to one external potential v(r), and it determines all the properties of
the molecule, including its wavefunction. Thus, this theorem proves that the ground state
energy E of a molecule is a functional of one unique ρ(r) function:
Z
E[ρ] = T [ρ] + ρ(r)v(r)d3 r + Vee [ρ]
(2.40)
In comparison with eq. 2.37, the first term on the right is the kinetic energy of the Ne
electrons in the molecule, the second is the potential energy (VNe [ρ]) of Ne electrons due
to the Nn nuclei, and the third term is the self-interaction electron energy. As in the
TF model, Vee [ρ] has a classical, J[ρ], contribution and a quantum-mechanical, K[ρ],
contribution.
A second theorem provides the means by which a lower bound energy of the molecule
is determined through a trial density function ρt (r). That is, for Ne electrons moving in
an external potential vt (r), the ground state energy E[ρt ] is a stationary minimum if and
only if ρt (r) is the ground-state electron density function: E[ρt ] = hΨ | Ht | Ψi ≥ Eo . This
establishes a variational criterion and is essential to DFT. This variational principle was
applied in the TF model without justification.
Kohn & Sham (KS) proved in 1965 a third essential theorem which permits to find
ρ(r) from a set of one-electron Ne equations, in analogy to HF theory. They defined
a reference system of non-interacting Ne electrons moving in an effective reference KS
potential vKS (r) that yields an electron density identical to the one of the real interacting
system. This implies that the wavefunction describing the motion of the non-interacting
electrons upon vKS (r) can be formulated as a Slater determinant (eq. 2.35) of LCAO oneelectron spinorbitals ϕi . These are the eigenfunctions of the Kohn-Sham equations
!
~2 2
∇ + vKS (r) ϕi (r) = i ϕi (r)
(2.41)
−
2me
where i are the corresponding orbital energy eigenvalues. The total density of the Ne electron system is
Ne
X
ρ(r) =
|ϕi (r)|2
(2.42)
i

The KS equations are found by minimising the total energy functional (eq. 2.40) with
respect to a set of spinorbitals ϕi to yield the KS potential
vKS = v(r) +
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δJ[ρ] δE xc [ρ]
+
δρ(r)
δρ(r)

(2.43)
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where the second term is the classical Coulomb potential energy defined as the functional
derivative of J[ρ]
Z
e2
ρ(r) 3 0
δJ[ρ]
=
d r
(2.44)
δρ(r) 4πo
|r − r0 |
and the third term defines the exchange-correlation local potential v xc (r)
v xc (r) =

δE xc [ρ]
δρ(r)

(2.45)

The functional E xc [ρ] is the error in the total energy that arises as the outcome of
using the non-interacting KS electron system plus the classical treatment of the electronelectron interaction.
Modern DFT developments focus on obtaining the proper exchange interaction function v xc (r) from the functional E xc [ρ]. Conventionally, the exchange-correlation functional E xc [ρ] is approximated in an exchange and correlation terms
E xc [ρ] = E X [ρ] + EC [ρ]

(2.46)

A simple approximation is the Slater Xα method in which E XC [ρ] ≈ E X [ρ] and Dirac’s
LDA formulation for an inhomogeneous many-electron system is used. Thus, E X [ρ] =
−1/2K[ρ] and
Z
E xc [ρ] =
ρ4/3 (r)d3 r
(2.47)
This LDA form performs very well for slow-varying electron density systems. However most molecular systems are characterized by density fluctuations and the LDA fails
to reproduce them. Fluctuations can be accounted for by density gradients, which led to
the emergence of generalized gradient approximation (GGA) functionals of the form
Z
E xc [ρ] =
f (ρ(r), ∇ρ(r)) d3 r
(2.48)
A highly successful gradient-correction to the LDA exchange functional (B88X) was
done by Becke in 1988. Becke88X functional attempts to reproduce the 1/r asymptotic
behaviour of the exchange energy density:

E xc [ρ] = b
with

Z

ρ4/3 (r)

x=

|∇ρ|
ρ4/3

x2
d3 r
(1 + 6bx sinh−1 x)

(2.49a)
(2.49b)

where x is a dimensionless non-uniformity parameter. The parameter b = 0.0042 a.u. is
found by adjusting the LDA and Becke exchange terms to the exact HF exchange energies
of He to Rn noble gas atoms. A GGA functional for the correlation energy EC was derived
also in 1988 by Lee, Yang, & Parr (LYP) using the Colle–Salvetti formalism for the He
43

2 Laboratory Methods

atom. By combining the B88X and LYP functionals, the BLYP method is obtained in
which the exchange-correlation functional energy depends on both ρ and ∇ρ.
An important source of error still remains due to the lack of adiabatic coupling between the non-interactive KS system and the real molecule. The adiabatic connection
approximation attempts to correlate both systems by including a degree of exact HF exchange energy. This leads to the formulation of hybrid HF/DFT methods.
The B3LYP hybrid functional (Becke 1993) is a state-of-the-art method (includes as
well other functionals such as the LDA functional of Dirac, the B88X and LYP) and is
extensively employed in chemical physics. Therefore, in order to evaluate and compare
our computational results to available literature, the B3LYP functional is adopted here as
the base DFT method. Complementary ab initio and DFT methods are, nonetheless, used
as detailed in the relevant chapters.
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Chapter

3

Aryl+ Systems I. Formation using
an Ion Trap and 1,2-Hydride Shift
Stabilization∗
The attribution of the astronomical UIR emissions to polyaromatic hydrocarbon (PAH)
molecules is a key argument in favor of the abundant occurrence of organic matter in
space. For interstellar regions predominantly energized by far-UV photons (e.g., diffuse
clouds), PAH molecules may lose one or more hydrogen atoms since the C–H bond energy
typically lie in the 4–6 eV range (< hνFUV ); in either neutral or cationic state, and roughly
independent of size. In this chapter, the aryl carbocation form is introduced which is characteristic of a singly dehydrogenated PAH positive ion. The ion-trapping experimental
technique for the production of aryl+ molecular systems is exposed and evidence of aryl+
formation is giving for the two-ring system, naphthyl+ . The IR spectroscopic characterization shows that the ground state of the mass-selected naphthyl+ population exhibit a
triplet spin electronic configuration. Evidence is shown as well for electronic stabilization
of the dehydrogenated carbon (carbocation center) via 1,2-hydride shift isomerization.

∗ Based

on: H. Alvaro Galué, and J. Oomens, 2011, Angewandte Chemie International Edition, 50, 7004–
7007; H. Alvaro Galué, and J. Oomens, 2012, The Astrophysical Journal, 746, 83.
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3.1

Introduction

The formation of polycyclic aromatic hydrocarbon (PAH) molecules in space constitutes
an essential phase in the interstellar carbon cycle (Henning & Salama 1998). In astrophysical environments, PAHs are subject to numerous physical and chemical processes
(Tielens 2005) that can modify their chemical form and hence their physico-chemical
properties. Depending on the local interstellar conditions, a PAH population may include
ionized, (partially) dehydrogenated, or heteroatom substituted PAHs as well as PAHs in
spin states other than singlet (or doublet for radical cations). Although it is now widely
accepted that an important fraction of the interstellar gas-phase PAHs is ionized (Allamandola et al. 1999, Sloan et al. 1999), compelling identification of individual PAH
ions—e.g., through their optical or microwave spectra—is thus far lacking (Klemperer
2011). It is not unconceivable that interstellar PAH chemistry yields (transient) molecular
forms with properties that are yet to be identified.
The UV photon flux is an important physical parameter transforming the interstellar
PAH population through photoionization and photodissociation (Allain et al. 1996a,b, Allamandola et al. 1989, Ekern et al. 1998, Le Page et al. 2003, Léger et al. 1989, Omont
1986). In interstellar clouds of moderate to high UV-photon flux densities, hot gas-phase
PAHs and their ions—transiently heated by the absorption of UV photons—generally
relax by IR fluorescence (vibrational de-excitation with typical rate constants around
102 s−1 ) (Allamandola et al. 1989, Léger et al. 1989). However, relaxation through unimolecular dissociation becomes important when its rate is comparable to the IR emission
rate (Allamandola et al. 1989, Jochims et al. 1994, Léger et al. 1989). The lowest energy
dissociation channel is typically H-atom loss (Holm et al. 2011, Jolibois et al. 2005), but
at higher internal energies and/or for small species, H2 and C2n H x losses are also common
(Allamandola et al. 1989, Jochims et al. 1994, Léger et al. 1989, Omont 1986).
In order to survive typical UV dominated environments on a cosmic timescale, it is
estimated that an isolated PAH should contain at least around 30–40 carbon atoms (Allain
et al. 1996a, Jochims et al. 1994, Le Page et al. 2003). Although the aromatic carbon
frame is tightly bonded, UV irradiation effectively induces loss of peripheral H atoms in
space (Léger et al. 1989). The high propensity for UV-induced H loss was experimentally
observed for smaller systems (Ekern et al. 1998, Gotkis et al. 1993b, Jochims et al. 1994).
Since the C–H bond dissociation energy is roughly independent of PAH size (Fujiwara
et al. 1996, Holm et al. 2011), it is conceivable that a broad size range of PAH cationic
species exists in a partially dehydrogenated state. Thus, it is of interest to investigate
the physical properties of these partially dehydrogenated PAH ions and their influence on
interstellar chemistry. Here we focus on singly dehydrogenated PAH cations. Possible
astrophysical implications are explored in Part II of this study (Chapter 4).
The loss of a H atom from a PAH cation leaves behind a positive dehydrogenated
carbon—the carbocation center, C+ . The outcome is a mono-dehydrogenated PAH (aryl)
cation which is highly reactive, and thus, short lived. This poses a challenge for laboratory
determination of their physical and chemical properties (Schleyer & Maerker 1995).
In general, aryl cations are an important class of carbocations. The character of the
ground electronic state of the archetypal aryl+ , the phenyl cation (C6 H+5 ), has long been
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Figure 3.1 – Illustration of phenyl+ (top, C6 H+5 ) and 1-naphthyl+ (bottom, C10 H+7 ) systems
in singlet- and triplet-spin electronic configurations. The orbitals π and σ are bonding and
non-bonding types, respectively.

subject of debate (Taft 1961, Dill et al. 1976, Nicolaides et al. 1997, Hrusak et al. 1997,
Winkler & Sander 2006). As a singlet state, there is an empty σ orbital on the C+ atom
(Dill et al. 1976) that induces re-hybridization (sp2 → sp) causing a substantial deformation of the hexagonal frame. A thought experiment consisting in transfering an electron from the π system to the vacant σ orbital, has the consequence of restoring the sp2
hybridization at the cost of forming a triplet electronic state (3 B1 ) and sacrificing the aromaticity of the system (Taft 1961). By now, a singlet ground state (1 A1 ) about 77 kJ mol−1
lower in energy than the triplet has been firmly established (Hrusak et al. 1997).
Figure 3.1 illustrates the above ideas which are applied as well to the naphthyl cation.
For the fully hydrogenated neutral molecules, benzene and naphthalene, six and ten 2p
valence electrons, respectively, form π molecular orbitals above and below the molecular
ring(s) plane. Pauli exclusion principle states that no two electrons can occupy the same
quantum state, and therefore, there are three and five pairs of spin up (↑) and spin down
(↓) electrons arranged into three (benzene) and five (naphthalene) π orbitals.
Contrary to C–C and C–H σ orbitals, aromatic C–C π orbitals are not part of the
local binding between nuclei, but delocalized over the molecule. This lowers down the
overall energy and provides structural stability. Removal of an electron from the highest
energy π-orbital leads to the formation of a radical cation and an unpaired π electron. If
then, an H atom detaches, the original orbital energy-level configuration is disrupted and
the energy ordering changes, since one carbon no longer sustains a perfect sp2 atomicorbital hybridization. While in the singlet configuration (Figure 3.1, middle) the original
energy level degeneracy is yet conserved, in the triplet configuration (Figure 3.1, right)
which involves the occupancy of a nonbonding electron in the vacant σ orbital induces
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a new degeneracy. The outcome is a distorted closed shell ion (singlet) or an open shell
undistorted ion (triplet).
Electron-donating substituents as well as an increased π system reduce the energy
required to remove a π-electron, decreasing the energy gap between triplet and singlet
states (Laali et al. 2002, Winter & Falvey 2010, Lazzaroni et al. 2008). For the naphthyl cation both states are close in energy at the density functional theory (DFT) level
(Laali et al. 2002, Ascenzi et al. 2004, Slegt et al. 2007a) although other methods place
the triplet either notably lower (Fujiwara et al. 1996, Du et al. 1993) or higher (Ascenzi
et al. 2004, Klippenstein 1997). The observed reactivity of naphthyl+ in solution was
interpreted as resulting from a singlet-state cation (Slegt et al. 2007a). Electron donation
of solvent molecules into the vacant σ-orbital stabilizes the singlet relative to the triplet,
which is indeed borne out by DFT calculations (Slegt et al. 2007a). Gas-phase studies
are thus required to evaluate the intrinsic stability of both spin states and while various
mass-spectrometric studies on C10 H+7 have been reported (Ascenzi et al. 2004, Gotkis
et al. 1993a, Ho et al. 1995) they do not probe its (electronic) structure. Spectroscopy
of the gas-phase ion could directly reveal its structure. A gas-phase IR spectrum was recently reported for the phenyl cation (Patzer et al. 2010) by Ar-tagging photodissociation
spectroscopy (Bieske & Dopfer 2000, Douberly et al. 2007). Although rare-gas tagging
is considered to induce negligible perturbations to the system under study, this is not the
case for aryl carbocations, where the in-plane binding of the Ar atom to the C+ center results in substantial electron density donation into the vacant σ-orbital (Patzer et al. 2010).
In order to determine the ground state of the isolated naphthyl cation, such a strategy
might thus artificially enhance the stability of the singlet state. Instead, we employ here
IR multiple photon dissociation (IRMPD) spectroscopy of bare naphthyl+ isolated in a
quadrupole ion trap.
In this chapter the gas-phase formation of aryl+ moleular systems in an ion trap is
presented by UV photolysis of bromo (Br) aromatic precursors. The outcome of the
IRMPD spectroscopic characterization of naphthyl+ is discussed in connection with its
electronic ground state and molecular structure. In Part II (Chapter 4) the discussion is
extended to larger aryl+ molecules (phenanthryl+ and pyrenyl+ ).

3.2
3.2.1

Methods
Laboratory Formation of Aryl Cations

The aryl cations are generated by ArF laser (193 nm) photolysis of the corresponding
bromo-PAH species. The precursor molecules 1- and 2-bromonaphthalene, 9-bromophenanthrene, and 1-bromopyrene were purchased from Sigma-Aldrich (Zwijndrecht,
The Netherlands) and used without further purification. The instrumental setup consists
of a Paul-type quadrupole ion trap (Paul 1990), which is employed for storage and mass
selection of the molecular ions. The trap is coupled to a linear time-of-flight (TOF) mass
spectrometer for mass analysis.
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Figure 3.2 – Left to right sequence of the experimental technique employed to produce an aryl
cation in a Paul-type quadrupole ion trap, including characterization of its electronic molecular
structure with IRMPD spectroscopy.

Once the vapor of a halogenated PAH precursor (e.g., bromonaphthalene, C10 H7 Br)
is admitted to the vacuum chamber, a 193 nm UV excimer laser is focused into the center
of the ion trap, ionizing the neutral precursor. Depending on the size of the delocalized
π-electron network, the ionization energy of aromatic molecules (including their halogenated derivatives) falls within the 6–9 eV range (Dewar & Worley 1969, Gotkis et al.
1993b), so that the absorption of two 193 nm photons provides sufficient energy (12.8
eV) to remove an electron from the highest π orbital represented by 1 in Fig. 3.2. The
appearance energy to form the naphthyl cation C10 H+7 from neutral C10 H7 Br is about 12
eV (Gotkis et al. 1993a). Homolytic C–Br bond cleavage in the C10 H7 Br•+ ion proceeds
through a loose transition state (Gotkis et al. 1993b) so that the formation of the naphthyl
cation is a statistically efficient process. The complete UV dissociative ionization process
yielding the C10 H+7 ion is summarized by the reaction
C10 H7 Br (S = 0) + hν

→



C10 H7 Br

•+ ∗

!
!
1
1
−
S=
+e S=
2
2

→ C10 H+7 (S = b) + Br• S =

!
!
1
1
+ e− S =
2
2

where S is the total spin (multiplicity = 2S + 1) of the system and b can be singlet (b = 0)
or triplet (b = 1), since the pathways toward either state are spin allowed. The generation
49

3 Aryl+ Systems I

of the C14 H+9 and C16 H+9 ions from their halogenated bromo precursors occurs through
analogous reaction mechanisms. In this chapter an analysis is presented for the naphthyl cation, while the next chapter (Part II) presents the analysis for the phenanthryl and
pyrenyl cations.
Photofragmentation of the halogenated precursors (as well as of the mono-dehydrogenated PAH ions) is observed after UV laser irradiation. Therefore, UV-induced products
smaller than the target species are axially ejected from the trap prior to IR irradiation by
briefly raising the low-mass cutoff of the trap via a temporary increase of the RF amplitude. Optimization of the ratio of formation of the desired aryl cation over the radical
cation halogen precursor is achieved by fine tuning of the RF amplitude and precursor’s
vapor pressure.We note that the fragmentation behavior of different halogenated precursors may change the intramolecular processes preceding the C–X bond cleavage inducing
different unimolecular fragmentation yields (Zhang et al. 2008), although such effects
have not been further investigated here.

3.2.2

DFT Computations

Electronic structure calculations of naphthyl+ in its two electronic spin states and two
isomeric configurations are done employing density functional theory (DFT) in the form
of the B3LYP functional.The molecular orbitals are constructed using a Gaussian-type
basis set 6-311G++(p,d) that includes polarization and diffuse functions for both H and
C atoms. Computation of harmonic vibrational frequencies is done on the optimized
structures and no imaginary frequencies were found. Stick spectra are convoluted with a
20 cm−1 full width at half maximum (fwhm) Lorentzian function. The Gaussian 03 suite
of programs was employed and applied at the SARA computing facility in Amsterdam.

3.3
3.3.1

Results and Discussion
Triplet Ground State

Figure 3.3 shows the equilibrium geometries for the singlet and triplet minima of the
1- and 2-naphthyl+ isomers, which are of C s -symmetry except for singlet 2-naphthyl+ ,
which optimizes to a non-planar C1 geometry (Slegt et al. 2007a, Klippenstein 1997)
The singlet (1 A0 ) and triplet (3 A00 ) structures for each of the isomers are found to be
virtually iso-energetic. Independent of the electronic state, the 2-naphthyl cation is about
5.4 kJmol−1 higher in energy than the 1-isomer.
The carbon frame of the singlet structures is significantly distorted from the naphthalene D2h geometry. The CC+ C angle amounts to 149◦ , reflecting the tendency to form a
linear CC+ C bond typical for an sp-hybridized carbon atom (Winter & Falvey 2010). In
the triplet state, the angle becomes 127◦ , close to the hexagonal 120◦ angle, as a consequence of the restored sp2 hybridization due to the π-electron transferred to the empty
σ-orbital. As compared to C6 H+5 , the larger π-system in C10 H+7 makes removal of a πelectron more facile so that the energetic penalties for geometry distortion (singlet) and
formation of a bi-radical (triplet) become competitive.
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Figure 3.3 – Gas phase IR spectrum of the C10 H+7 aryl cation (top) compared to theoretical
spectra of triplet 1-naphthyl+ (a), singlet 1-naphthyl+ (b), triplet 2- naphthyl+ (c), and singlet
2-naphthyl+ (d).
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Table 3.1 – Comparison of observed and computed IR absorption bands.

Expt freq[a]
580
735
1011
1196

1380

1485

Theory freq[a,b]
586
750
1010
1110
1143
1207
1241
1347
1369
1408
1497

Int[c,d]
10
98
14
29
52
118
35
25
46
18
88

Cs
A00
A00
A0
A0
A0
A0
A0
A0
A0
A0
A0

description[e]
ring oop deformation
CH oop bend
CH ip bend/ring breathing
CH ip bend/ring deform
CH ip bend
CH ip bend/CC stretch
CH ip bend/CC stretch
CH ip bend/ring deform
CC stretch/CH ip bend
CH ip bend
CC strectch/CH ip bend

[a] In cm−1 , [b] For triplet 1-napthyl+ , [c] In km mol−1 , [d] Only bands with intensities
> 12 km mol−1 included (except 585 cm1 band), [e] mode despcription: ip = in plane;
oop = out of plane.
The strongest IRMPD feature near 1196 cm−1 consists of four convoluted bands calculated at 1110, 1143, 1207 and 1241 cm−1 for triplet 1-naphthyl+ , characterized mainly
by CH in-plane bending vibrations involving some CC-stretching character as well. The
relative intensities of the bands observed at 1011 and 580 cm−1 appear larger than what
is predicted for triplet 1-naphthyl+ , perhaps reflecting a small contribution of singlet 1naphthyl+ , which exhibits absorptions predicted around 1000 cm−1 and at 584 cm−1 . It is
important to note, however, that relative intensities may not be accurately reproduced by
our spectroscopic method, which is based on the absorption of multiple photons (Oomens
et al. 2006b), and that calculated absorption cross-sections may be less reliable. Nonetheless, the overall comparison between measured and calculated spectra clearly suggests
that triplet naphthyl+ dominates the ion population.

3.3.2

1,2–Hydride Shift

The IRMPD spectrum of C10 H+7 obtained with 1- and 2-bromonaphthalene isomers as
precursor are identical (see Fig. 3.4) and the experimental spectrum shown in the top
panel of Fig. 3.3 represents an average of several runs. This lends experimental evidence
of isomerization to the more stable 1-naphthyl+ occurring when 2-bromonaphthalene is
used. Isomerization by a 1,2-hydride shift is indeed expected to be efficient as the 3center- 2-electron transition state in carbocations is aromatic (Douberly et al. 2007) and
was in fact suggested to explain the observed reactivity in solution (Slegt et al. 2007a).
Computed spectra for singlet and triplet states of both naphthyl+ isomers are also
shown in Fig. 3.3. Clearly, the 1-naphthyl+ triplet spectrum matches the experimental data better than any of the other computed spectra, although the spectra of both
triplet state isomers are sufficiently similar to not rule out the presence of any triplet
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1-Bromonaphthalene

2-Bromonaphthalene

Wavenumber (cm-1)
+

Figure 3.4 – Comparison of naphthyl IRMPD spectra recorded from 1-bromonaphthalene
(top) and 2-bromonaphthalene (bottom) precursors.

2-naphthyl+ . Nonetheless, regardless of the isomer, triplet naphthyl+ clearly dominates
over singlet naphthyl+ . Table 3.1 lists experimental and calculated band positions for the
3 00
A -1-naphthyl+ ion confirming the good agreement.

3.3.3

Thermodynamic Stability or Kinetic Stability?

The observation of a triplet state may reflect its lower energy relative to the singlet state,
but propensities in the formation of the naphthyl cation should also be considered. Firstly,
the relative energies of the two states as predicted by DFT may not be accurate. Values
for the singlet-triplet energy gap obtained using other computational methods indeed show
significant scatter, favoring the triplet state — PM3 (Fujiwara et al. 1996) CISD, ROHF
(Du et al. 1993) HF (Klippenstein 1997) — or the singlet state — MP2, (Klippenstein
1997) CCSD(T)(Ascenzi et al. 2004)) by substantial amounts —. This result suggests
that a multireference approach as has been applied to the phenyl (Hrusak et al. 1997)
and vinyl (Winter & Falvey 2010) cations may be required in this case as well. On the
other hand, the study on substituted vinyl cations found good agreement between DFT
and CASPT2 values for the singlet-triplet gap (Winter & Falvey 2010), encouraging the
use of low-cost DFT methods.
It may be wondered whether there are propensities that preferentially form one of the
two electronic states during C–Br bond cleavage. For instance, formation of the phenyl
cation from the neutral C6 H•5 radical by photoionization favors the higher-energy triplet
state due to better Franck- Condon overlap (Hrusak et al. 1997). Analogously, homolytic
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C–Br bond cleavage in the C10 H7 Br•+ radical cation would lead to the triplet naphthyl
cation. However, most gas-phase reactivity studies involving the naphthyl cation have
largely ignored possible implications of the different spin states (Gotkis et al. 1993a, Ho
et al. 1995) or simply assumed both states to occur (Ascenzi et al. 2004). Moreover,
H-atom abstraction (HAA) from the benzene cation was first assumed to produce the
(higher-energy) triplet phenyl cation (Klippenstein 1997), but later studies suggested that
an intersystem crossing occurs on the dissociation pathway, rapidly converting the system
to the (lower-energy) singlet state (Nicolaides et al. 1997). Spin isomerization between
singlet and triplet states has also been suggested to occur rapidly for a series of parasubstituted phenyl cations, p-X-C6 H+4 , such that the lower-energy state is always found
independent of how the species was formed (Aschi & Harvey 1999). This rapid spin
conversion is induced by the low minimum energy crossing point (MECP) connecting the
two electronic surfaces and the non-negligible spin-orbit coupling (SOC) constants (Aschi
& Harvey 1999). Assuming that the additional ring in the naphthyl cation behaves as an
electron-donating substituent (Laali et al. 2002, Slegt et al. 2007a), rapid spin relaxation
is expected to occur here as well. The unambiguous assignment of the IR spectrum in
Fig. 3.3 then suggests a triplet electronic ground state for the naphthyl cation.

3.4

Conclusions

The production of a gas-phase aryl+ molecule (naphthyl+ ) in an ion trap was demostrated.
Moreover, the IR spectrum of the mass-selected naphthyl cation (C10 H+7 ) was recorded by
IRMPD spectroscopy, providing the first experimental spectrum of an isolated, bare aryl
cation. Comparison of the experimental spectrum with spectra calculated for singlet and
triplet naphthyl+ shows that a triplet-state ion is predominantly formed. In general, this
study shows that changes in the electronic structure induce geometric distortions that can
be clearly distinguished in the IR spectra recorded with the IRMPD spectroscopic technique. Furthermore, it is suggested that 1,2-hydride shifts occur under our experimental
conditions. In the next chapter, electronic stabilization and spectral properties are studied
for phenanthryl+ and pyrenyl+ aryl cations.
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Aryl+ Systems II. Aromatic
Carbon Architecture and the
Triplet-Singlet Energy Gap∗
The ubiquity of polyaromatic hydrocarbons (PAHs) in space has important implications
to extra-terrestial chemistry. Contrary to terrestrial conditions, their transient molecular
forms are crucial in the low-density astrophysical environments. The loss of an H atom
from a PAH cation is a plausible conjecture since strong UV photon fluxes and shockinduced collisions are conditions common to many space environments, and can induce
C–H bond rupture. This event leads to the creation of a transient PAH form known as an
aryl cation. Additionally, photo-induced chemistry (which is common on grain mantles
subject to energetic starlight) is known to proceed via aryl+ intermediates. After giving
laboratory evidence for the formation of triplet aryl cations with focus on the naphthyl+
system, I follow up in extending the study on aryl+ systems in terms of their molecular
electronic structures, photochemistry, and rationalise possible roles in astrophysical settings. Similar to naphthyl+ , the laboratory spectra in the 6–18 µm range of two other aryl+
species, indicate that they have a triplet electronic configuration. Electronic calculations
on systems as large as the mono-dehydrogenated circumcoronene cation (C54 H+17 ) provide
further evidence for the higher stability of a triplet state as compared to the singlet. The IR
signatures reveal that an isolated PAH cation before and after H-atom loss are qualitatively
similar, particularly in the 6–9 µm region involving the skeletal CC stretching modes, so
that triplet aryl cations are also compliant with the general match between PAH mid-IR
features and the interstellar UIR bands. The establishment of a triplet electronic ground
state suggests that interstellar scenarios should consider the possible influence of triplet
aromatic chemistry as well as of the aryl+ optical properties.
∗ Based

on: H. Alvaro Galué, and J. Oomens, 2012, The Astrophysical Journal, 746 , 83.
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4.1

Introduction

The universally observed mid-infrared emissions (the unidentified infrared, UIR, emissions), typical of a wide diversity of UV-energized astrophysical environments, provide
key evidence for the ubiquitous presence of PAH structures in space. Numerous theoretical and laboratory investigations on the IR activity of PAHs and some of their derivatives (Hudgins & Allamandola 1995, Hudgins et al. 2005, Langhoff 1996, Langhoff et al.
1998, Mattioda et al. 2003, Oomens et al. 2006b, Pauzat et al. 1992, Ricca et al. 2011,
Ricks et al. 2009, Szczepanski & Vala 1993) convincingly show that the major interstellar features—consistently observed around 3.3, 6.2, 7.7, 8.6 and 11.3 µm—coincide with
IR absorptions due to the CC stretching- and CH bending- vibrations of PAH molecules
(Allamandola et al. 1985, Léger & Puget 1984). Moreover, PAHs with partially filled
π-orbitals have been suggested to be the carriers of some of the diffuse interstellar bands
(DIBs), optical absorption bands in the spectra of stars (Duley 2006b, Snow & Destree
2011).
Although mono-dehydrogenated PAH+ species have been studied to some extent using theoretical methods (Duley 2006a, Jolibois et al. 2005, Malloci et al. 2008, Pauzat
et al. 1997), experimental characterization is challenging because of their transient nature, owing to the highly reactive carbocation center. Studies in solution or even in raregas matrices may therefore be only of partial astrophysical relevance and experiments in
complete isolation are necessary. Mass spectrometry provides an ideal platform for studies on the isolated ions. Bierbaum’s group (Le Page et al. 1999a,b) studied reactions of
mono-dehydrogenated PAH ions (e.g., naphthyl+ and pyrenyl+ ) with atomic and molecular species of interstellar interest and revealed that their reactivity depends on their overall
spin. Also, Ascenzi et al. (2004) studied ion–molecule reactions of naphthyl+ with H2 and
D2 , showing again that understanding the reactivity requires knowledge of the electronic
spin character of the mono-dehydrogenated PAH ion.
Mono-dehydrogenated PAH (i.e., aryl) cations possess two possible ground electronic
configurations: (1) πρ σ0 for a closed-shell singlet structure or (2) πρ−1 σ1 for an open-shell
triplet structure, where ρ is the number of π-electrons in the neutral non-dehydrogenated
PAH form. In (1), the π-bonding orbitals are fully occupied and the positive charge is
largely localized on the vacant nonbonding σ-orbital of the dehydrogenated carbon atom,
the carbocation center (C+ ). The C+ -atom then tends to become sp hybridized, inducing
a flattening of the CC+ C-ring angle. In the alternative configuration (2), one π-electron is
missing and the nonbonding σ-orbital is occupied by an unpaired electron. This electron
largely restores its normal sp2 hybridization, recovering the hexagonal geometry of the
ring. For this configuration, the charge is no longer concentrated on the C+ atom, but rather
delocalized over the π-system. For the phenyl cation, C6 H+5 , the prototypical aryl+ system,
the relative stability of triplet and singlet states in terms of the geometric and electronic
effects described above has been extensively discussed (Nicolaides et al. 1997). Here, the
energy cost is smaller for structural ring strain than for having a hole in the π-system, and
thus, the singlet is situated ca. 1 eV below the triplet (Hrusak et al. 1997). Establishing
the ground electronic state for aryl+ systems is a central issue in organic chemistry and
may have important consequences for PAHs in astrophysical settings as well.
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In this chapter, a study of the electronic structures and spectral properties of the
naphthyl+ (C10 H+7 ), phenanthryl+ (C14 H+9 ), and pyrenyl+ (C16 H+9 ) aryl cations is presented using IR multiple-photon dissociation (IRMPD) spectroscopy and quantum-chemical calculations. Singlet and triplet states of aryl+ systems differ substantially in the
carbon-bonding geometry and this is reflected in their IR spectra. The experimental and
quantum-chemical methods are described in Section 4.2. The results and discussion on
the UV- and IRMPD-fragmentation, electronic calculation, and IR characterization and
harmonic frequency analysis are presented in Section 4.3. Section 4.4 discusses the behavior of the singlet–triplet (S–T) energy gap for systems larger than those studied here
experimentally. Section 4.5 establishes the effects of mono-dehydrogenation on the PAH
IR spectra, and discusses the implications for interstellar UIR emissions. The final section briefly discusses the relevance of mono-dehydrogenated PAH ions in space in terms
of their chemical role and altered optical properties in the context of the DIBs.

4.2
4.2.1

Laboratory Methods
Experiments

The formation of the three aryl cations in a Paul ion trap was achieved by UV photolysis of
their corresponding bromo-PAH molecular precursors as described in the previous chapter
(see Sec. 3.2.1).

4.2.2

DFT Computations

Electronic structure calculations were performed using density functional theory (DFT)
in the form of the hybrid electron-exchange-correlation functional B3LYP (Becke 1993)
and the Gaussian-type triple-ζ 6–311+G(d,p) basis set. Polarization functions p and d
are added to H and C atoms, respectively, allowing molecular orbitals to spatially expand
asymmetrically around the atomic nuclei. A priori, diffuse functions are not necessary,
however, we add them to C atoms as an exercise to explore their effect as a function
of basis set size and spatial flexibility. Their influence was found to be minimal and
results are presented with them. For each mono-dehydrogenated PAH+ species, there are
several structural isomers depending on which of the carbon atoms is dehydrogenated.
Two optimizations are performed for each structural isomer assuming a singlet and a
triplet electronic ground state. Ground-state energies with zero-point energy correction of
optimized structures are given in electron volts (eV).
Harmonic frequency analysis is performed on each optimized structure at the same
level of theory. Scaling of the computed harmonic frequencies by 0.97 is applied to compensate empirically for the anharmonicity of the vibrational potential wells. Theoretical
spectra are then generated by convoluting the mode frequencies with a Lorentzian lineshape function with an FWHM of 30 cm−1 . This FWHM value corresponds to the typical
bandwidths observed in the experimental IRMPD spectra.
For the lowest-energy aryl+ isomers, additional computations were run using the
Handy–Cohen O3LYP approach (Cohen & Handy 2001), which employs a modified ex57
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change functional that provides more flexibility than B3LYP by abandoning Dirac’s uniform electron gas condition. It has been suggested that this functional yields improved
molecular parameters (Baker & Pulay 2002), in particular also vibrational frequencies for
(transition-metal containing) open-shell systems (Baker & Pulay 2003).
Supplementary electronic calculations were carried out for five additional aryl+ structures that allowed us to extrapolate the behavior of the singlet–triplet (S–T) energy gap.
These are the mono-dehydrogenated PAH+ forms of coronene (C24 H+11 , 7 rings), ovalene
(C32 H+13 , 10 rings), and circumcoronene (C54 H+17 , 19 rings), as well as the five-membered
ring species fluoranthene (C16 H+9 , 4 rings) and corannulene (C20 H+9 , 6 rings). The same
level of theory was used although diffuse functions were omitted to reduce the computational cost. Also, molecular orbitals were expanded in a Gaussian-type double-ζ 6–
31G(d,p) set of basis functions (for C32 H+13 and C54 H+17 ). These small changes do not
influence the conclusions reached in Sec. 4.4. We note that all optimized structures correspond to true minima as their respective vibrational coordinates form a complete set of
positive frequencies. All computations were performed using Gaussian 03 and 09 at the
SARA computing center in Amsterdam.

4.3
4.3.1

Results and Discussion
Photochemistry

UV irradiation at 193 nm induces ionization and rapid C–Br bond cleavage in the singly
halogenated aromatic precursors, yielding the corresponding mono-dehydrogenated PAH
aryl-cation. Figure 4.1 shows the mass analysis of photoproducts during a complete experimental sequence for naphthyl+ (Fig. 4.1a), phenanthryl+ (Fig. 4.1b), and pyrenyl+
(Fig. 4.1c) ions. Two mass spectra are superimposed: one (blue) recorded just after UV
photolysis and isolation of the aryl cation, and the second (red) recorded after resonant IR
irradiation, averaged over the 6-18 µm range. A residual population of the halogenated
precursor is observed with ion intensities of 17% ± 1%, 45% ± 1%, and 23% ± 1% for the
naphthyl+ (m/z 127), phenanthryl+ (m/z 177), and pyrenyl+ (m/z 201) ions. Further adjustments to minimize the precursor ion results in severe deterioration of the target aryl-cation
signal. The double mass peak observed in the precursor signals is due to the two stable
isotopes of the bromine atom, 79 Br and 81 Br, at nearly equal natural abundances.
The fragmentation chemistry of ionized PAHs has been extensively studied (e.g., Cui
et al. 2000, Ekern et al. 1998, Gotkis et al. 1993b). Prior to dissociation, high vibrational
excitation causes ring opening and further rearrangements (e.g., isomerization) eventually
leading to the ejection—fairly independent of the precise PAH species—of the same neutral units (Pachuta et al. 1988). For example, C2 H2 -loss from azulene•+ and naphthalene•+
•+
(two C10 H•+
8 isomers) both lead to the formation of benzocyclobutadiene at m/z 102 (Cui
+
et al. 2000). In addition, aryl ions may exist in different isomeric forms, which may have
different unimolecular dissociation rates, although interconversion between them via 1,2hydride shifts is a relatively facile rearrangement for aryl cations (see 3.3.2). Finally, each
of the structural isomers has two possible potential energy surfaces (singlet or triplet) for
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Figure 4.1 – Mass spectra of (a) naphthyl+ (m/z 127, C10 H+7 ), (b) phenanthryl+ (m/z 177,
C14 H+9 ), and (c) pyrenyl+ (m/z 201, C16 H+9 ) as produced by UV photoionization (in blue) from
their bromo-substituted PAH precursors and after subsequent FEL-induced IR photodissociation (in red).
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which the fragmentation pattern may be different. The mass spectra show products involving the loss of multiple carbon atoms. These occur through C2n H x neutral losses,
where n = 1, 2, ..., 5, and x is the number of hydrogen atoms. Channels involving Hand H2 -loss are also observed (see for instance, the low-mass flank of the naphthyl+ mass
peak in Fig. 4.1a), though not fully resolved from the strong mass peak of the parent aryl
cation. For the three species studied here, a higher dissociation efficiency of H-loss compared to H2 loss is observed (see, e.g., for naphthyl+ in Fig. 4.1a, in red). For intact PAH
cations fragmented by UV irradiation, H2 loss was observed to be more efficient than H
loss (Ekern et al. 1998, Gotkis et al. 1993b).
Naphthyl+ appears highly susceptible to decomposition after the non-resonant 193
nm irradiation of bromonaphthalene. The excess energy stored after its formation relaxes
through dissociation channels involving four- and six- carbon atom losses. In case of
its parent radical ion, naphthalene•+ , direct UV/vis broadband irradiation leads to its total
decomposition (Ekern et al. 1998). For phenanthryl+ , UV-induced photodissociation only
produces C2 H x -loss ions, similar to what was observed for direct UV irradiation of the
phenanthrene•+ radical ion (Ekern et al. 1998). UV photolysis of bromopyrene clearly
produces the C2 H2 -loss fragment ion of pyrenyl+ at m/z 175 as well as the m/z 149 ion.
The latter is successfully ejected after the low-mass rf-cutoff isolation. Small amounts of
residual C2 H2 -loss fragment ions remain observable after mass-isolation of pyrenyl+ and
naphthyl+ (Fig. 4.1, in blue).
On-resonance IR irradiation induces several product ions (see mass spectra in red in
Fig. 4.1) as well as a small (<10%) depletion of the parent aryl cation. Apart from H and
H2 losses, IRMPD fragments for naphthyl+ are C2 H x , C4 H x , and C6 H x losses (similar to
UV photolysis; Ekern et al. 1998), where the primary ion products are m/z 101 (C2 H x -loss)
and m/z 76 (overall C4 H4 -loss). For phenanthryl+ , the only IRMPD product ion apart from
H and H2 loss is due to C2 H x loss, although further decay channels may be unobservable
as a result of the relatively poor signal-to-noise ratio for this ion. The main IRMPD
product C12 H+7 (m/z 151) resulting from C2 H2 -loss amounts to about 7% ± 1% of the
initial phenanthryl+ . An extra fragment mass peak at m/z 152 also indicates loss of a C2 H
unit. The nearly equal spectral responses in m/z 151 and m/z 152 corroborate the common
parent phenanthryl+ . As suggested for C2 H2 -loss from the phenanthrene•+ radical cation
(Ling & Lifshitz 1998), the identity of m/z 152 likely corresponds to biphenylene•+ or
acenaphthylene•+ . For pyrenyl+ , IRMPD produces ions down to m/z 71 (see Fig. 4.1c,
in red), which is rather intriguing considering the assumed stability of its pericondensed
carbon frame (Ekern et al. 1998, Ling et al. 1995). The m/z 71 ion may result from direct
C10 H x -loss or alternatively from a sequential decay processes. The main IRMPD product
is the C2 H2 -loss product ion at m/z 175.
One last pertinent question regarding the aryl+ photochemistry is the mass-product
branching ratios along FEL-wavelength. For example, in naphthyl+ , is the m/z 101:m/z
76 ratio equal for all the IRMPD bands? On the one hand, it is expected that m/z 76 is
the doublet state molecular ion of ortho-benzyne, which could form in a spin-allowed
fashion from either the singlet or triplet naphthyl+ ions. On the other hand, the extent
to which C2 H2 is expelled to give m/z 101 might differ between singlet and triplet ions.
An alternative scenario is envisioned if instead of direct C4 H4 loss, m/z 76 occurs via
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sequential decomposition, i.e. m/z 127 → m/z 101 → m/z 76. Here, the branching ratio
is constant but still, assuming a presence of singlet naphthyl+ , the fate of C2 H2 ejection
depends again on the total spin of naphthyl+ .

4.3.2

Electronic and Geometric Structures and Energetics

The highest occupied molecular orbital (HOMO) of a neutral PAH molecule corresponds
to one of the π-orbitals delocalized over the entire PAH (Dewar & Worley 1969). Thus,
ionization of a PAH results in only marginal structural changes; the symmetry point group
remains the same in both neutral and cationic forms (unless the PAH is of high symmetry
and undergoes Jahn–Teller distortion in the radical cation form). While removal of an
H-atom from a large PAH+ system appears to constitute only a marginal modification
as well, it has a number of important consequences: (1) different structural isomers can
be formed, (2) the molecular symmetry is lowered considerably, and (3) the electronic
configuration changes, which may induce stabilization of higher spin states that results in
noticeable geometrical changes.
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Figure 4.2 – Carbon structures of the naphthalene radical cation and its two monodehydrogenated naphthyl+ isomers. Relative energies (eV) with respect to the lowest-energy
triplet isomer and structural parameters calculated at the B3LYP/ 6–311+G(p,d) level of theory are indicated. The S–T gaps are calculated as (b) 0.005 eV and (c) 0.004 eV. The Ea value
reported for the radical cation corresponds to the adiabatic binding energy of the H atom plus
the hydrogen ionization energy (13.6 eV).
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For each mono-dehydrogenated PAH+ isomer studied here, DFT optimizations were
carried out assuming both a singlet and a triplet ground electronic state, corresponding to
configurations where the nonbonding σ-orbital on the dehydrogenated C+ atom is empty
(πρ σ0 ) or singly occupied (πρ−1 σ1 ), respectively. Note that we do not consider open-shell
singlets, as they are known to lie substantially higher in energy (Laali et al. 2002).
The electronic structure of the naphthyl+ ion (C10 H+7 ) has been theoretically studied in some detail, although there are notable discrepancies among the different levels
of theory (Ascenzi et al. 2004, Du et al. 1993, Fujiwara et al. 1996, Laali et al. 2002).
Depending on the approach, the triplet state is placed either below or above the singlet
state. Experimentally, ion–molecule reactions (Ascenzi et al. 2004, Le Page et al. 1999b,
Slegt et al. 2007a) have addressed the possible stability of the triplet relative to that of
the singlet, though no direct determination of the ground electronic state was possible.
Based on IR ion spectroscopy, we showed in Chapter 3 that triplet naphthyl+ dominates
the gas-phase ion population in our experiment, although a small contribution of singlet naphthyl+ could not be ruled out. In addition to the choice of electronic states, two
isomeric mono-dehydrogenated naphthyl+ structures exist, 1-naphthyl+ and 2-naphthyl+
(Figure 4.2), since the neutral naphthalene molecule (C10 H8 ) has two nonequivalent H
atoms. The triplet 1-naphthyl+ ion is lowest in energy at the B3LYP/6–311++G∗∗ level
of theory, though by an insignificantly small margin compared to singlet 1-naphthyl+ . We
also pointed out that the 2-napthyl+ ion, which is computed to be 5 kJ mol−1 (0.05 eV)
higher in energy for either electronic state, likely undergoes a 1,2-hydride shift forming
the more stable 1-naphthyl+ ion under our experimental conditions. Similar structural
rearrangements may occur in other mono-dehydrogenated PAH+ species. Typically, the
lowest energy isomer corresponds to one where the carbocation center resides on a carbon
surrounded by a region of high electron density, stabilizing the positive charge, and thus
lowering the overall energy of the structure.
Determining the ground-state energy for the phenanthryl+ ion (C14 H+9 ) requires the
optimization of five isomeric mono-dehydrogenated PAH+ structures (Fig. 4.3) in two
electronic states, as the C2v geometry of the parent phenanthrene (C14 H10 ) possesses five
nonequivalent hydrogen atoms. The singlet-triplet (S–T) energy gap is 0.15 eV on average, always in favor of the triplet state. All triplet structures have a planar C s symmetry. For the singlet, structural isomers 1 and 9 conserve planarity, but the remaining
isomers (2, 3, and 4) exhibit an out of plane distortion along the CC+ C rim. This deformation may act to stabilize the carbocation through the influence of adjacent σ-orbitals. The
triplet structure with the carbocation located in position 4 is calculated to be lowest in energy; this indicates an increased electron density in the bay area of the molecule where the
(formally) positively charged carbon atom is stabilized. As shown in Chapter 6 or in Piest
et al. (2001), IR spectra suggest that open-shell radical cations with a phenanthrene carbon skeleton (i.e., ionized forms of phenanthrene and nitrogen-substituted phenanthrene)
possess an intricate vibronic structure (owing to a low-lying electronic state), which hampers a reliable localization of the true doublet ground electronic surface (Bally & Borden
1998). As described in the next section, the triplet-state monodehydrogenated phenanthrene cation, phenanthryl+ , may retain this phenomenon making the IR characterization
using a standard DFT harmonic frequency analysis less definite.
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Figure 4.3 – Carbon structures of the phenanthrene radical cation and its five monodehydrogenated phenanthryl+ isomers. Relative energies (eV) with respect to the lowest energy triplet isomer and structural parameters calculated at the B3LYP/6–311+G(p,d) level of
theory are indicated. The S–T gaps are (b) 0.121 eV, (c) 0.154 eV, (d) 0.140 eV, (e) 0.212
eV, and (f) 0.114 eV. The Ea value reported for the radical cation corresponds to the adiabatic
binding energy of the H atom plus the hydrogen ionization energy (13.6 eV).

For pyrenyl+ (C16 H+9 ), removal of an H-atom from the D2h symmetry pyrene radical
cation results in three mono-dehydrogenated PAH+ structural isomers (see Fig. 4.4). The
average S–T gap is about 0.42 eV in favor of the triplet, which is nearly three times as
high as the S–T gap for phenanthryl+ . As the number of π-electrons increases, the triplet
state becomes increasingly stabilized over the singlet. This is explained by the electrondonating effect of the additional aromatic rings, which diffuses the positive charge over
the entire structure and thus increases the gas-phase stability (Laali et al. 2002), analogous
to the well-known decreasing ionization potentials with increasing PAH size. Of the three
pyrenyl+ isomers, the hydrogen atom is removed from the carbon in position 1 for the
lowest energy structure. In the next section, we show that the IR spectra corroborate the
increased stability of the triplet state.

4.3.3

Vibrational Spectra in the 6–18 µm Wavelength Range

Figures 4.5–4.7 compare the DFT spectra under the harmonic approximation for the various mono-dehydrogenated PAH+ isomers with the experimental IRMPD spectra. This
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Figure 4.4 – Carbon structures of the pyrene radical cation and its three monodehydrogenatedpyrenyl+ isomers. Relative energies (eV) with respect to the lowest-energy
triplet isomer and structural parameters calculated at the B3LYP/ 6–311+G(p,d) level of theory are given. The S–T gaps are (b) 0.565 eV, (c) 0.239 eV, and (d) 0.473 eV. The Ea value
reported for the radical cation corresponds to the adiabatic binding energy of the H atom plus
the hydrogen ionization energy (13.6 eV).

permit us to evaluate the isomer formed in the ion trap as well as its ground-state electronic configuration. The naphthyl+ IRMPD spectrum was discussed previously in Chapter 3 and is described here briefly for completeness. The spectrum is obtained from integrating the yields of m/z 101 and m/z 76 ions, and it exhibits six resolved bands (listed in
Table 4.1) plus several additional minor features. Both 1- and 2-bromonaphthalene precursors give the same spectral response that is best reproduced by the spectrum predicted
for triplet 1-naphthyl+ . In our previous analysis we noticed the anomalously high relative intensities of the 9.89 and 17.2 µm (1011 and 580 cm−1 ) features that could indicate
the presence of a minor fraction of singlet naphthyl+ ions, although relative intensities
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Figure 4.5 – Gas-phase IR spectrum of the naphthyl cation (gray) superimposed onto the
theoretical IR spectra (B3LYP/6–311+G(p,d), frequencies scaled by 0.97) of the two monodehydrogenated structural isomers in their singlet (left) and triplet (right) states.

in an IRMPD spectrum may be misleading indicators of relative populations. Nevertheless, from the overall good agreement between theoretical and experimental spectra, we
conclude that the triplet 1-naphthyl+ ion is the dominant species in the ion trap.
The phenanthryl+ IRMPD spectrum (Fig. 4.6) is obtained by integrating the fragment
ion yields at m/z 152 and m/z 151, and reveals ten absorption bands as listed in Table 4.1.
Assigning the IR bands of phenanthryl+ is less straightforward than for naphthyl+ due to
the possible contributions of many isomers, with two different spin states (see Fig. 4.3).
In addition, IR spectroscopic evidence shows that open-shell phenanthrene derivatives exhibit notable differences between calculated (via standard DFT) and experimental spectra
(see sec. 4.3.2). For example, B3LYP calculated vibrational frequencies for the phenanthrene radical cation (Piest et al. 2001) and for one of its singly nitrogen-substituted variants, the phenanthridine radical cation (see Chapter 6) strongly deviate from their experimental spectra in the 9–12 µm IR region, where in-plane symmetry modes—typically
with CH bending character—are located. In contrast, for protonated phenanthridine, with
a closed-shell electronic configuration, a calculation at the same level of theory accurately
reproduces the experimental spectrum (see Chapter 6). This suggests that difficulties calculating spectra are inherent to phenanthrene+ systems with partially filled orbitals (i.e.,
open shells), which therefore include the triplet phenanthryl+ system. Note that a lowlying electronic state may perturb the ground state via vibronic interactions or may cause
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Table 4.1 – Gas-phase IR absorption bands for naphthyl+ , phenanthryl+ , and pyrenyl+
recorded via IRMPD spectroscopy.

µm
6.73
7.25
8.36
9.89
13.6
17.2

Naphthyl+
cm−1 Feature[a]
1485
s, r
1380
m, r
1196
s, r
1011
m, r
735
s, r
580
m, r

µm
6.67
7.04
8.03
8.65
9.5
10.3
11.8
13.7
14.7
17.3

Phenanthryl+
cm−1 Feature[a]
1499
m, sr
1420
m, sh
1245
s, r
1156
s, sr
1053
w, r
975
w, r
845
m, r
729
m, r
680
w, r
578
w, r

µm
6.66
7.58
8.24
12.1
14.9

Pyrenyl+
cm−1 Feature[a]
1502
s, sr
1319
s, sr
1214
s, sr
823
m, r
670
m, r

Notes. [a] Intensity: strong (s), medium (m), weak (w), very weak (vw); Spectral
resolution: resolved (r), semi-resolved (sr), shoulder (sh).
the ground electronic configuration to be wrongly identified by the calculation, which in
both cases results in deviations in the computational spectra.
Despite possible shortcomings in the theoretical approach, Fig. 4.6 clearly shows
that regardless of the structural isomer, the ion population contains predominantly triplet
phenanthryl+ . All B3LYP theoretical spectra for the—well behaved—singlet phenanthryl+
isomers fail to match the experimental phenanthryl+ spectrum. The computed S–T energy
gaps of around 0.15 eV suggest that the triplet state is indeed substantially more stable
than the singlet state for phenanthryl+ .
In general, distinction between singlet and triplet states can be clearly made (vide
supra), however, it is less obvious which of the triplet phenanthryl+ isomers is present. In
the experiment, the Br-atom is initially cleaved off at position 9, but the calculated spectrum for triplet 9-phenanthryl+ provides a poor match to the experimental spectrum, especially for the bands observed near 8.03 and 13.7 µm. Accordingly, triplet 9-phenanthryl+
lies +0.05 eV higher in energy than the most stable isomer, triplet 4-phenanthryl+ . It is
moreover expected that under our experimental conditions, 9-phenanthryl+ can isomerize
via 1,2-hydride shifts (see 3.3.2). Three major features are observed between 11 and 16
µm, which are roughly reproduced by all calculated spectra except for those of 1- and
9-phenanthryl+ . In Fig. 4.6, the computations for the remaining triplet spectra have trouble reproducing the intense band observed at 8.03 µm as well as the relative intensities of
some of the bands. While contributions from 3-phenanthryl+ cannot be excluded on the
basis of the present calculations, the best qualitatively overall match with the spectrum is
found for triplet 2- and 4-phenanthryl+ isomers.
At this point, we should note that an IRMPD spectrum relies on the absorption of
multiple (∼50–100) IR photons. Particularly in congested regions of the spectrum, this
excitation process can induce small shifts in the frequencies, broadening of the bands, and
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Figure 4.6 – Gas-phase IR spectrum of the phenanthryl cation (gray) superimposed onto the
theoretical IR spectra (B3LYP/6–311+G(p,d), frequencies scaled by 0.97) of the five monodehydrogenated structural isomers in their singlet (left) and triplet (right) states.
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Figure 4.7 – Gas-phase IR spectrum of the pyrenyl cation (gray) superimposed onto the theoretical IR spectra (B3LYP/6–311+G(p,d), frequencies scaled by 0.97) of the three monodehydrogenated structural isomers in their singlet (left) and triplet (right) states.

deviations in the relative band intensities as compared to a linear absorption spectrum.
While such effects have been extensively described qualitatively (Boyarkin et al. 2002,
Grant et al. 1978, Marinica et al. 2006, Oomens et al. 2006b), they can often not be
evaluated quantitatively because they require knowledge of the vibrational level structure
up to high excitation energies, involving for instance anharmonic coupling parameters
that are generally not known. Comparing IRMPD spectra with linear computed spectra
has therefore become common practice. Second, we note that while the B3LYP functional
has been widely applied to predict (spectral) properties of PAH species, its performance
for triplet PAH systems such as studied here has not been explicitly verified. While it is
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not the purpose of this study to perform an exhaustive computational analysis of the aryl
cations, the spectra of the lowest-energy triplet isomers were also computed using the
O3LYP functional (Cohen & Handy 2001). Results of these calculations are shown as the
green trace in Figure 4.6. For the triplet 4-phenanthryl+ isomer, the relative intensities of
the bands in the congested 6–9 µm region appear to match the experiment more closely.
As a final note, we remark that the assignment of the experimental spectrum to a specific
structural isomer is not of particular interest to the astrophysical implications of this study
(vide infra); the discussion below is mainly motivated by the experimental establishment
of a triplet electronic state, as clearly suggested by the comparisons in Figs. 4.5–4.7.
The pyrenyl+ IRMPD spectrum was recorded from fragment channels m/z 176 and
m/z 150, revealing five major, relatively broad absorption bands (Table 4.1, Fig. 4.7).
The DFT computations predict the triplet 1-pyrenyl+ to be the most stable isomer (see
sec. 4.3.2). Comparing the IRMPD spectrum with the computed spectra in Fig. 4.7, we
find that the match with triplet 1-pyrenyl+ is indeed better than with any of the other calculated spectra. Despite the broadening of the bands in the 6–9 µm region, the three main
components are reasonably well reproduced by the calculation. A contribution of singlet
1-pyrenyl+ can be excluded since the predicted band structure in the 13–18 µm region is
not in agreement with the experimental spectrum. Singlet contributions from 2-pyrenyl+
and 3-pyrenyl+ isomers are discarded as well since the predicted bands near 13 µm and
10 µm, respectively, are not observed. Despite the clear match with triplet 1-pyrenyl+ ,
triplet contributions from 2-pyrenyl+ and 3-pyrenyl+ cannot be ruled out completely because their theoretical spectra resemble that of 1-pyrenyl+ particularly in terms of band
positions. However, the staircase-like shape of the relative intensities of the three bands
in the 6–9 µm region is better reproduced by the spectrum of the triplet 1-pyrenyl+ ion
than by the two other triplet isomers. Therefore, we conclude that the triplet 1-pyrenyl+
isomer dominates the ion population in our trap.

4.4

Singlet–Triplet Energy Gap

There is a notable tendency of the S–T energy gap to increase with π-system size (see
sec. 4.3.2). Using computational methods, the behavior of the S–T gap is further explored
for larger systems as well as for systems containing a five-membered carbon ring, as listed
in sec. 4.2.2. Figure 4.8 shows a plot of the calculated S–T gap as a function of the number
of aromatic rings in the molecule. The S–T gap curve is obtained by fitting a third-order
polynomial to the energy gaps of the six-membered aryl+ systems (except for the energy
gap value of the single-ring phenyl cation and the two five-membered species).
A fairly linear rise is observed up to about eight aromatic rings and a leveling off of
the curve sets in around the 10-ring species C32 H+13 , evolving asymptotically toward the
mono-dehydrogenated PAH+ form of circumcoronene, C54 H+17 . This behavior can be understood by considering the structural benefits that a large π-system provides to the ring
bearing the carbocation center. First, for the triplet state species, the CC+ C angles are
127◦ and 126◦ .8 for the largest systems C32 H+13 and C54 H+17 , respectively, which is comparable to the angles found in the smaller systems (see Figs. 4.5–4.7). In the singlet state
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Figure 4.8 – Singlet-triplet energy gap in eV as a function of PAH size (expressed as the
number of carbon rings). The mono-dehydrogenated PAH cations are represented by solid
squares: C10 H+7 (2 rings), C14 H+9 (3 rings), C16 H+9 (4 rings), C24 H+11 (7 rings), C32 H+13 (10
rings), and C54 H+17 (19 rings). The S–T curve is obtained from a third order polynomial fit to
the S–T energy gaps of these aryl+ systems (−0.37x + 0.23x − 0.015x2 + 4.3 × 10−4 x−3 ). PAH
cations containing a five-membered ring are represented by open circles: C16 H+9 (four rings)
and C20 H+9 (six rings).

species, the CC+ C angle is 131◦ for C54 H+17 , whereas in a system as small as C24 H+11 it is
140◦ . Hence, the sixfold symmetry of the carbocation-bearing ring in the singlet species
gradually recovers as the number of aromatic rings increases. Electronic stabilization due
to the large number of π-electrons slowly becomes as effective as one electron occupying
the empty non-bonding σ-orbital, hence directly stabilizing the carbocation. This transition occurs for monodehydrogenated PAH+ species containing around 30–35 carbon
atoms, which sets an upper limit to the S–T gap of about 0.85 eV.
A turning point in the S–T gap curve is expected when the mono-dehydrogenated
PAH+ is sufficiently large so that singlet and triplet configurations have equal stabilization effects on the carbocation-bearing ring. This occurs when the CC+ C angle (a value
between 120◦ and 127◦ ) is equal for both spin configurations. For even larger systems,
monodehydrogenation is expected to have no further structural consequences and the
carbocation-bearing ring sustains a nearly perfect six-fold symmetry.
70

4.5 Aryl+ Spectra and the Interstellar UIR Bands

Interestingly, in a singlet mono-dehydrogenated PAH+ system as large as C54 H+17 , one
of the CH groups neighboring the carbocation is noticeably out of the plane, and the overall structure is slightly curved. Smaller singlet mono-dehydrogenated PAH+ structures
exhibit a similar behavior, which suggests that the hexagonal carbon architecture of the
carbocation-bearing ring is prioritized over the planar symmetry. It is counterintuitive
that some small singlet mono-dehydrogenated PAH+ isomers retain the planar C s symmetry (see Sec. 4.3.2), while for the larger singlet systems the C s structure is not a true
stationary minimum (or does not converge employing a common basis set). Whether or
not these observations are merely computational artifacts or have a true physical meaning
requires further investigation.
Figure 4.8 shows as well that the two five-membered mono-dehydrogenated PAH+
species (open circles) do not follow the S–T gap trend for the six-membered ring species,
even if their sizes fall within the linear regime. The S–T gap of mono-dehydrogenated
fluoranthene (C16 H+9 ) containing three six-membered and one five-membered ring is about
0.11 eV, which is considerably lower than the isomerically averaged S–T gap for the
four-ring counterpart species pyrenyl+ (Fig. 4.4). More dramatic is the case for monodehydrogenated corannulene (C20 H+9 , one five-membered ring surrounded by five sixmembered rings in a bowl-shaped geometry), in which the S–T gap is reversed in favor of
the singlet state. The non-planar carbon architecture of corannulene gives rise to specific
charge mobility effects (Kato & Yamabe 2006) that are absent in planar PAH structures,
as manifested in the IR vibrational activity of the corannulene cation (see Chapter 7). The
curved geometry of this structure readily stabilizes the carbocation in its singlet state.

4.5

Aryl+ Spectra and the Interstellar UIR Bands

An essential concept in the assignment of PAH species as carriers of the UIR emissions
is the effect of ionization on the IR spectra. Although it was already realized early on that
aromatic species may easily ionize under interstellar conditions (Allamandola et al. 1989),
the remarkable effects of ionization on the IR spectra were first revealed by Pauzat et al.
(1992) and experimentally verified by Szczepanski & Vala (1993). Apart from the CH
stretching modes in the 3 µm region, the IR intensities in PAH spectra increase substantially upon ionization, where the CC stretching modes and CH in-plane bending modes
are significantly more enhanced than the CH out-of-plane bending modes (Allamandola
et al. 1999, Pauzat et al. 1992). Although it has not been the purpose of this study to
provide a detailed comparison between aryl+ spectral features and interstellar emission
spectra, it is of interest to compare the IR spectra of the mono-dehydrogenated PAH
cations to those of the corresponding radical cation PAHs (i.e., non-dehydrogenated);
for the mono-dehydrogenated species to be similarly astrophysically relevant, their IR
spectra should resemble those of radical cation PAHs. The effects of dehydrogenation
on the IR spectra of PAH cations can be understood from the electronic structure of the
mono-dehydrogenated PAH ions.
The occupancy of aromatic π-orbitals in the doublet radical cation and in the tripletmono-dehydrogenated PAH is the same, both species having a π frontier orbital with an
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Figure 4.9 – Frontier orbitals of (a) pyrene (C16 H10 ), (b) coronene (C24 H12 ), and (c) ovalene
(C32 H14 ) in the doublet radical cation species (top), triplet-state monodehydrogenated species
(middle), and singlet-state mono-dehydrogenated species (bottom). The number of electrons
in the bonding π orbitals is ρ (or ρ–1), and σ refers to a non-bonding type orbital (not σC−H
orbitals).

unpaired electron. This implies that the overall carbon bonding character in the two ions
is comparable. In contrast, in singlet-state mono-dehydrogenated PAH ions, the aromaticπ-orbitals are fully occupied. Figure 4.9 displays frontier orbitals (i.e., the HOMOs) for
the radical cation PAH (doublet, πρ−1 σ0 ), the closed-shell mono-dehydrogenated cation
(singlet, πρ σ0 ), and the open-shell mono-dehydrogenated cation (triplet, πρ−1 σ1 ). Notably, the α-electron spin orbitals of the doublet radical cation and the triplet-monodehydrogenated cation have electron density distributions that are qualitatively indistinguishable. This is expected as both systems have a half-filled π-orbital as the HOMO, and
the other half-filled orbital associated with the nonbonding σ-orbital in the triplet (not
shown in the figure) has marginal influence on the π-bonding network. Consequently, the
doublet and triplet PAH structures share a common carbon-bonding architecture and the
IR activity of CC modes is expected to be similar.
Figure 4.10 compares the gas-phase IR spectra of naphthalene, phenanthrene, and
pyrene in their triplet-mono-dehydrogenated cationic and doublet-radical cationic forms
(Oomens et al. 2000). The absorption band patterns in the 6–9 µm range show that the
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Figure 4.10 – Gas-phase IR spectra of the PAH radical cations naphthalene, phenanthrene, and
pyrene (blue) compared with those of their mono-dehydrogenated derivatives (red), recorded
by IRMPD spectroscopy. Similar absorption features are observed for both PAH forms as a
result of their similar open-shell π-configuration. The total spin S is equal to 1 for a triplet
state and equal to 1/2 for a doublet state.

in-plane symmetry modes (with typical CC stretching character) of both forms are indeed comparable. The broader bandwidths observed in the triplet-mono-dehydrogenated
PAH+ spectra are likely the result of the lower symmetry as compared with that of the
radical cation and the possible contribution of more than one isomer. The lower signalto-noise ratio is a result of larger shot-to-shot fluctuations in the precursor ion intensity,
probably induced by an inherent competition between the aryl cation and the bromoPAH ion. In the 11–16 µm range of the spectrum, where mainly the out-of-plane CH
bending modes are located, a typical redshift of absorption bands is observed for the
triplet mono-dehydrogenated PAH ions. Evidently, one CH bending oscillator is missing
compared with the radical cation, and this reduces the CH class character of the monodehydrogenated ring (Allamandola et al. 1989), which then shifts the CH out-of-plane
bending modes to lower frequencies.
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4.6

Astrophysical Implications

The chemical role of mono-dehydrogenated PAH ions in space. The experiments reported here clearly show that under isolated conditions mono-dehydrogenated PAH+ species feature a triplet ground electronic state, suggesting that interstellar PAH chemistry
may entice more than singlet (PAH neutrals, closed-shell ions) and doublet (radical cation
PAHs) species. When modeling interstellar PAH chemistry, one should therefore not only
consider thermodynamics but also spin aspects (Schwarz 2004). Recent experiments on
the reactivity of carbon chains (C−n and HC−n ) and carbanions with H, N, and O atoms
revealed interesting examples of the influence of spin conservation and interconversion
in interstellar chemistry (Eichelberger et al. 2007, Yang et al. 2010). For instance, reaction rate constants for singlet carbanions were found to be larger when reacting with
triplet O atoms than with quartet N atoms, since for the former the reaction proceeds via
spin-allowed barrierless pathways, while in the latter, it is spin forbidden (Yang et al.
2010). Dedicated experiments have already addressed the gas-phase reactivity of various mono-dehydrogenated PAH ions (Ascenzi et al. 2004, Keheyan 2001, Le Page et al.
1999a,b). These experiments provide information on the absolute reaction rates, which
are of fundamental importance in numerical models of the interstellar chemistry. However, characterization of the spin state of the ion populations was based on the reaction
products observed in the mass spectrum and DFT calculations. Complementary methods
probing the electronic nature of the mono-dehydrogenated PAH+ reactants more directly
such as the present study could elucidate the reaction mechanisms more unambiguously.
The reaction of C10 H+7 with H2 was studied by two different methods illustrating the
difficulties in understanding the reaction dynamics when a proper characterization of the
electronic state is not available. First, Le Page et al. used a selected ion flow tube (SIFT)
to observe the formation of the intermediate C10 H+9 , which is stabilized by a three-body
collision (Le Page et al. 1999b). Later, employing an ion beam tandem mass spectrometer, Ascenzi et al. observed an associative reaction leading to the same C10 H+9 product, but
because of the lower pressures, it subsequently stabilizes by hydrogen atom evaporation
yielding the C10 H•+
8 radical cation (Ascenzi et al. 2004). Although both studies conclude
that C10 H+7 is prominently reactive with H2 , Le Page et al. concluded that singlet-state
C10 H+7 is responsible for the observed reaction (supported by the observed non-reactivity
with H, O, and N atoms). On the other hand, based on a theoretical coupled cluster
calculation, Ascenzi et al. conjectured that singlet- and triplet-state C10 H+7 ions equally
contribute to the observed reaction pattern. While our experiments do not rule out a small
singlet-state contribution (see Chapter 3), they show that triplet-state C10 H+7 dominates
the ion population. The possible influence of different experimental conditions on the formation of either state, such as the energy imparted and the background pressure, requires
more careful study especially for the naphthyl cation, where the two electronic states lie
so close in energy.
The reactivity patterns of C16 H+9 were likewise characterized using SIFT mass spectrometry (Le Page et al. 1999a). These experiments revealed that, in contrast to the C10 H+7
ion, C16 H+9 undergoes associative reactions with H, O, and N atoms. Based mainly on
quantum-chemical computations and orbital symmetry considerations, these reactivity
74

4.6 Astrophysical Implications

patterns were understood as the C16 H+9 ion having a triplet state (Le Page et al. 1999a),
which is in this case corroborated by our results.
As suggested by the SIFT and IRMPD studies of naphthyl+ , the formation process of
a mono-dehydrogenated PAH ion may determine its final spin. In space, these species
could form by statistical dissociative ionization (Léger et al. 1989), so that homolytic CH
bond cleavage following photoionization would produce a singly occupied non-bonding
σ-orbital, i.e., a triplet state cation. However, which of the possible electronic states is
produced directly may not be important, as conical intersections have been suggested to
rapidly interconvert the two spin states to whichever is lower in energy (Aschi & Harvey
1999, Nicolaides et al. 1997).
Optical properties and the DIBs. Although the carriers of the DIBs (Jenniskens &
Desert 1994, Sarre 2006, Snow 2001) remain mysterious and subject of lively debate (Foing & Ehrenfreund 1994, Herbig 2000, Motylewski et al. 2000, Sorokin & Glownia 1995),
PAH species have been mentioned more than once as viable candidates (Bréchignac &
Pino 1999, Ehrenfreund et al. 1995, Iglesias-Groth et al. 2008, Parisel et al. 1992, Salama
et al. 1999). The stability of triplet-state mono-dehydrogenated PAH ions as established
here experimentally in combination with the similarity of their IR spectra to those of radical cation PAHs—and thus to the interstellar UIR emission bands—sheds new light on
this issue. Owing to the electronic configuration of the triplet state, electronic transitions
in the triplet mono-dehydrogenated PAH ion can promote an electron to either of the
empty β spaces of the two corresponding singly occupied molecular orbitals (SOMOs).
This introduces optical properties different from its corresponding PAH radical cation,
which possesses only one partially occupied SOMO. The electronic transitions involving such singly occupied π-orbitals were previously shown to fall in the visible region
and have in fact been suggested to carry some of the DIBs (Duley 2006a). Specifically,
using the semi-empirical INDO method for triplet 1-naphthyl+ , relevant electronic transitions were predicted at 621 nm and 456 nm, and at 617 nm and 460 nm for the less
stable isomer triplet 2-naphthyl+ (Du et al. 1993). Here, a standard time-dependent DFT
(TD-DFT) calculation using the B3LYP functional on the optimized electronic structure
of triplet 1-pyrenyl+ revealed two transitions involving one of the anti-bonding SOMOs
with particularly high oscillator strengths at 667 nm and 409 nm (f = 0.0266 and 0.2283,
respectively). It should be noted that while such quantum-chemical calculations are useful to investigate electronic structures and to provide an estimate for the wavelengths of
electronic transitions, it is clear that they are currently by no means sufficiently accurate
to reliably assign DIB transitions (as also recognized by others, see, e.g., Du et al. 1993).
However, in combination with our experiments, these computations suggest that tripletstate aryl cations are interesting candidates to be investigated by emerging experimental
methods in gas-phase UV/vis ion spectroscopy (Citir et al. 2006, Dzhonson et al. 2007,
Stearns et al. 2007), which can establish vibronic band positions to about 1 cm−1 accuracy.
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4.7

Conclusions

Using a Paul-type ion trap coupled to the beamline of an infrared FEL, three monodehydrogenated PAH ions (naphthyl+ , C10 H+7 ; phenanthryl+ , C14 H+9 ; pyrenyl+ , C16 H+9 )
were spectroscopically investigated via resonant IRMPD spectroscopy to probe their electronic structures in the gas phase. IR characterization shows that the isolated monodehydrogenated PAH ions possess a triplet ground electronic state (πρ−1 σ1 ). The singlet state (πρ σ0 ), having fully occupied π-orbitals, is computed to be less stable, which
is confirmed by the observed IR spectra. Electronic structure calculations on systems
up to the size of mono-dehydrogenated circumcoronene (C54 H+17 ) reveal that the magnitude of the S–T gap levels off to a value around 0.8 eV. The IR spectra of the triplet
mono-dehydrogenated PAH ions resemble those of the corresponding (doublet) radical
cation PAHs closely, owing to the similar occupancy of π-orbitals. This also implies
that these mono-dehydrogenated species may contribute to the UIR emission bands from
UV-dominated regions, as has been suggested for radical cation PAHs. The establishment
of triplet PAH ions produced by H-atom abstraction from radical cation PAHs further
suggests that new avenues may be explored in the modeling of interstellar ion–molecule
chemistry involving PAH species. Moreover, these triplet state species may be considered
in the search for carriers of the DIBs, as the optical properties of triplet PAH species are
altered compared to their singlet or doublet state counterparts.
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Chapter

5

Diamondoid Molecules∗
Two infrared (IR) broad emissions at 3.43 and 3.53 µm from the dusty cocoons of the
infant stars HD 97048 and Elias 1 show a remarkable agreement with calculated CH- and
CH2 -group vibrational absorption features of large, neutral molecular (nano)diamondoids
with tetrahedral symmetry (Td ). In this chapter, two of the smallest species of the diamondoid molecular family, diamantane and triamantane, are studied by IR multiple-photon
dissociation (IRMPD) spectroscopy using the free electron laser FELIX. Chemical ionization of the neutral parent diamondoid molecule in a Paul-type RF ion trap is accompanied by H-atom loss, forming a stable closed-shell carbocation in both cases (diamantyl+
and triamantyl+ ). Comparing the IRMPD spectra with harmonic DFT calculations permits to determine the structures of the species isolated in our ion trap. For instance,
the comparisons suggest that H-atom abstraction occurs on a tertiary carbon (CH group)
rather than on a secondary carbon (CH2 group), as also indicated by the calculated relative energies of the various isomers. Using available experimental data and further DFT
calculations, we extend our spectroscopic study to include the neutral forms of adamantane, diamantane and triamantane. Substantial differences are observed between the IR
spectra of neutral and ionic species. In the ions, the 3 µm CH stretching modes become
much weaker, while the other mid-IR modes strongly gain in intensity. An intense band
centered at 1200 cm−1 due to a CH/CH2 bending mode appears to be characteristic of the
dehydrogenated cationic species. Finally, the intensities of the low frequency modes (≤
900 cm−1 ) associated with carbon cage deformations appear to be most sensitive to the
ionization and dehydrogenation state of the diamondoids.

∗ Based

on: Olivier Pirali, Héctor Alvaro Galué, Jeremy E. Dahl, Robert M. K. Carlson and Jos Oomens,
2010, International Journal of Mass Spectrometry, 287, 55–62.
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5.1

Introduction

Diamondoid molecules are closed structures made of sp3 -hybridized tetrahedral carbon
atoms, and hydrogen atoms terminating the peripheral dangling bonds (see Fig. 2.3). The
carbon frame of these molecules resembles the face-centered cubic diamond lattice (the
diamond carbon cage), and therefore, these species exhibit diamond-like properties such
as rigidity, strength, and thermodynamic stability (Dahl et al. 2003). The simplest diamondoid, consisting of a single diamond carbon cage, adamantane (C10 H16 ), has been
first synthesized by Prelog & Seiwerth (1941), but a much more efficient synthesis was
discovered by Schleyer in 1957. Diamantane (C14 H20 ) and triamantane (C18 H24 ) consist
of 2 and 3 face-fused diamond cages, respectively. Like adamantane, they can be synthesized in solution by carbocation-mediated thermodynamically controlled equilibration
reactions (Farooq et al. 1988). Higher diamondoids cannot be synthesized by these methods (Fǎrcaşiu et al. 1977, Osawa et al. 1980). Recently, Dahl et al. (2003) succeeded in
isolating pure samples of higher diamondoid molecules from crude oil (Lin & Wilk 1995).
The samples isolated range from adamantane to undecamantane and permit the study of
the spectra and structures of this family of molecules.
Due to their remarkably high stability, the presence of diamond-like species in different regions of space has been hypothesized for several decades (see e.g. Saslaw &
Gaustad 1969). In 1987, Lewis et al. reported the first extraction of nanometer-sized
diamonds from meteorites supporting the suggested presence of these molecules in the
interstellar medium (ISM). Furthermore, two broad emission features centered at 3.43 µm
and 3.53 µm (about 2830 and 2915 cm−1 ) observed towards two Herbig stars, HD 97048
and Elias 1, have been attributed to large gas-phase diamondoid molecules or nanoparticles (Guillois et al. 1999). In addition, a broad absorption feature observed towards
several sources at 3.47 µm (2880 cm−1 ) has been suggested to indicate the presence of
these molecules in ices present in dense clouds (Brooke et al. 1996). However, other assignments for this feature have also been proposed (Dartois & d’Hendecourt 2001) and
these are now considered to be more likely.
While it was originally considered that only diamondoid nanocrystals larger than
about 50 nm could be the carriers of the two emission features at 3.43 µm and 3.53
µm (Chen et al. 2002, 2003, Jones et al. 2004), the IR spectra of molecular diamondoid
species revealed that these much smaller higher diamondoids could also be responsible
for the two emission features (Pirali et al. 2007).
Here, we consider the experimental infrared spectra of cationic diamondoid molecules.
Based on computed optical properties, Bauschlicher and coworkers concluded that cationic species could also contribute to the observed emission signal (Bauschlicher et al.
2007). These calculations indicate, however, that the band positions in the 3 µm spectral
range are similar for neutral and cationic species. This makes it difficult to distinguish between neutral and ionic diamondoids in interstellar emission spectra. Indeed, to date only
two bands at 3.43 µm and 3.53 µm have been suggested to be due to diamondoid species.
For both the cations and the neutrals, these modes involve symmetric and antisymmetric hydrogen stretching motions of the CH2 and CH groups on the edges and surfaces of
the diamondoid molecules. All other IR active modes are about ten times weaker than
78

5.1 Introduction

the CH stretching modes in neutral diamondoids, but this is not the case for their cations
(Bauschlicher et al. 2007).
In addition, the photo-physical processes underlying the interstellar emission remain
poorly understood. Similar to diamond crystals and unlike PAH molecules, diamondoids
show very weak absorption bands in the UV spectral range (Bauschlicher et al. 2007),
which are moreover close to their ionization potentials. Emission features arising from
these molecular species are therefore expected to be observable only when the UV radiation field is intense, which suggests in turn that cationic species might be abundant in
those regions. We note further that the ionic forms of diamondoids, and especially their
carbocation forms as studied in this work, are also well known as the intermediates in
the synthesis of the lower diamondoids (Olah et al. 1985, Farooq et al. 1988). Moreover,
they were shown to be important intermediates in the site-specific functionalization of
diamondoid molecules (Fokin et al. 2005).
Several spectroscopic studies of diamondoid species have been reported to determine
their structures, see e.g., Filik et al. (2006), who studied the Raman spectra of diamondoids as large as heptamantane. IR spectra have been obtained using attenuated total
reflection (ATR) spectroscopy and compared with density functional theory (DFT) calculations at different levels of theory (Oomens et al. 2006a). Gas-phase emission spectra of adamantane, diamantane and triamantane have been recorded in the 3 µm region
using an experimental set-up described in Pirali & Vervloet (2006). Chiral properties
of helical diamondoids have been evidenced by circular dichroism spectroscopy in the
optical and infrared (Schreiner et al. 2009). Recently, accurate ionization potentials of
the first five diamondoid molecules (adamantane, diamantane, triamantane, tetramantane
and pentamantane) in the gas phase have been obtained using VUV radiation from the
Bessy synchrotron (Lenzke et al. 2007). Several x-ray studies provided information on
the HOMO-LUMO gap of diamondoid species (Willey et al. 2006), which is of interest for semiconductor research. Finally, various computational studies have investigated
the properties of diamondoid molecules, see e.g. Yan et al. (2003), Filik et al. (2006),
Bauschlicher et al. (2007).
Experimentally very little is known about the gas-phase structure and properties of
cationic diamondoids. Polfer et al. (2004) reported the IR spectrum of the gas-phase
adamantyl cation (C10 H+15 ), i.e. the dehydrogenated adamantane cation, constituting the
first experimental IR spectrum of a gas-phase cationic diamondoid species, which allowed
to determine the structure of the most stable isomer. The hydrogen atom can be detached
from two distinct C atoms, giving rise to two isomeric structures for the adamantyl cation
(Yan et al. 2003). The IR spectrum showed good agreement with the calculated spectrum
of the lowest energy isomer. Relative energies of the cationic species in solution have
been studied because of their relevance in the synthesis of diamondoid molecules and
their derivatives (Fokin et al. 2005, 2000).
In this work, we record the InfraRed Multiple Photon Dissociation (IRMPD) spectra of diamantyl and triamantyl cations using the experimental methods of Polfer et al.
(2004). We present a spectroscopic comparison of the infrared features of the neutral and
carbocationic species.
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5.2
5.2.1

Laboratory Methods
Experiments

The IRMPD spectra of the diamantyl and triamantyl cations were recorded using the free
electron laser FELIX (Oepts et al. 1995) in a quadrupole ion trap coupled to a timeof-flight mass spectrometer (R.M. Jordan, California). This instrument has been used
previously to record IRMPD spectra of several cationic polycyclic aromatic hydrocarbons
(PAHs) (Oomens et al. 2003b) and is described in Chapter 2. The spectra presented here
have been obtained applying experimental methods similar to those used to record the
infrared spectrum of the adamantyl cation (Polfer et al. 2004). Here we give only a brief
description.
Diamondoid molecules possess only very weak electronic absorption bands, which are
located at energies close to the ionization potential (IP) (Bauschlicher et al. 2007). The IPs
of the five smallest neutral diamondoid molecules have been experimentally determined
(Lenzke et al. 2007) and the values for adamantane, diamantane and triamantane are 9.23
eV, 8.80 eV and 8.57 eV, respectively. While two 193 nm (6.4 eV) photons from a ArF
excimer laser surpass these energies, ArF photo-ionization of diamondoid species is not
attained as these species do not possess low-lying electronic states and consequently, the
first ArF photon is never absorbed. In case of PAHs, these species possess strong π–π∗
transitions, and ArF laser irradiation can effectively remove an electron by the sequential
absorption of two 6.4 eV photons.
As used previously for adamantane (Polfer et al. 2004), efficient ionization of diamondoids can be achieved via charge transfer (CT) from cationic species with a high ionization
potential (IP). Benzoic acid is therefore vaporized together with the diamondoid molecule
in the ion trap chamber, which produces abundant cationic UV photofragments (Oomens
et al. 2003a, 2004) (in particular the benzoyl cation at m/z 105) with IPs higher than those
of the diamondoid molecules under study. Storing the benzoyl cation in the trap for typically 100 ms produces abundant diamondoid ions by charge transfer ionization.
Diamantane and triamantane vapor are produced by placing the solid samples in an
oven kept at a temperature of about 44◦ C and 64◦ C, respectively. All species lower in
mass than the parent diamondoid (benzoic acid, its fragments and diamondoid fragments)
are axially ejected from the trap by increasing the RF voltage for few ms. It is known that
diamondoid cations may undergo rapid hydrogen atom loss leading to a stable closedshell molecular species. We therefore expect to have isolated diamantyl and triamantyl
cations rather than the diamantane and triamantane radical cations, although the mass
resolution of the ion trap/TOF mass spectrometer is not sufficient to confirm this from the
mass spectrum. However, analysis of the IRMPD spectra obtained confirms the identity
of the ions as the dehydrogenated diamondoid cations, similar to what was observed for
adamantane (Polfer et al. 2004).
The mass-selected ion cloud is irradiated with the intense FELIX IR beam, which is
sharply focused in the center of the quadrupole trap. When the wavelength of FELIX
is in resonance with an IR active mode of the ion, multiple photon absorption occurs,
mediated by intramolecular vibrational redistribution (IVR), which is very efficient for
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Figure 5.1 – Comparison of B3LYP computed spectra for the D1 isomer of the diamantyl
cation. Increasing the basis set beyond 6-31G(d,p) does not noticeably change the harmonic
frequencies. The red trace represents a 20 cm−1 FWHM Gaussian convolution of the stick
spectra. Note that the harmonic frequencies have not been scaled in this figure.

such large species. Tens to hundreds of IR photons are thus absorbed by a single molecule,
raising its internal energy to above the dissociation threshold. Upon resonance, loss of
CH, C2 H4 , C3 H6 and C4 H8 is observed using the TOF mass analyzer. Loss of C2 H4
is the most abundant dissociation channel and the final IRMPD spectra of the parent
molecules are obtained by co-adding the intensities of all photofragments as a function
of wavelength of the FEL. The wavelength of the FEL is calibrated against a grating
spectrometer and the relative fragmentation intensities are corrected for slowly decreasing
FEL power towards short wavelengths. Because the spectra are obtained through multiple
photon excitation, the experimental band centers are expected to be slightly red-shifted
compared to a linear absorption experiment (Oomens et al. 2003b). The shift depends on
the (unknown) anharmonicity of the vibrational modes involved in the excitation process,
but is usually on the order of less than 10 cm−1 .
IR spectra of the carbocations of adamantane, diamantane and triamantane are compared with those of the corresponding neutral molecules in the gas phase. To this end, the
gas-phase spectrum of adamantane has been taken from the NIST webbook∗ . The 600–
3100 cm−1 spectrum of gas-phase diamantane has been recorded here using an IFS125
Bruker interferometer. The room-temperature vapor of diamantane was leaked into a
∗ webbook.nist.gov
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150-m absorption pathlength cell (White type arrangement of the multipass optics). The
cell has been baked several days before injecting the sample and the interferometer was
continuously evacuated during spectrum acquisition to limit the intense absorption of water vapor lines. Because of its low vapor pressure at room temperature, we could not
record the gas-phase spectrum of triamantane with the same technique. Therefore, the
triamantyl cation spectrum is compared to the solid state spectrum of neutral triamantane
recorded using attenuated total reflection (ATR) spectroscopy (Oomens et al. 2006a).

5.2.2

DFT Calculations

The various isomeric structures of the diamantyl and triamantyl cations were optimized
using density functional theory (DFT) computations as implemented in Gaussian03. All
calculations employed the B3LYP functional and the 6-31G(d,p) basis set to optimize the
structures and compute the IR spectra. Similar levels of theory have been successfully
applied to similar-sized hydrocarbon species including diamondoids (Fokin et al. 2000,
Filik et al. 2006, Oomens et al. 2006a). In addition, B3LYP calculations on the lowest
energy isomer of the diamantyl carbocation show that increasing the basis set beyond 631G(d,p) does not lead to an appreciable change in the calculated vibrational spectrum
(see Fig. 5.1). All carbocation structures are assumed to possess a closed-shell electronic
structure. Calculated frequencies are scaled by 0.975 for the mid-IR vibrational modes
and by 0.95 for the CH stretching modes to account for the different anharmonicities of
these vibrational modes.
Computed spectra of the three isomers of the diamantyl cation are shown in Fig. 5.3.
The three isomers (structures D1, D2, and D3) of the diamantyl cation arise from H-atom
abstraction at three distinguishable sites. All secondary carbon atoms (i.e. CH2 groups)
are symmetrically equivalent in diamantane and H-abstraction from one of them forms
isomer D3. There are two symmetrically distinguishable tertiary carbon atoms (i.e. CH
groups) in diamantane: one where the tertiary C atom is connected to three CH2 groups
(D2) and one where the tertiary C-atom is connected to two CHs and one CH2 (D1).
Calculations were also performed for the triamantyl cation, which possesses 7 isomers:
4 isomers result from H-loss from a tertiary carbon and 3 isomers from H-loss from a
secondary carbon. We note here that the relative energies found for the different tertiary
carbon dehydrogenated isomers compare well to those reported previously in Fokin et al.
(2005). The structures of the isomers are shown in Fig. 5.4.

5.3

Spectra and Structures

5.3.1

Energetics of H-atom Loss

While the mass resolution of our ion trap/TOF mass spectrometer is insufficient to determine whether the parent ion is the diamondoid radical cation or the corresponding closedshell dehydrogenated cation, the IR spectra (vide infra) strongly suggest that the dehydrogenated cation (carbocation) is formed in the experiment. This is similar to what has been
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Figure 5.2 – Comparison of the experimental diamondoid spectra (black) with calculated
spectra (blue) for the diamondoids in their radical cation form. The poor match observed for
all three species strongly suggests that the radical cations are not produced in our experiment.

observed in the experiments on ionized adamantane (Polfer et al. 2004), where the resolution was just sufficient to observe the difference. In that paper, a rationale was given
for why the adamantyl cation is observed rather than the adamantane radical cation and
we believe that a similar reasoning applies here. Aliphatic hydrocarbons have a narrow
energy gap between ionization potential (IP) and appearance energy (AE) of the singly
dehydrogenated cation. For instance, according to the NIST Chemistry Webbook, the
difference AE − IP amounts to 1.1 eV for ethane and to only 0.6 eV for propane, while
the IPs are on the order of 11 eV. For adamantane, the difference AE − IP was estimated
to be around 1.4 eV (Polfer et al. 2004). Any excess energy deposited in a non-resonant
ionization scheme, such as the chemical ionization used here (but also broadband VUV
ionization as may occur in circumstellar environments), will thus likely result in the singly
dehydrogenated ion (carbocation).
To further exclude the possibility that the radical cation diamondoid is responsible for
the spectra observed instead of the carbocation, we compared the experimental spectra
with computed spectra for the diamondoids in their radical cation form (see Fig. 5.2). The
adamantane cation spectrum was previously calculated at the C3v structure (Fokin et al.
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Figure 5.3 – IRMPD spectrum of the diamantyl cation (gray trace in all panels) compared with
DFT calculated spectra for the three isomers of the diamantyl cation. The stick spectra (black)
were convoluted with a 20 cm−1 Gaussian line shape (red trace). The isomeric structures are
shown where the H-atom is abstracted from the highlighted C-atom and where all H-atoms
have been omitted for clarity.

2000). Although their HOMOs are known to be non-degenerate (Fokin et al. 2000), it was
necessary to relax the symmetry of the diamantane and triamantane radical cations to C s to
mitigate difficulties in the SCF convergence and to remove imaginary frequencies. Figure
5.2 clearly shows that no spectral match is found between the radical cation calculated
spectra and the experimental data. In combination with the accurate mass determination
for adamantane, the AE versus IP considerations given above, and the spectral match
with the closed-shell carbocation structures (vide infra), this strongly suggests that the
diamondoid ions are observed in their dehydrogenated form. This forms the basis for the
discussion that follows.

5.3.2

IRMPD Spectrum and Structure of the Diamantyl Cation

The experimental IRMPD spectrum obtained using the diamantane sample is shown in
Fig. 5.3. As was the case for the adamantyl cation (Polfer et al. 2004) and for the reasons given in the previous section, we expect that the spectrum observed is that of the
dehydrogenated diamantane cation, i.e. the diamantyl cation (C14 H+19 ), rather than that
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Table 5.1 – Observed and calculated band centers (in cm−1 ) of the diamantyl cation.

DFT
frequency1 IR int2
601
650
703
722
824
853
936
974
1017
1060
1172
1197
1298
1333
1462
1489
1
2

23
10
8
8
17
8
5
16
28
32
26
39
13
9
34
21

IRMPD
frequency
594
653
726
726
842
842
–
984
1029
1069
1196
1196
1312
1335
1474
1474

Scaled by 0.975.
Units of km/mol.

of the diamantane radical cation (C14 H+20 ). For the radical cation diamondoids, there is
some doubt as to where the charge is localized (Bauschlicher et al. 2007), since there are
several distinct CC bonds which can be ionized (note that the charge is not delocalized
as in PAHs). In the dehydrogenated diamondoid cations under study here, this is not the
case: the charge is localized on the carbon atom where the H-atom is removed, forming a carbocation. However, there are multiple isomers for each of the dehydrogenated
diamondoid cations, as there are distinct carbon atoms from which the H-atom can be abstracted. These isomers are classified as C1 or C2 type depending on whether the H-atom
is removed from a tertiary (CH) or a secondary (CH2 ) carbon, respectively.
While for adamantane, all CH moieties as well as all CH2 moieties are equivalent
based on symmetry arguments, this is not the case for diamantane. Here, two symmetrically distinct tertiary carbons exist, while all secondary carbon atoms are equivalent,
which results in three isomers for the diamantyl cation, two of C1 type and one of C2
type. These isomers are labelled as D1, D2 and D3 and their structures are shown in
Fig. 5.3, where all H-atoms have been omitted for clarity and the dehydrogenated C-atom
is highlighted.
While the structural differences between the different isomers of the diamantyl cation
may appear to be marginal, their calculated spectra present clear differences, which can be
used to reliably assign the experimental spectrum. Figure 5.3 compares the experimental
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Table 5.2 – Relative electronic energies for the different isomers of the adamantyl, diamantyl
and triamantyl cations at the B3LYP/6-31G(d,p) level of theory.

#

A1
A2
D1
D2
D3
T2
T1
T4
T3
T5
T7
T6
1

∆E
eV
kJ/mol
adamantyl cation (C10 H+15 )
C3v
C1
0
0
Cs
C2
0.492
47.5
diamantyl cation (C14 H+19 )
Cs
C1
0
0
C3v
C1
0.133
12.8
C1
C2
0.511
49.3
triamantyl cation (C18 H+23 )
Cs
C1
0
0
C1
C1
0.037
3.6
Cs
C1
0.103
10.0
Cs
C1
0.138
13.3
C1
C2
0.490
47.3
Cs
C2
0.526
50.8
C1
C2
0.576
55.6
Sym

C1/C21

C1/C2: H-loss from tertiary/secondary C-atom.

IR spectrum with the calculated spectra of each of the three isomers. It is immediately
seen that the match with isomer D1 is much better than with any of the other isomers;
Table 5.1 compares the experimental band centers with the band centers resulting from a
convolution of the D1 computed spectrum with a 20 cm−1 FWHM Gaussian band profile.
In the D1 isomer of the diamantyl cation, the H-atom is lost from one of the six equivalent
tertiary carbon atoms that form a ’belt’ fusing the two diamondoid cages.
For structure D2, where the H-atom is lost from one of the two tertiary carbons at the
apical positions of the molecule, the mismatch with the experimental spectrum is especially evident in the 1200–1400 and the 700–900 cm−1 regions. The calculated spectrum
for D3 exhibits bands roughly at the right frequencies, but with very different relative
intensities, so that the match with the experimental spectrum is not nearly as good as for
D1.
The calculated relative energies for the three isomers as listed in Table 5.2 support the
assignment of the IRMPD spectrum to D1, since isomers D2 and D3 are higher in energy
than D1 by 0.1 eV and 0.5 eV, respectively. In addition, from solution-phase reactivity
studies, the belt position H-atoms are known to be more labile than the apical position
H-atoms (Olah et al. 1985).
The assignment to structure D1 is analogous to that identified for the adamantyl cation
previously (Polfer et al. 2004, Yan et al. 2003) using IRMPD spectroscopy and DFT cal86
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culations, respectively. There, it was concluded that H-atom loss to form the closed-shell
carbocation occurs preferentially from a tertiary carbon, rather than from a secondary
carbon. In general, calculations predict that in the gas phase the tertiary carbocations are
more stable than the secondary ones by typically 0.5 eV.

5.3.3

IRMPD Spectrum and Structure of the Triamantyl Cation

Given our observations for adamantane (Polfer et al. 2004) and diamantane, it is likely that
ionization of triamantane is accompanied by rapid H-atom loss resulting in the closedshell triamantyl cation (C18 H+23 ). Not unexpectedly, the situation becomes more complicated for the triamantyl ion, as seven distinct isomers of the triamantyl cation exist (see
Fig. 5.4). Four isomers are obtained by H-atom loss from a tertiary carbon atom (C1
type isomers) and three by H-atom loss from a secondary carbon atom (C2 type isomers).
The four C1 type isomers (labelled T1, T2, T3, T4) have energies within 0.1 eV of each
other, while all C2 type isomers (isomers T5, T6, T7) are less stable by around 0.5 eV
(see Table 5.2). This energy difference is thus analogous to that found for C1 and C2
type isomers of the adamantyl and diamantyl cations. Of the C1 isomers, T1 and T2 are
computed to be substantially more stable than T3 and T4. Although the ions in the trap
are not necessarily in thermodynamic equilibrium, a simple Boltzmann distribution at the
temperature of the oven would yield a population of T1 around 30% of that in T2, while
the population of T3 and T4 would be less than 3%.
The experimental spectrum recorded for the triamantyl cation shown in the lower right
panel of Fig. 5.4 displays fairly broad and partly unresolved features. DFT calculated energies for the seven isomers are listed in Table 5.2 and their spectra are shown in the
separate panels of Fig. 5.4. The increased molecular complexity and the low symmetry of
the systems gives rise to congested spectra, as can be appreciated from the stick spectra.
The solid red lines represent 30 cm−1 FWHM Gaussian convolutions of the stick spectra.
These congested spectra, in combination with a possible mixture of isomers and the higher
temperature of the oven are believed to give rise to the fairly unresolved spectrum observed for this species. In the last panel, the experimental IRMPD spectrum is compared
with a Boltzmann-weighted sum of the spectra of the C1 type isomers T1 – T4. Despite
the low experimental resolution obtained, the features near 1465 and 1195 cm−1 appear to
be well reproduced by theory. In addition, the shoulder around 1290 cm−1 and the broad
feature extending from 1000 to 1200 cm−1 appear to have a reasonable counterpart in the
convoluted theoretical spectra. On the other hand, toward the long wavelength end of the
spectrum, the experiment shows more absorption than the convoluted theoretical spectra. Perhaps a higher-than-thermal abundance of isomers T3 and T4 gives rise to this
increased absorption. In conclusion, while the present spectrum does not allow to truly
identify the contributing isomers, the spectrum shows features that appear to be typical of
diamondoid carbocations, as will be discussed further below.
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Figure 5.4 – Calculated IR spectra for the 7 isomers of the triamantyl cation represented as
stick spectra (black) and 30 cm−1 Gaussian line shape convolutions (red trace). The experimental IRMPD spectrum of the triamantyl cation is shown in the last panel together with the
weighted average spectrum of the most stable isomers T1 – T4. The structures are also shown,
where the H-atom is abstracted from the highlighted C-atom and where all H-atoms have been
omitted for clarity.
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Figure 5.5 – Comparison of the experimental (from NIST Chemistry WebBook) and calculated spectra of neutral adamantane (upper panel) with the IRMPD and calculated spectra of
adamantyl cation (lower panel). Note the very different scales on the ordinates of the spectra.

5.4

Spectral Analysis

The IR spectra of dehydrogenated cationic diamondoids recorded here are compared to
their neutral diamondoid counterparts. The three cation spectra are also compared to each
other to reveal spectral characteristics for this class of cationic species.

5.4.1

IR Spectra of Adamantane and the Adamantyl Cation

Figure 5.5 compares the gas-phase spectra of neutral adamantane (taken from the NIST
Chemistry Webbook) and cationic adamantyl (taken from Polfer et al. 2004) along with
their DFT calculated spectra. The calculated spectrum of neutral adamantane reproduces
the experimental one reasonably well. Small differences in terms of both frequencies and
relative intensities are observed for the 3 µm stretching modes, which may be due to strong
anharmonic couplings between these modes not accounted for in the calculations (Pirali
et al. 2007). In addition, the frequency of the CH2 scissor mode (ν23 ) near 1450 cm−1
is substantially overestimated by the DFT calculation; similar shifts for this particular
vibration were observed in the IR spectra of a series of higher diamondoids (Oomens
et al. 2006a).
Due to its lower symmetry, the adamantyl cation (C3v ) shows a higher density of
IR active transitions than neutral adamantane (Td ). Nonetheless, the CH2 scissor mode
observed around 1450 cm−1 is recognized in both species. Also, the CH2 rocking modes
located near 1100 cm−1 and C-C stretching modes near 950–1000 cm−1 are found in the
same spectral region.
On the other hand, one notices large differences in the intensities of the CH stretching
modes relative to the other mid-IR modes in the spectra of the two species. This is best
appreciated when comparing the scales on the ordinates of the graphs in Fig. 5.5. Going
from the neutral to the cationic system, the calculated intensities of the mid-IR modes
89

5 Diamondoid Molecules

increase by a factor of around 2 - 5, but the CH stretching modes are calculated to become 20 - 50 times weaker. In the calculated spectra, the most prominent peak of the
3 µm region is shifted toward higher frequencies by less than 50 cm−1 . Another striking difference between the adamantyl and adamantane spectra concerns the band located
near 1200 cm−1 , which is due to CH2 bending vibrations; this band appears as strong
as the CH2 scissor modes for the adamantyl cation, but is completely absent in the neutral adamantane spectrum. Similarly in the low frequency region, the cage deformation
modes located at frequencies lower than 900 cm−1 appear to be especially sensitive to the
structure changes between adamantane and the adamantyl cation. For example, the band
located near 800 cm−1 in the neutral spectrum is blue-shifted by about 50 cm−1 for the
adamantyl cation. A strong enhancement of intensity is also observed here.
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Figure 5.6 – Comparison of the gas-phase absorption spectrum of neutral diamantane and the
IRMPD spectrum of the diamantyl cation. The sharp features in the 1500 - 1600 cm−1 range
of the spectrum of neutral diamantane are due to residual water vapor in the absorption cell.
Calculated spectra for both species are shown along with the experimental spectra.

5.4.2

IR Spectra of Diamantane and the Diamantyl Cation

The gas-phase spectra of neutral diamantane and the diamantyl cation are compared in
Fig. 5.6. The calculated spectrum of neutral diamantane is in relatively good agreement
with the experimental gas-phase spectrum. Some residual water vapor lines due to the ν2
bending mode are observed in the 1500-1600 cm−1 region. As for adamantane, the calculated frequencies of the CH stretching modes around 2900 cm−1 match the experimental
bands relatively well, while the relative intensities are not well predicted. As for adamantane, strong anharmonic couplings between the closely spaced CH stretching modes of
equal symmetry may somewhat compromise the results of the harmonic frequency calculations.
In the mid-IR region, the calculations reproduce the gas-phase spectrum of neutral
diamantane reasonably well, both in terms of frequencies and intensities (note that the
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Figure 5.7 – Comparison of the experimental and calculated spectra of neutral triamantane
(upper panel) and triamantyl cation (lower panel).

rising background <1000 cm−1 is an experimental artefact). This is somewhat in contrast
with the ATR spectrum of diamantane published earlier (Oomens et al. 2006a), where the
relative intensities of several mid-IR modes showed large differences in comparison with
the DFT calculations. Particularly in the 1300–1400 cm−1 spectral range, the CH bending
modes showed intensities which were about ten times larger in the ATR spectrum than in
the computed spectrum (and in the current in the gas-phase spectrum). Also the lowerfrequency bands assigned to deformation modes of the carbon frame and CC stretching
modes (at about 650 cm−1 , 850 cm−1 and 950 cm−1 ) are hardly observable in the gasphase spectrum, as predicted by DFT, while they were strong bands in the ATR spectrum.
We ascribe these discrepancies to unknown matrix effects in the ATR experiments. The
main differences between the gas-phase spectra of diamantane and the diamantyl cation
are similar to those observed for the adamantane versus adamantyl cation spectra. In the
3 µm region, the vibrational bands of the diamantyl cation are calculated to appear at
slightly higher frequencies (shift of about 50 cm−1 ) with an intensity that is around ten
times lower than that of neutral diamantane.
In the 600–1600 cm−1 spectral range, the intensities of the dehydrogenated cation
bands are more intense than for neutral diamantane. The intense 1200 cm−1 band of the
diamantyl cation, which is mainly due to a CH/CH2 bending mode is as intense as the
CH2 scissoring modes between 1400 and 1500 cm−1 , while no band is observed here in
the neutral diamantane spectrum. As for the adamantane versus adamantyl cation comparison, the low frequency part of the spectrum shows large differences. The 800 cm−1
deformation modes of the neutral are shifted by about 50 cm−1 as compared to the calculated and experimental spectra of the diamantyl cation. An intense mode centered at 600
cm−1 observed in the diamantyl cation spectrum is absent from the neutral diamantane
spectrum.
91

5 Diamondoid Molecules

5.4.3

IR Spectra of Triamantane and the Triamantyl Cation

Due to the low vapor pressure of triamantane, a gas-phase absorption spectrum of the
neutral species could not be obtained and hence, Fig. 5.7 shows the neutral triamantane
ATR spectrum from Oomens et al. (2006a) together with the calculated DFT spectrum.
The relative intensities of several mid-IR modes are observed to be substantially higher
than in the DFT calculated spectrum and we assume that this is again an artefact of the
condensed-phase nature of the ATR method, as was clearly demonstrated for diamantane.
The gas-phase IRMPD spectrum of the triamantyl cation spectrum is reproduced in the
lower panel of Fig. 5.7. Because of the rather unresolved appearance of the IRMPD spectrum, a detailed comparison with the neutral triamantane spectrum cannot be performed.
Nevertheless, the trends observed in the spectral comparisons of adamantane versus the
adamantyl cation and diamantane versus the diamantyl cation appear to be similar here.
Several mid-IR modes have the same frequencies and intensities in the neutral and dehydrogenated cation spectra. The scissoring modes of the triamantyl cation are observed
in the 1500 cm−1 spectral region in the broad IRMPD spectrum. The CH bending modes
around 1300 cm−1 are also distinguishable in the IRMPD spectrum and fall around the
same frequency as in neutral triamantane. The spectral information that can be extracted
from the 1000–1300 cm−1 range is limited as a consequence of the unresolved nature of
the IRMPD spectrum, but we assume that absorption in the 1000–1100 cm−1 range is due
to the C-C stretching modes.
The intense band centered around 1200 cm−1 , which appears to be a diagnostic feature
for the dehydrogenated cationic diamondoid molecules, is also present in the triamantyl
cation spectrum. Again, this band is missing in the spectrum of neutral triamantane.
As for the smaller diamondoids investigated here, the 3 µm bands are calculated to be
much weaker in the triamantyl cation spectrum than in the neutral spectrum.

5.4.4

General Features in the Cationic Diamondoid Spectra

Comparison of all three cationic spectra in Fig. 5.8 now provides an opportunity to identify absorption bands characteristic for this class of cationic species, so that they could
eventually be searched for in interstellar spectra. The CH stretching modes in the 3 µm
spectral range are not good candidates because these bands are weak and, more importantly, overlap severely with the CH stretching bands in the corresponding neutral diamondoids. In general, the band positions in the adamantyl and diamantyl cation spectra
between 800 and 1600 cm−1 are very similar forming an interesting fingerprint for this
class of cationic hydrocarbons. From the main infrared features of the triamantyl cation
near 1195 and 1465 cm−1 , its spectrum also appears similar, although clearly the resolution deteriorates as the systems increase in size, which is likely caused by the increasing
spectral congestion. The intense band centered at 1200 cm−1 appears to be particularly
characteristic in the spectra of the dehydrogenated cationic diamondoids and could be
used to distinguish these species from their neutral counterparts. Note, however, that this
band located at 8.33 µm falls close to two intense features in the emission spectra of PAHs
at 7.8 µm and 8.6 µm. Differences in the spectra of the different cationic diamondoids are
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Figure 5.8 – Comparison of the gas-phase IR spectra of the three cationic diamondoid species
adamantyl, diamantyl and triamantyl.

mainly found in the far-IR range below 800 cm−1 , where the absorption bands observed
are primarily due to cage deformation modes. These modes are generally very delocalized
over the molecules and it stands to reason that they would be different for differently sized
members of the same class of species. Moreover, comparison with the neutral diamondoid spectra shows that these modes are also sensitive to the change in structure between
neutral and carbocationic species.

5.5

Conclusions

Experiments employing chemical ionization of neutral diamondoid molecules indicate
that ionization is accompanied by facile H-atom loss, leading to more stable closed-shell
carbocations. This observation can be rationalized based on the close proximity of the
ionization potential and the appearance energy of the singly dehydrogenated ion. One
could imagine that this process might also play a role in UV dominated regions of the
interstellar medium (ISM), where ionized diamondoid species, if present, occur as closedshell dehydrogenated species rather than as radical cation species.
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IRMPD spectra were recorded for cationic diamantyl and triamantyl in the 500–1600
cm−1 spectral range. Comparing our IRMPD spectra with DFT calculations permitted
to identify the structures of the most favored isomers for the diamantyl and triamantyl
cations. As shown for the adamantyl cation (Yan et al. 2003, Polfer et al. 2004), the Hatom abstraction occurs preferentially on a tertiary carbon atom (CH) rather than on a
secondary carbon atom (CH2 ), which is also supported by the calculated relative energies
of each of the isomers and moreover relates to the behavior in functionalization reactions
of diamondoid molecules in solution (Fokin et al. 2005). Of the two isomers of tertiary
carbocationic diamantyl, the IR spectrum identifies the lowest energy isomer as being
present experimentally. In this isomer, the H-atom is abstracted from one of the ’belt’
tertiary carbon atoms rather than from one of the apical carbon atoms, again in line with
solution-phase chemistry (Olah et al. 1985, Fokin et al. 2005).
The DFT calculations also provide an assignment for most of the observed vibrational
bands of the diamondoidyl cations. While the 3.43 µm and 3.53 µm emission bands
are likely dominated by neutral diamondoids, a small contribution to these bands from
cationic diamond-like molecules may be present (Bauschlicher et al. 2007). Hence, we
compared the IR signatures in the 6–16 µm range of the neutral and carbocationic forms of
adamantane, diamantane and triamantane. These are the smaller members of the diamondoid family. Substantial spectral differences were observed in terms of relative intensities
of the IR active modes. The calculations suggest that the intensities of the CH stretch
modes in the 3 µm region become more than ten times weaker in the dehydrogenated
cationic species as compared to the neutrals, similar to what has been reported for radical cation diamondoids —as based on calculated spectra of several higher diamondoid
species (Bauschlicher et al. 2007). The bands in the mid-IR range on the other hand,
become substantially more intense upon going from the neutral to the cationic species.
Overall, this reversal of relative intensities between the 3 µm and mid-IR ranges is similar
to what is observed for polycyclic aromatic hydrocarbon (PAH) molecules (Pauzat et al.
1992, Szczepanski & Vala 1993). Finally, in this context, it is also of interest to note that
the neutral diamondoid relative band intensities in the mid-IR range as calculated by DFT
are well reproduced by the gas-phase diamantane spectrum recorded here, in contrast to
previously recorded condensed-phase ATR spectra (Oomens et al. 2006a).
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Chapter

6

Polycyclic Aromatic Nitrogen
Heterocycles∗
Nitrogen is one of the most abundant heavy elements1 in the Universe and a primary ingredient of life. During aromatic ring formation, a carbon atom can be replaced by a nitrogen
atom by gas-phase reactions with nitrogen-bearing molecules, such as HCN, yielding a
polycylic aromatic nitrogen heterocycle (PANH) molecule. Aromatic carbon and nitrogen are essential components in biomolecules, and thus, PANHs may serve as precursors
of biogenic material, for instance, through UV-driven photochemistry in grain mantles.
PANHs were extracted from the carbonaceous Murchison meteorite and their formation
is thought to be a combination of grain-mantle presolar processing and final chemistry
according to the internal activity (e.g., aqueous alteration) of the meteoroid parent body.
Detection of interstellar PANHs could provide a better picture of their chemical history
and possible prebiotic roles in the advent of life on Earth. This chapter investigates several
ionized PANH species by IR multiple-photon dissociation spectroscopy in the 5.5–17 µm
range. These PANHs have the N-atom substituting a peripheral carbon, which disturbs
the highly symmetrical PAH charge distribution and consequently modifies the induced
dipolar character along vibrational normal modes as compared to their parent PAHs. The
PANHs were studied in their radical cation (PANH+ ) and protonated (H+ PANH) forms.
Experimental IR spectra were interpreted with the aid of density functional theory. The
PANH+ IR spectra are found to resemble those of their respective non-nitrogenated PAH
cations. The IR spectra of H+ PANHs are significantly different owing to the NH in-plane
bending vibration, which generally couples well during in-plane symmetry aromatic CHbending and CC-stretching modes. Implications of the PANH (+, H+ ) laboratory spectra
to the UIR emissions are discussed. Based on composite spectra, it is found that these
small H+ PANH species have two IR features that resemble the 6.2 and 8.6 µm UIR bands.
∗ Based
1 After

on: H. Alvaro Galué, O. Pirali, and J. Oomens, 2010, Astronomy & Astrophysics, 517, A15.
oxygen, carbon, neon and iron; being oxygen and carbon the two other life components.
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6.1

Introduction

The unidentified infrared (UIR) bands observed in most classes of astrophysical sources
at 3.3, 6.2, 7.7, 8.6, 11.3 µm (Léger & Puget 1984) are recognized as being carried by
a broad molecular family of polycyclic aromatic hydrocarbons (PAHs). The actual appearance of the UIR spectrum is strongly affected by the physics and chemistry prevailing
within the source (Tielens 2008, Hony et al. 2001, Peeters et al. 2002). Understanding
these variations and how they induce changes in relative intensities, peak positions, and
profiles is linked with the general idea of rationalizing how the environment sustains and
modifies the physical properties of the PAH family (e.g., size, structure, ionization state,
dehydrogenation, protonation).
Laboratory IR spectroscopy, including gas-phase as well as solid state, and matrixisolation techniques, has been useful in probing the IR activity of vibrational modes of
bare PAHs in neutral (Joblin et al. 1994, Pirali et al. 2006) and ionic forms (Hudgins &
Allamandola 1995, Kim et al. 2001, Oomens et al. 2006b, Piest et al. 1999, Szczepanski
& Vala 1993), which generally reproduce the features of the UIR emissions (Allamandola
et al. 1999, Sloan et al. 1999, Tielens 2008). Nonetheless, the identification of a specific
PAH species or even of a sub-family as the main contributor to a spectral variation of a
particular band has not been experimentally established.
The UIR emissions, and how these are attributed to PAH molecules and ions, has been
the subject of a recent review (Tielens 2008). Briefly, the 6.2 (1612 cm−1 ) and 7.7 µm
(1298 cm−1 ) emissions involve the CC stretching vibrations, and the 8.6 µm (1162 cm−1 )
and longer wavelength emissions the CH bending ‘in-plane’ and ‘out-of-plane’ vibrations.
The 3.3 µm (3030 cm−1 ) band is attributed to CH stretching modes.
Special interest has been focused on the 6.2 µm band because the interstellar emission
generally appears at frequencies higher than those reproduced by PAH cations in laboratory spectroscopic studies (see Sec. 1.2.3). Various PAH modifications have therefore
been proposed to induce this sensitive spectral shift, for instance larger PAH sizes, Nsubstituted PAH cations, closed-shell cationic PAHs and aliphatic groups (Beegle et al.
2001, Hudgins et al. 2001, 2005, Peeters et al. 2002, Pino et al. 2008).
The hypothesis of nitrogen containing PAHs occurring in space environments has
been extensively considered (Bernstein et al. 2005, Charnley et al. 2005, Elsila et al.
2006, Hudgins et al. 2005, Mattioda et al. 2003, Mattioda et al. 2008, McNaughton et al.
2008, Peeters et al. 2002, Peeters et al. 2005, Ricca 2001) since nitrogen is one of the most
abundant elements after hydrogen, helium, oxygen, carbon, neon, and iron. These species
are known as polycyclic aromatic nitrogen heterocycles (PANHs). They are known to
occur in the Solar System — since they have been identified in carbonaceous chondrite
meteorites (Sephton 2002) — and are expected to form in the interstellar medium (ISM)
if nitrogen-bearing molecules are present (Ricca 2001).
The formation and photostability of small PANHs was previously discussed with the
conclusion that only an astrophysical environment typical of a dense molecular cloud
can host these species (Peeters et al. 2005). Moreover, because of their higher permanent dipole moment, PANHs are an interesting class of complex aromatic hydrocarbon
molecules since they can be detected by microwave spectroscopy more readily than non96
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Table 6.1 – PANH species studied in this work.

Name
Quinoline
Isoquinoline
Benzo[h]quinoline
Phenanthridine
Acridine
Dibenzo[f,h]quinoline

Chemical formula
C9 H7 N
C9 H7 N
C13 H9 N
C13 H9 N
C13 H9 N
C17 H11 N

PANH+
(m/z)
129
129
179
179
179
229

H+ PANH
(m/z)
130
130
180
180
180
...

polar unsubstituted PAHs (McNaughton et al. 2008, McNaughton et al. 2007). However,
searches for PANH species in the ISM based on these pure rotational spectra have thus
far been unsuccessful (Charnley et al. 2005).
Atomic nitrogen is iso-electronic with a CH group, hybridizes as 120◦ sp2 orbitals,
and forms one single and one double bond with two neighboring carbons, conserving
the planarity of the aromatic molecule. The π-electron system is not compromised thus
retaining its thermodynamic stability required in astrophysical environments. Based on
computations that studied effects on the CC stretching mode frequencies as result of Natom substitution into the PAH carbon skeleton (Mattioda et al. 2003, Peeters et al. 2002),
it was proposed that large PAHs with the N-atom substituted inside the aromatic network (endoskeletal) reproduce the 6.2 µm band. This is rationalized as the combined
effect of heterogeneity and closed-shell electronic structure resulting from the endoskeletal N substitution (Hudgins et al. 2005). PANHs in which N for C substitution occurs
on the periphery (exoskeletal), thus having an open-shell structure in their cationic form,
were not considered to be promising candidates because the CC stretching modes occur
slightly red-shifted. However, since endoskeletal N-substituted PAHs are not commercially available (due to their radical nature as a neutral molecule), this hypothesis has not
been verified in the laboratory.
The nitrogen lone-pair electrons of a PANH are not delocalized in the π system, and
a neutral PANH can readily donate its electrons to the 1s-orbital of ionized atomic hydrogen, forming a stable, closed-shell, protonated PANH ion. Indeed, because of the high
proton affinity of these species, it is not unlikely that they occur in their protonated forms.
Recent experiments involving ion spectroscopy of various protonated PAH species report
absorption bands very close to the 6.2 µm interstellar band (Douberly et al. 2008, Knorke
et al. 2009, Ricks et al. 2009, Vala et al. 2009a,b), although a detailed comparison between all protonated PAH spectral features and the interstellar UIR bands has not been
performed to date. These protonated PAHs also have a closed-shell electronic structure.
In this work we present an IR ion spectroscopy investigation of six ionized PAH structures with an N-atom substituted in one of the outer rings. The PANH molecules investigated in protonated (H+ PANH) and radical (PANH+ ) forms are listed in Table 6.1. The
fundamental difference between H+ PANH and PANH+ is the closed versus open-shell
electronic configuration, which may induce differences in bond strengths, resulting in
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distinctive infrared spectral characteristics for each of the ionic forms. The spectroscopic
method employed here is based on the resonant IR multiple photon dissociation (IRMPD)
of PANH ions in the gas phase using a free electron laser described in the next section.
In the subsequent section, the measured IRMPD spectra are described for the six PANH
structures and differences between H+ PANH and PANH+ spectra for each structure are
discussed. What follows is a discussion on the relevance of the PANH (+, H+ ) spectra to
the UIR bands.

6.2
6.2.1

Methods
Experimental Details

The experimental method used to obtain gas-phase infrared ion spectra is based on multiple-photon excitation of gas-phase PANH ions stored in a Paul-type quadrupole ion trap
(Paul 1990) using the intense IR output of a free electron laser. The method is described
in Chapter 2 and here only remarks especific for these series of experiments are presented.
The three electrodes of the quadrupole ion trap are biased at a positive voltage of typically 1385 V. The 2-cm inner diameter toroidal ring electrode carries in addition a 1 MHz
radio frequency (RF) voltage. The stability of the three-dimensional ion trajectories is
determined by the RF amplitude, which is set to values between 500 and 2000 V p−p depending on the mass of the ionic species studied. Axial extraction of ions is done by
applying a pulsed voltage dip (∼ –250 V) to the endcap electrode nearest to the detector.
The liquid samples are placed in a pyrex tube and their vapor effuses to the center
of the trap via a needle valve. For solid, low vapor-pressure samples, a graphite oven
placed inside the vacuum chamber is used for evaporation of the sample. To ionize the
molecules, an ArF excimer laser (193 nm) is focused in the center of the trap, where parent
ion and possible UV-induced fragment ions are instantaneously trapped. The fragments
are axially ejected by momentarily (2 ms) increasing the RF amplitude.
The ionization potentials of the investigated PANHs fall in the 8–9 eV range (Dewar
& Worley 1969), and the non-resonant absorption of two 193-nm photons (12.8 eV) will
remove one of the electrons in the highest occupied molecular orbital (HOMO), which is
located on the aromatic π-system (Dewar & Worley 1969, Dolgounitcheva et al. 1997).
Any excitation in electronic levels of the ion is expected to be rapidly relaxed to the
doublet ground state of the ion via internal conversion, possibly producing ions with some
degree of vibrational excitation (Lifshitz 1983). After ionization, the ions are trapped for
3 ms in order to promote a uniform distribution of translational energies of the ions (Baer
& Hase 1996). Thereafter, they are subject to interaction with a high-fluence IR pulse
inducing photodissociation.
When FELIX is tuned in resonance with a vibrational mode of the ion, a photon is
absorbed, and the energy is rapidly diffused via intramolecular vibrational redistribution
(IVR) over the bath of vibrational background states of the ion (Lehmann et al. 1994). The
IVR lifetimes at room temperature of PAHs are less than 1 ns (Felker & Zewail 1985),
and assuming that these lifetimes are similar for N-substituted PAHs, the population of
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PANH ions in the excited bright state is removed by IVR so that these ions are ready for
interaction with the next FELIX micropulse. The IRMPD induced fragments and parent
ion are mass-analyzed with the TOF mass spectrometer, and the dissociation ion yield is
P
P
computed as i Iif /( i Iif + I p ); where Iif and I p are the integrated intensities of the i-th
fragment and of the parent ion.
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Figure 6.1 – Mass spectra of phenanthridine showing the radical, protonated and IRMPDinduced fragment ionic signals. The inset shows the change of phenanthridine+ and
H+ phenanthridine intensities as a function of trapping time at a fixed pressure. The formation
of H+ phenanthridine is governed by a first-order kinetics as indicated by the fit to a 1−exp(−kt)
function. The fragment ion m/z 152 results from HCN channel loss in the radical cation, while,
in the protonated form it involves a two-channel sequential fragmentation, for which there are
two possible loss pathways: HCN + H or C2 H2 + H2 .

6.2.2

Gas-phase Protonation of PANH Molecules

When the formation of protonated PANHs (H+ PANHs) was observed to occur in the ion
trap, two reaction routes were first investigated before the application of IRMPD spectroscopy. These are H-atom abstraction from atmospheric H2 O and proton-transfer chemical ionization. In the first reaction mechanism a radical cation PANH+ formed by UV
photo-ionization abstracts an H atom from water producing a hydroxyl radical and the
protonated H+ NPAH molecule:
PANH•+ + H2 O

H+ PANH + OH•
99

6 Polycyclic Aromatic Nitrogen Heterocycles

The calculated enthalpy change (ZPE-corrected B3LYP/6-311G(p,d) energies) associated
with the formation of H+ PANH is endothermic for all six cases. Table 6.2 lists in order
of increasing adiabatic reaction energy the six H+ PANH species. After ionization, the
excess in energy, given by the difference between the two ArF photons absorbed (12.8
eV) and the ionization energy of each PANH species, is thought to be determinant for
these reactions to take place. Additionally, this route depends on a large content of water
inside the ion trap chamber. Therefore this mechanism was unlikely to be the cause of
PANH protonation.
Table 6.2 – Adiabatic reaction energies for the abstraction of a H atom from H2 O leading to
the formation of a protonated PANH molecule.

PANH species
quinoline
isoquinoline
phenanthridine
acridine
benzo-h-quinoline
dibenzo-f,h-quinoline

eV
0.23
0.28
0.49
0.74
0.78
0.86

The second protonation route investigated consist of proton transfer from the neutral
form, which occurs in the trap after formation of the PANH radical cation (and its fragments) by UV-photoionization. Crucial evidence of this mechanism is provided by the
H+ PANH ion signal being sensitivity to the number density of neutral PANH molecules.
Therefore, these reactions can be controlled by the pressure P in the ion source and the
extraction time delay (trapping time). Self-chemical ionization (McLuckey et al. 1988) is
likely to be responsible for the generation of most of the protonated PANHs studied here
k

PANH + PANH•+ →
− H+ PANH + [PANH–H]•
where the second product on the right hand side is the radical neutral PANH after loosing an H atom. As an example, consider the formation of protonated phenanthridine
(H+ phenanthridine) in Fig. 6.1. The measured rate of formation of H+ phenanthridine at
a fixed pressure of 7x10−5 mbar is depicted in the inset. The figure also shows the ion
peaks for radical (m/z 179) and protonated (m/z 180) phenanthridine cations, and the ionic
fragments produced when both ionic forms were irradiated with FELIX at 9.5 µm. The
ion signal of H+ phenanthridine (squares) as a function of time delay behaves according
to typical first-order kinetics: 1 − exp(−kt).
For the acridine molecule, it was observed that, even at high pressures (∼ 1x10−4
mbar), the rate constant associated with the formation of H+ acridine was not as high as
for the other species, and a complementary process was used to facilitate the generation
of a strong protonated signal, i.e.,
k

PANH + MH+ →
− H+ PANH + M
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where MH+ is a UV induced fragment ion. A time delay between the UV laser and the
RF amplitude pulse used for mass-isolation is introduced to allow more time for MH+
to protonate the neutral PANH species. Since the proton affinity (PA) of the PANH is
likely higher than the PA of any fragment M not containing an N-atom, the process is
exothermic and protonation of the PANH molecule occurs.

6.2.3

DFT Computations

PANH ion structures in radical (PANH+ ) and protonated (H+ PANH) forms are optimized
followed by calculation of their harmonic frequencies and IR intensities using the 3parameter hybrid density functional theory (DFT) method B3LYP (Becke 1993) with a
triple-ζ basis set (6-311G(d,p)). For some structures the B3PW91 and BP86 methods are
also employed. Theoretical spectra are generated by convoluting the DFT frequencies and
intensities with a Gaussian lineshape function of 30 cm−1 FWHM. Although it is expected
that each experimental IRMPD band possesses a linewidth that varies with the vibrational
mode, the FWHM value used gives a reasonable broadening that compares well with the
linewidth of most measured IRMPD absorption bands of the different PANH structures.
The anharmonicity of the measured IRMPD bands are taken into account by scaling
the DFT frequencies by a factor of 0.9679 (Andersson & Uvdal 2005). DFT calculations
are carried out using Gaussian 03 (Frisch et al. 2004).

6.3

Photochemistry of PANH (+, H+ ) Ions

The unimolecular photodissociation dynamics of PANH ions is categorized according
to the fragmentation patterns induced by FEL IR irradiation (IRMPD). Two main fragmentation behaviors were observed depending on whether the PANH was in radical or
protonated cationic form. Here we show the representative case of quinoline and isoquinoline which are two nitrogen-substituted double-ring PAH isomers (C9 H7 N). Upon
UV photo-ionization, the radical cation structure of isoquinoline•+ is 0.028 eV (ZPEcorrected B3LYP/6–311G(d,p) calculation) more stable than its counterpart quinoline•+ .
However, upon protonation, H+ quinoline is 0.029 eV more stable than H+ isoquinoline.
The mass-to-charge ratios (m/z) of the photo-product ions are listed for both molecules
in the two forms in Table 6.3. The limited resolution of the ion trap makes it difficult to
distinguish the lowest-energy H- and H2 - exit channels which are very weak compared to
the parent ions, and therefore hard to resolve. It is very likely that some of the observed
fragments are the result of a sequential dissociation as is the case of H+ quinoline (m/z
130) breaking down to the phenyl cation (m/z 77). The sequential decay m/z 130 → m/z
103 → m/z 77 involves the two channel losses HCN (27 amu) and C2 H2 (26 amu). The
fragment m/z 77 indeed has the vibrational signature of the parent H+ quinoline. In the
case of H+ isoquinoline, it is rationalized that m/z 103 occurs via HCN loss, and m/z 102
via sequential steps (m/z 130 → m/z 128 → m/z 102); H2 loss followed by C2 H2 loss.
The observation of multiple decay channels is an indication of ion excitation to internal energies well above the dissociation thresholds (Dunbar et al. 2006). Overall, it
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Table 6.3 – Observed fragment ions (m/z) and suggested dissociation-loss channels after infrared FEL irradiation.
PANH+
C9 H7 N•+ (m/z 129 )
fragment ion
m/z 103 / m/z 102
m/z 78 / m/z 77
m/z 65 / m/z 64
fragment ion
m/z 103 / m/z 102
m/z 89
m/z 76 / m/z 75

H+ PANH
C9 H7 NH+ (m/z 130)

quinoline
channel loss
fragment ion
C2 H2 / HCN m/z 103 / m/z 102
m/z 77

channel loss
HCN / (C2 H2 +H2 )
C2 H2 + HCN

isoquinoline
channel loss
fragment ion
C2 H2 / HCN m/z 103 / m/z 102

channel loss
HCN / (C2 H2 +H2 )

is evident that the unimolecular decomposition of quinoline and isoquinoline upon FEL
IR irradiation occurs via the appearance of higher energy channels (involving the loss
of 6 to 8 carbons) in their radical forms as compared to their protonated forms. Similar
fragmentation patterns are seen as well for the large PANH species studied here and lend
evidence for the higher photo-stability of H+ PANH species relative to their counterpart
PANH radical cationic species.

6.4
6.4.1

IRMPD Spectra of Ionized PANH Species
Quinoline

The quinoline molecule is an N-substituted version of naphthalene (C10 H8 ). The gas
phase IRMPD spectra of ionized quinoline in radical (m/z 129) and protonated (m/z 130)
forms retrieved at ∼ 5x10−6 and 1x10−5 mbar, respectively, are shown in Fig. 6.2. After
resonant irradiation with FELIX, a rich fragmentation pattern was observed for both ionic
forms (see Table 6.3). The major IRMPD fragments were observed at m/z 103, m/z 77
(phenyl cation, C6 H+5 ) and m/z 65 (C5 H+5 ) for quinoline•+ ; and m/z 103 and m/z 77 for
H+ quinoline.
The IRMPD spectrum of H+ quinoline (Fig. 6.2, bottom panel) is unambiguously recognized by the strong band centered at 772 cm−1 due to the CH out-of-plane bending
mode. This band is observed just 4 cm−1 red-shifted from its calculated position at 776
cm−1 (12.8 µm), and is three times more intense than its counterpart CH out-of-plane band
in quinoline+ (Fig. 6.2, top panel) as indicated by the theoretical spectra. Conversely, the
intensities of the H+ quinoline CH and CC in-plane modes in the 1100-1600 cm−1 region
decrease to nearly half the values seen in the radical PANH cation, which agrees with the
calculations.
102

6.4 IRMPD Spectra of Ionized PANH Species
µm
16 15 14 13

12

11

10

9

8

7

6

+

quinoline
B 3L Y P (Cs)

I R intensity (km/mol)

150
125
100
75
50
25
0
600

700

800

900 1000 1100 1200 1300 1400 1500 1600 1700

I R intensity (km/mol)

150

+

H quinoline
B 3L Y P (Cs)

125
100
75
50
25
0
600

700

800

900 1000 1100 1200 1300 1400 1500 1600 1700
-1

cm

Figure 6.2 – IRMPD spectra of radical (top) and protonated (bottom) quinoline cations compared to their corresponding DFT calculated spectra at the B3LYP/6-311G(d,p) level.

The frequencies of the CH out-of-plane modes are correlated to the number of adjacent CH units on the periphery of an aromatic ring (Hudgins & Allamandola 1999). The
H+ quinoline 772 cm−1 feature is clearly correlated to the pair of four adjacent CH units
(two groups of the quartet class). For quinoline•+ , there are two partially resolved bands
with peak positions that correlate with the two CH adjacency classes present in quinoline.
The band calculated at 756 cm−1 (13.2 µm) is due to the CH-quartet, and the slightly less
intense band at 787 cm−1 (12.7 µm) comes from three adjacent CH units (one CH-trio
class). These two bands appear to be strongly broadened by the multiple-photon excitation process (Oomens et al. 2006b, 2003b), and are observed at 738 and 842 cm−1 . The
difference in IR activity of CH out-of-plane H+ quinoline and quinoline+ features is a consequence of the oscillator strength carried by a single CH-quartet mode in the protonated
structure, while for the radical, it is split mainly into two different nearby modes of A00
symmetry.
According to the DFT calculation, the strongest quinoline•+ spectral feature is a CH
in-plane bending band at 1197 cm−1 (8.35 µm), which appears slightly red-shifted in the
IRMPD spectrum at 1185 cm−1 . The observed intensity of this band is comparable to
the intensity of the other prominent bands, while it is predicted to be twice as intense
as the next intense band (located to the blue). While the reason for this discrepancy is
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unknown, we note that the intensities in an IRMPD spectrum may be influenced by nonlinear effects in the multiple-photon excitation process and that computed intensities may
not be as accurate as, for example, the computed frequencies of the vibrational modes. In
addition, this intense band is appears much weaker in the H+ quinoline spectrum.
To the high-frequency end of the quinoline•+ IRMPD spectrum, there are three unresolved bands with mixed CH in-plane/CC stretching mode character at 1370, 1450 and
1540 cm−1 . The redshift of these bands is on average 1.6% compared to their theoretical values. This suggests that the effects of anharmonicity are more pronounced when
CC modes are involved in accordance with the IRMPD spectra of the counterpart PAHs
(Oomens et al. 2003b). For the H+ quinoline spectrum, the three next most prominent features are predicted at 1350 cm−1 (mixed CH in-plane/CC stretching) and at 1564 and 1618
cm−1 (both CC stretching). The first two bands appear resolved in the IRMPD spectrum
at 1354 and 1548 cm−1 . Somewhat to our surprise, the strongest band near the 6.2 µm region at 1618 cm−1 is not clearly observed. Nonetheless, the IRMPD spectra show that the
CC stretching vibrations in H+ quinoline appear at higher frequencies than in quinoline+ .

6.4.2

Isoquinoline

IRMPD experiments for isoquinoline were performed under conditions that are qualitatively similar to quinoline. Again, multiple fragmentation channels are observed for both
ionic forms of isoquinoline, which typically occurs when ions are excited to internal energies well above their dissociation thresholds (Dunbar et al. 2006).
The main IRMPD fragment ions are observed around m/z 103 (and a less prominent
m/z 102), m/z 89, and m/z 76 for isoquinoline+ , and m/z 103 for H+ isoquinoline. A subtle
difference compared to quinoline is the absence of the lowest mass fragments (m/z 65 in
quinoline•+ and m/z 77 in H+ quinoline), which is likely due to the higher stability of isoquinoline in the radical cation form (see Sec. 6.3). Figure 6.3 shows the measured IRMPD
spectra retrieved via the ionic fragments at m/z 103/89/76 and m/z 103/102, at pressures
of ∼ 1x10−6 and 6x10−5 mbar, for isoquinoline•+ and H+ isoquinoline, respectively. Both
isoquinoline+ and H+ isoquinoline IR spectra are predicted to be qualitatively similar to
their counterpart quinoline cationic forms. Subtle differences, especially for the radical
forms, are seen around 750 and 1400 cm−1 (compare with Fig. 6.2).
The differences are understood by considering whether nitrogen substitution takes
place on the α (quinoline) or β (isoquinoline) carbon positions. For the radical cation,
when the N-atom is in the β position (isoquinoline•+ ), the overall induced charge effects
are diluted into the same ring and have almost no influence on the other one, whereas
for α-position N-substitution (quinoline•+ ), the charge effects reach the other ring, and IR
activities are more delocalized among modes. These effects are seen in the IRMPD spectrum of quinoline•+ as two broad absorption features in the 700–800 and 1300–1600 cm1
ranges due to CH out-of-plane and mixed CH in-plane/CC stretch modes, respectively.
For isoquinoline•+ , on the other hand, the IRMPD spectrum more closely resembles that
of the parent PAH+ naphthalene (vide infra).
For the protonated species, the position of the N-atom does not have a noticeable
influence on the out-of-plane CH features, as seen in the IRMPD and DFT spectra of
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Figure 6.3 – IRMPD spectra of radical (top) and protonated (bottom) isoquinoline cations
compared to their corresponding DFT calculated spectra at the B3LYP/6-311G(d,p) level.

H+ isoquinoline and H+ quinoline. Conversely, there are predicted differences in CH inplane and CC stretch modes, but because of the missing 1618 cm−1 band in the IRMPD
spectrum of quinoline•+ , this could not be experimentally verified. Unlike for quinoline+ ,
the strongest CC stretch band near 6.2 µm for H+ isoquinoline, predicted at 1611 cm−1
(6.21 µm), appears in the IRMPD spectrum at 1582 cm−1 (6.32 µm) and carries CN stretch
and NH in-plane bending character.
Similar differences between radical cation and protonated IRMPD spectra are observed for quinoline and isoquinoline. The CH out-of-plane bending modes appear sharper
and more intense in the protonated species than in the radical cations. The intense CH
in-plane band observed around 1200 cm−1 for the radical cations appears much weaker
and/or shifted toward higher frequencies in the protonated species. Finally, the CCstretching modes are observed at higher frequencies for the protonated species than the
radical cations.

6.4.3

Benzo[h]quinoline

The benzo[h]quinoline molecule has a phenanthrene skeleton with the N-atom substituted
on the inner side of one of the equivalent outer rings. Because of its low vapor pressure,
the graphite oven was used for evaporation at an approximate temperature of 37◦ C. Upon
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IR multiple-photon excitation at 9 µm, the radical cation (m/z 179) dissociates into m/z 153
and m/z 126 fragment ions.
µm
16 15 14 13

12

11

10

9

8

7

6

benzo[h]quinoline+
benzo[h]quinoline+ (8 dB)
B 3L Y P (Cs)

160

I R intensity (km/mol)

140
120
100
80
60
40
20
0

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

1400

1500

1600

1700

-1

cm
160

+

H benzo[h]quinoline
B 3L Y P (Cs)

I R intensity (km/mol)

140
120
100
80
60
40
20
0
600

700

800

900

1000

1100

1200

1300

-1

cm

Figure 6.4 – IRMPD spectrum of radical (top) and protonated (bottom) benzo[h]quinoline
cations compared to their corresponding DFT calculated spectra at the B3LYP/6-311G(d,p)
level. The radical cation is recorded with a 3 dB attenuated (black) and 8 dB attenuated (light
gray) FELIX beam.

Figure 6.4 shows the IRMPD spectrum of benzo[h]quinoline•+ recorded by monitoring these fragments. In the longer wavelength region, the calculated DFT spectrum shows
three CH out-of-plane bending modes with peak positions at 687, 749 and 848 cm−1 . The
former band is caused by a CH-duo group (two adjacent CH-units on one ring), and is the
only one to have a well localized origin. These three A00 symmetry bands are resolved
in the IRMPD spectrum at 680, 728, and 828 cm−1 , thus red-shifted compared to theory
by 1, 2.8, and 2.4%, respectively. The IRMPD band observed at 980 cm−1 is redshifted
by 1.2%, and according to theory, this feature is dominated by a CNC in-plane bending mode, which falls slightly below the low frequency limit (<1000 cm−1 ) where these
modes were noticed for four-ring PANH cationic structures (Mattioda et al. 2003). While
this band is predicted to be of comparable intensity to the three CH out-of-plane bands, it
is more intense by ∼30% in the experiment.
Next, in the 1100–1300 cm−1 range, three partially resolved CH in-plane IRMPD
bands are observed at 1130, 1202, and 1279 cm−1 . While the 1130 and 1279 cm−1 bands
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have peak positions in reasonable agreement with the DFT spectrum (redshifted by 0.26
and 1.1% respectively), the 1202 cm−1 IRMPD band is found 2.2% more to the red than
predicted (1229 cm−1 ), which is due to overlapping of the 1229 cm−1 band with a mediumintensity band calculated at 1186 cm−1 . The average peak position of both bands is then
1207 cm−1 , which corrects the redshift of the IRMPD band to about 0.4%. Besides the 980
cm−1 feature, the 1279 cm−1 IRMPD band also carries a strong CN stretching character.
Finally, an unresolved feature of almost 110 cm−1 FWHM is observed in the 1350–
1600 cm−1 spectral region. According to the DFT calculation, this region is dominated by
closely-spaced delocalized CC stretching and CH in-plane bending modes. Although the
lack of resolved peaks does not permit judging the amount of redshift in individual bands,
the whole feature is estimated to be redshifted by at least 4%. The high redshift points
towards a relatively high anharmonicity for these modes, which may also explain the lack
of resolved spectral structure, as higher anharmonicities usually result in more extensive
broadening of bands as well (Oomens et al. 2006b, 2003b). Figure 6.4 also shows the
IRMPD spectrum recorded with the IR intensity attenuated by 8 dB. This spectrum represents a single FELIX scan, hence the lower signal-to-noise ratio. As a result of the lower
laser fluence, more spectral details become evident, particularly for the band predicted at
1407 cm−1 , which is clearly masked in the higher fluence IRMPD spectrum. Furthermore,
the four partly resolved IRMPD bands in the 1450–1600 cm−1 range compare fairly well
to the DFT spectrum.
On the other hand, the protonated form of benzo[h]quinoline (H+ benzo[h]quinoline)
was produced by electrospray ionization in a FTICR setup (see Sec. 2.4.2), and the
recorded IRMPD spectrum is shown in the bottom panel of Fig. 6.4. In this case, irradiation with the FEL in the FTICR does not break the aromatic carbon skeleton, and only
dissociation-loss channels involving hydrogen are observed (i.e., H- and H2 - losses). The
good agreement of the four experimental IR features observed around 730, 1350, 1450
and 1600 cm−1 with the theoretical DFT spectrum undoubtedly corraborates the presence
of C s -symmetry H+ benzo[h]quinoline in the FTICR trap. The feature predicted around
800 cm−1 is not observed, which by judging on the unexpectedly low relative intensity of
the closely-located CH out-of-plane feature (ca. 730 cm−1 ), it could be the result of a poor
induced dissociation at those infrared energies. Many different aspects during the FTICR
experiment could contribute to such behaviour; being the most recurrents the regular deterioration of the FEL power with beamtime, a lower ESI production of parent ions, or a
change in the voltages of the inner ion trapping and guiding systems. Overall, the spectrum of H+ benzo[h]quinoline shows a noticeable resemblance to the H+ isoquinoline IR
spectrum, which also exhibits three prominent features around 750, 1350 and 1600 cm−1 .
As seen later for acridine and phenanthridine, these features typify the IR activity of the
protonated forms of PANH species.
In Fig. 6.5, we compare our benzo[h]quinoline•+ IRMPD spectrum (recorded with 8
dB attenuation of the IR beam) with the spectrum recorded using argon matrix-isolation
spectroscopy (MIS) by Mattioda et al. (2003). The MIS intensities are convoluted with
a 30 cm−1 FWHM Gaussian lineshape function for better visual inspection. A first distinction is found in the out-of- plane CH bending bands. In the 8 dB attenuated IRMPD
spectrum (Fig. 6.4), these bands are located at 680, 729, 834, and 983 cm−1 , while in
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Figure 6.5 – Comparison of IR spectra of benzo[h]quinoline radical cation recorded via argon
matrix-isolation spectroscopy (Mattioda et al. 2003) (MIS) and IRMPD techniques.

the MIS spectrum the positions are blueshifted to 698, 757, 858 and 1003 cm−1 , respectively. In the high-energy region of the spectrum, a roughly similar redshift of the bands
in the IRMPD spectrum is observed compared to those in the MIS spectrum. Although
caused by the higher spectral congestion here, it is more difficult to establish the correct correlation between the bands in the two spectra. The nonlinear absorption nature
of multiple-photon absorption in IRMPD is known to induce a redshift as a consequence
of vibrational anharmonicity (Oomens et al. 2003b). In addition, the higher temperature
of the benzo[h]quinoline cations in our experiment as compared to the temperature in the
MIS technique may induce another redshift (Joblin et al. 1995). The interstellar emission spectrum is very likely also redshifted from a 0-K spectrum owing to vibrational
anharmonicity (Barker et al. 1987, Cook & Saykally 1998).

6.4.4

Phenanthridine

The phenanthridine molecule is an isomer of benzo[h]quinoline with the N-atom replacing one of the CH units of the central aromatic ring. The IRMPD spectrum of the radical
cation (phenanthridine•+ ) was recorded by monitoring the fragment peak at m/z 152.
Figure 6.6 (top panel) shows the IRMPD spectrum along with theoretical spectra generated by B3LYP and BP86 DFT methods. Using BP86 reduces the C s symmetry of
the planar phenanthridine•+ structure to a nonplanar C1 structure. In the entire 600–
1600 cm−1 region deviation from both DFT methods is evident becoming more severe for
the B3LYP spectrum. Especially the intensity of the 738 cm−1 IRMPD band is strongly
miscalculated by both methods. In the case of B3LYP, increasing the basis set from
6–311G(d, p) to 6âĂŞ311G(2d, 2p), optimizing at the C1 symmetry or adding diffuse
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functions (6–311++G(d, p)) yield the same spectra. Using the B3PW91 method with
the 6– 311G(d, p) basis set generates essentially the same spectrum as B3LYP. Despite
the large disagreement in peak positions, in particular in the 1100–1600 cm−1 region, the
BP86 approach seems to give a similar trend in relative intensities for the 1123, 1213, and
1397 cm−1 IRMPD bands, predicted at 1089, 1274 and 1490 cm−1 , respectively. The ability of the BP86 method to reproduce the experimental spectra in some cases better than
the B3LYP method was noticed before in a computational study of five-membered ring
PAHs (Bauschlicher et al. 1999). The IRMPD spectrum was also recorded in the 500–
600 cm−1 region, although all DFT methods predict the medium intensity band owing to
a skeletal breathing mode in accordance with the IRMPD band observed at 530 cm−1 .
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Figure 6.6 – IRMPD spectra of radical (top) and protonated (bottom) phenanthridine cations
compared to their corresponding DFT spectra (B3LYP/6-311G(d,p)). The top panel also
shows the spectrum calculated with the BP86 method.

The failure of the computational methods to reproduce the experimental spectrum of
phenanthridine•+ thus remains somewhat mysterious, especially since these methods perform so well for the other PANH+ s in this study and since no matrix-isolation spectrum
was reported for this species in the study of Mattioda et al. (2003). Perhaps, the disagreement with theory is due to a low-lying electronic state not accounted for by the DFT
calculations, as has also been suggested for the parent PAH cation of phenanthrene (Piest
et al. 2001).
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The formation of protonated phenanthridine (H+ phenanthridine) was reviewed in the
experimental section. In Fig. 6.1 it is seen that resonant irradiation with FELIX results in a
fragmentation pattern similar to phenanthridine+ , but the major peak is at m/z 153 and not
m/z 152. The bottom panel of Fig. 6.6 shows the IRMPD spectrum of H+ phenanthridine
acquired via the m/z 153 fragment. Overall, it is observed that experimental and calculated
(B3LYP) spectra agree fairly well, although the IRMPD bands in the 1100–1600 cm−1
region are only partially resolved. Similar to benzo[h]quinoline•+ or phenanthridine•+ ,
this region contains many closely-spaced CH in-plane/CC stretching modes, which are
subject to anharmonic broadening effects. This is exemplified by comparing the two
regions 700–800 and 1500–1650 cm−1 , where the same band structure is predicted, a
strong absorption accompanied by a shoulder to the red. It is noticed that the CH out-ofplane bands at 701 and 774 cm−1 are resolved in the IRMPD spectrum at 711 and 774
cm−1 , respectively, while in the high-frequency region, the predicted CC stretch bands at
1541 and 1603 cm−1 appear as an unresolved IRMPD band with a central peak position
estimated at 1582 cm−1 .
Another slight deviation from theory is the three barely noticeable bands at 608, 858,
and 980 cm−1 , which in the IRMPD spectrum appear at 611, 869 and 951 cm−1 with
substantial intensity. Interestingly, the three bands have the same ring-deformation mode
character.

6.4.5

Acridine

The acridine molecule has the PAH framework of anthracene with the N-atom substituted
in the central aromatic ring. The IRMPD spectrum of the radical cation form (acridine•+ ),
shown in the top panel in Fig. 6.7 along with the DFT calculated spectrum, was obtained
by summing the spectral response of the two observed IRMPD fragments at m/z 151 and
126. The ion trap pressure during the experiment was ∼3×10−6 mbar. Comparison with
the calculated DFT spectrum reveals an enhanced experimental intensity of all absorption
bands relative to the two strongest features at 1217 and 1305 cm−1 . Particularly, the weak
in-plane CH bending absorption shoulder predicted at 1150 cm−1 is observed to be much
stronger in the IRMPD spectrum, where it appears as a partially resolved narrow band
of medium intensity at 1154 cm−1 . Another CH in-plane bending mode with almost no
calculated intensity (1.57 km mol−1 ) predicted at 1080 cm−1 is clearly observed as a weak
fairly well-resolved band at 1085 cm−1 . Toward the high-frequency end, in the 1400–
1600 cm−1 range, three semi-resolved IRMPD bands of mixed CH in-plane bending and
CC stretching character are observed at 1462, 1517, and 1572 cm−1 . The most intense
band at 1305 cm−1 is the only mode exhibiting a strong CN stretching character.
The intensity enhancement of IR absorptions was also seen for quinoline•+ . This is
possibly caused by saturation effects on the strongest bands. While the overall dissociation yield is only a few percent, the overlap of the IR beam with the ion cloud is not well
known, so that it is possible that virtually all ions that overlap with the laser beam are
dissociated. This effect would artificially enhance the intensity of the weaker modes in
the spectrum relative to the stronger ones.
The IRMPD spectrum of protonated acridine (H+ acridine) recorded at the HCN-loss
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Figure 6.7 – IRMPD spectra of radical (top) and protonated (bottom) acridine cations compared to their corresponding DFT spectra (B3LYP/6-311Gdp).

dissociation channel at a pressure of 1×10−4 mbar is shown in the bottom panel of Fig. 6.7.
The expected strong CH out-of-plane band calculated at 764 cm−1 appears in the IRMPD
spectrum at 756 cm−1 . The redshift is thus 1% and is typical of bands with CH outof-plane character. Moreover, the predicted absorption at 1614 cm−1 due to CC skeletal
vibration with a strong NH in-plane character contribution is observed at 1587 cm−1 . This
band exhibits a redshift of 1.7%, which is typical of modes in this frequency range, see
e.g. H+ phenanthridine, H+ isoquinoline, or radical cation PAH species (Oomens et al.
2003b). The lower laser power toward wavelengths of 6 µm likely explains the lower
relative intensity of the 1587 cm−1 band.
In comparison, the spectral characteristics for acridine•+ and H+ acridine are grossly
similar to those of the other PANHs studied here: a stronger CH out-of-plane mode for
the protonated species, much stronger CH in-plane modes in the radical cation, and a
blueshifted CC stretch mode in the protonated species compared to the radical cation.

6.4.6

Dibenzo[f,h]quinoline

Dibenzo[f,h]quinoline is an N-substituted version of triphenylene, and its structure resembles that of benzo[h]quinoline with an extra ring fused to the middle one. For this
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Figure 6.8 – IRMPD spectrum of dibenzo[f,h]quinoline radical cation and DFT spectra calculated with B3LYP and BP86 methods using 6-311G(d,p) basis set.

species, only the spectrum of the radical cation was recorded via the HCN-loss channel.
Figure 6.8 shows a comparison of the IRMPD spectrum of dibenzo[f,h]quinoline•+
and the B3LYP theoretical spectrum, and in addition the spectrum calculated using the
BP86 functional. Similar to phenanthridine•+ , the absorption bands due to CH in-plane
bending and CC stretching modes present a large anharmonic shift (∼5%) compared to the
band positions calculated by the B3LYP functional. On the other hand, a better overall
match is observed between IRMPD and BP86 calculated spectra of dibenzo[f,h]quinoline•+ , both in terms of peak positions and relative intensities. Unlike for phenanthridine•+ , the BP86 method retains the planarity for dibenzo[f,h]quinoline•+ . Both B3LYP
and BP86 spectra show a congested mid-IR region with numerous IR-active modes, while
the CH out-of-plane modes appear as reasonably well-resolved bands in the IRMPD spectrum (bands at 738 cm−1 , due to two CH-quartets, and at 947 cm−1 ). A broad feature
extends from 1050 to 1600 cm−1 , where bands are not resolved individually. The most
prominent partially resolved band at 1418 cm−1 presents a redshift of âĹij5% and 7.7% as
compared to the BP86 and B3LYP calculated bands, respectively. Similar disagreements
between DFT-computed and IRMPD spectra have been found previously for the triphenylene cation, although there it was suggested that they are caused by Jahn-Teller distortion
(Oomens et al. 2003b), which does not occur in the N-substituted ion.

6.5

PANH Ion (+, H+ ) Spectra and their Relevance to the
Astrophysical UIR Emissions

Except for the CH stretch modes near 3.3 µm, the IR intensities of non-nitrogenated PAHs
increase substantially upon ionization (Pauzat et al. 1992, Allamandola et al. 1999), where
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Figure 6.9 – Comparison of PAH+ and PANH+ gas-phase IR spectra

the CC and CH in-plane modes are significantly more enhanced than the CH out-ofplane modes. Similar ionization effects are observed here for gas-phase PANHs as in the
argon matrix-isolated spectra of Mattioda et al. (2003). In the present work an interesting
exception was found for phenanthridine•+ , where the experimental intensity of the outof-plane CH band (738 cm−1 ) is of comparable intensity to the CC-stretching bands in
the 1100–1600 cm−1 region. The strong CH out-of-plane band at 742 cm−1 in the IR
spectrum of neutral phenanthridine (see NIST Chemistry Webbook) compares reasonably
well with a phenanthridine•+ band at 738 cm−1 .
Substituting an N-atom into the aromatic framework of PAHs has the significant effect of reducing their symmetry. The atomic displacements along a normal coordinate
that leave the electric dipole moment unchanged in the PAH do produce such a change
in the corresponding PANH, and this normal mode becomes IR-active. Although the experimental IRMPD spectra of PANH+ species indeed show broader bands as a result, the
overall effect observed on the mid-IR spectra is mild and it is not expected to make a
substantial difference in terms of the UIR emission bands. For instance in Fig. 6.9, the
four-ring PANH radical cation dibenzo[f,h]quinoline•+ is almost indistinguishable from
its PAH parent cation triphenylene (taken from Oomens et al. 2006). The same figure
shows the two-ring species isoquinoline•+ and cationic naphthalene, where PANH+ and
PAH+ mid-IR spectra are alike, although bands of the PANH+ are broader. Here, one
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Table 6.4 – Calculated and experimental (in parentheses) positions of the strongest band in
the 6.2 µm region for the PANH ions studied here (in cm−1 ).

PANH
Quinoline
Isoquinoline
Phenanthridine
Benzo[h]quinoline
Acridine
1-azapyrene
Dibenzo[f,h]quinoline

+
1563 (1541)
1556 (1543)
14902 (1508)
1579 (1557)
1565 (1572)
1518 (15494 )
1582(1544)

H+
1618 (15481 )
1611 (1582)
1603 (1582)
1590 (15783 )
1614 (1587)
1592 (15975 )
1599 (...)

Corresponds to the highest-frequency band seen in the H+ quinoline IRMPD spectrum predicted at 1564 cm−1 .
2
Value calculated using the BP86 DFT method.
3
see Figure 6.4 (bottom).
4
Band corresponds to isomer 2-azapyrene, for which the strongest band in the 6.2 µm
region is predicted at 1526 cm−1 , shifted by 8 cm−1 from the band in 1-azapyrene
band (Mattioda et al. 2003).
5
Vala et al. (2009a).
1

notices that the strongest isoquinoline•+ CC stretching band near the 6.2 µm region is actually redshifted with respect to the analogous band in naphthalene•+ . This is also clearly
observed for benzo[h]quinoline•+ and its parent PAH phenanthrene. Based on a matrix
isolation spectroscopy study of several small PANHs (Mattioda et al. 2003), Hudgins
et al. (2005) observed that the strongest CC stretching band tends to shift toward longer
wavelengths in accordance with our observations.
These considerations indicate that the CC stretching vibrations of small gas-phase
PANH radical cations cannot account for the interstellar 6.2 µm UIR band. Nonetheless,
because of the similarity to IR spectra of PAH+ species, their contribution to the remaining
UIR bands cannot be dismissed. This confirms the conclusions of a computational study
on PANH cations (Bauschlicher & W. 1998, Langhoff et al. 1998), as well as those of the
MIS study (Hudgins et al. 2005, Mattioda et al. 2003).
In their protonated form (H+ PANH), however, the N-substituted PAHs present a significantly different IR spectrum, which is reflected in both peak positions and bands intensities. The CH out-of-plane modes are observed as the strongest bands in the spectrum,
similar to these bands in neutral PANHs, and the CC-stretching modes show an enhancement in intensity similar to what is observed for cationic PANH species. For instance,
the CH out-of-plane H+ PANH features in the 700–800 cm−1 region are at least twice as
intense as the PANH+ features. The strong CH in-plane PANH+ modes, usually accompanied by N-atom displacement, decrease in strength in H+ PANH species. The H+ PANH
CC modes slightly increase in strength and their frequencies shift to the blue with respect to PANH+ CC modes. As a result, when comparing the position of the strongest
CC-stretching band in the 6.2 µm region of H+ PANH and PANH+ species, a systematic
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Table 6.5 – Position (in cm−1 ) of the strongest band in the 6.2 µm region for coronene.

Form
PAH+
H+ PAH
PANH+
H+ PANH
1

Calc1 (Exp)
1555 (1533)
1591 (1588)
1548 (...)
1597 (...)

Frequencies calculated at the B3LYP/6-311G(d,p) level and scaled by 0.9679.

blueshift of the H+ PANH bands is observed. This is summarized in Table 6.4 where calculated and experimental peak positions of the strongest CC stretching bands are listed
for all PANHs investigated. The four-ring pericondensed PANH 1-azapyrene is also included, and the experimental band positions of radical and protonated forms are obtained
from Mattioda et al. (2003) and Vala et al. (2009a), respectively.
Although experimental IRMPD bands are generally observed at lower frequencies
than predicted, the blueshift of the bands in the 6.2 µm region in H+ PANHs relative to
PANH+ s is evident. In a recent study of the IRMPD spectra of protonated PAH species
(H+ PAH), it is also observed that the H+ PAH CC bands in the 6.2 µm region appear at
higher frequencies than the analogous bands in the radical cation PAH+ species (Knorke
et al. 2009). In addition, the H+ PANH bands appear slightly farther to the blue than the
H+ PAH bands; for protonated anthracene, the IRMPD feature is observed at 1575 cm−1
(Knorke et al. 2009), whereas in its corresponding H+ PANH form (acridine), the IRMPD
feature is observed at 1587 cm−1 . Protonation of anthracene occurs at the same position
where the N-atom is substituted in acridine.
N-substituted experimental spectra for the astrophysically relevant catacondensed PAH
coronene are not available, however, we compared calculated band positions for the four
forms PAH+ , H+ PAH, PANH+ , and H+ PANH. The calculated peak positions for the dominant CC stretch band near 6.2 µm are listed in Table 6.5. As anticipated, the protonated
forms (H+ PAH and H+ PANH) have predicted values at higher frequencies than their radical cation counterparts. In addition, the value for the H+ PANH is again slightly higher
than for the H+ PAH. Previously, a computational study on H+ PAHs (Hudgins et al. 2001)
had already recognized the effect of the closed-shell electronic structure on CC-stretch
modes close to the 6.2 µm region, but until recently there has been no experimental verification of this trend.
Indeed, the joint effect of charge state and closed-shell electronic configuration typical of protonated PANHs causes the CC-stretching vibrations (including some NH inplane bending character) to appear at higher frequencies than in their respective radical
cation PANH+ species. An earlier computational study of large PANH ions reports CCstretching modes appearing at frequencies higher than 1610 cm−1 when the N-atom is
substituted inside the PANH skeleton (Hudgins et al. 2005), i.e., not on one of the CH units
on the periphery of the molecule. Because of the endoskeletal N-substitution, these PANH
cations have a closed-shell electronic structure, which explains the computed frequencies
of the CC modes. Based on this, it has been pointed out that the CC stretch of large
115

6 Polycyclic Aromatic Nitrogen Heterocycles

endoskeletal PANH cations can reproduce the observations of the 6.2 µm UIR emission
(Hudgins et al. 2005). Our experimental spectra of protonated PANHs suggest that it
is perhaps not so much the endoskeletal nature of the molecules that causes the higher
frequency CC-stretch mode, but rather the closed-shell electronic structure, which the
protonated peripheral PANHs and the cationic endoskeletal PANHs have in common.
The occurrence of protonated PANHs in interstellar environments is a plausible conjecture because of the high proton affinity of PANHs, the universal abundance of atomic
hydrogen, and the presence of N-atom bearing molecules. If PANH molecules are present
in astrophysical environments (Hudgins et al. 2005, Ricca 2001), their protonated forms
are certainly viable candidates as well.

UIR

PA NH

+
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H PA NH
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Figure 6.10 – Comparison of the UIR emission spectrum (top panel) characteristic of a molecular cloud (IRAS 23133+6050) with two composite IR gas-phase spectra of the radical cationic PANH species quinoline•+ , isoquinoline•+ , benzo[h]quinoline•+ , and acridine•+ (middle
panel) and of protonated PANH species H+ quinoline, H+ isoquinoline, H+ phenanthridine, and
H+ acridine (bottom panel).

Figure 6.10 shows the composite IR spectra (in equivalent proportions) obtained from
the PANH structures measured in this work in comparison with the UIR bands from the
source IRAS 23133+ 6050 (Sloan et al. 2003). The IR PANH+ spectrum in the middle
panel corresponds to the four radical cationic PANH species quinoline•+ , isoquinoline•+ ,
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benzo[h]quinoline•+ , and acridine•+ , and the one in the bottom panel to the four H+ PANH
species H+ quinoline, H+ isoquinoline, H+ phenanthridine, and H+ acridine. The astronomical source is an ultracompact HII region (Kurtz et al. 1999) sustained by an association of
newborn massive stars. The predominantly UV radiation field emitted by these stars ionizes the carbon-rich material in the molecular cloud where the UIR emission originates.
As stated above, the IR PANH+ bands does not particularly match the UIR emissions. For instance, the 6.2 µm band is strongly redshifted with respect to both the UIR
and H+ PANH analog bands. On the other hand, the peak positions of two composite
H+ PANH IR absorption bands appear approximately 0.09 µm redshifted with respect to
the nominal 6.2 and 8.6 µm UIR emissions. This shift might be attributed to different degrees of anharmonic band shifting in the IRMPD experiments compared to the emission
process giving rise to the interstellar bands. The spectral comparison in Fig. 6.10 shows
a significant shift of the in-plane hydrogen bending modes, which fall near 7.4 µm in the
H+ PANHs studied here, compared to the interstellar band at 7.7 µm. The shift of the inplane hydrogen bending mode is due to mode mixing of NH and CH bending vibrations.
The band may redshift for larger PANHs, as also noted for regular PAHs (Hudgins &
Allamandola 1999). We also note that the nominal 7.7 µm interstellar band in fact consists of various subfeatures, which, depending on the source, include emission at 7.4 µm
(Peeters et al. 2002). Finally, while interstellar emission spectra in the hydrogen stretching range show very few bands apart from the aromatic CH stretching bands around 3.3
µm, the calculated H+ PANH spectra typically display a fairly intense band around 3.0 µm
because of the NH-stretching mode. Interstellar PAH emission at this wavelength could,
in some cases, be attenuated by ices in the cloud, which are known to absorb strongly
around 3.0 µm (Gibb et al. 2004). Moreover, further work will be required to verify the
computed band position and relative intensity of these modes experimentally, especially
since the bands in this region of the spectrum may be particularly sensitive to anharmonic
effects (Barker et al. 1987, Cook & Saykally 1998).

6.6

Conclusions

IR multiple-photon dissociation (IRMPD) spectroscopy was applied using an IR freeelectron laser in order to measure the mid-IR spectra of ionized singly N-substituted
polycyclic aromatic hydrocarbon (PANH) molecules mass-selected and isolated in an ion
trap. The observed IRMPD spectra were interpreted with theoretical spectra generated
using DFT methods. With the exception of phenanthridine•+ , where none of the DFT approaches reproduced satisfactorily the experimental spectrum, an overall good agreement
between measured IRMPD and calculated DFT bands was found.
Differences in the IR spectra of H+ PANHs and PANH+ s are observed in the 700–800
−1
cm region, where the H+ PANH out-of-plane CH features are at least twice as intense as
in the radical cation PANH+ species. In the 6.2 µm region, the dominant CC-stretching
band is shifted to higher frequencies in the protonated PANHs and intensities appear
slightly enhanced. The CH in-plane modes in the 1100–1300 cm−1 region are significantly weaker in H+ PANHs.
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While the PANH+ species clearly cannot explain the 6.2 µm UIR emission, the remaining UIR bands are roughly reflected in the PANH+ spectra, which are quite similar
to those of non-nitrogenated PAH+ species. On the other hand, the experimental IR spectra of the four H+ PANH species investigated here appear to reproduce the 6.2 and 8.6 µm
emissions rather closely, as is shown by comparison of their composite IR spectrum to a
typical UIR emission spectrum (IRAS 23133+6050).
In conclusion, we have experimentally confirmed that nitrogen substitution in PAHs
has significant consequences for their gas-phase IR spectra, which are relevant to the UIR
emissions. Particularly the protonated form (H+ PANH) of these species, with a closedshell electronic structure, may contribute to the UIR spectrum. The effect of size and
exact structure of the H+ PANH species on their spectra remains to be investigated.
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7

Bucky-bowl Corannulenes∗
The structural transition from planar PAHs to spheroidal fullerene structures involves the
incorporation of five-membered carbon rings (pentagonal defects). Therefore, corannulene —with an inner pentagonal ring and inherent curvature— may hold the key to the
understanding of the chemistry that takes place towards the formation of C60 and other
fullerenes in space environments. Here, an IR spectroscopic investigation of the corannulene structure is undertaken in its neutral, radical cationic and protonated forms. Clear
differences in the IR activity are seen between the three corannulenes, as well as relative
to planar PAHs. The spectral features are rationalized in terms of the corresponding electronic configurations and intramolecular vibronic mechanisms such as the Jahn–Teller
distortion (in case of the radical cationic form). Accordingly, while planar PAHs show
strong specificity of the IR absorption bands, ionized corannulene exhibits different bands
that fall close to the nominal UIR band positions, in particular in the 5–9 µm range. This
may relax the need to invoke a mixture of large planar PAHs in different anionic and/or
cationc states in order to reproduce, for instance, the different subfeatures of the 7.7 µm
UIR complex. The spectra of ionized corannulene suggest that the evolution of the 7.7 µm
complex can alternatively be explained by curved PAH ionic structures—which deviate
from the pure sp2 -hybridized species via the inclusion of pentagonal defects.

∗ Based

on: Héctor Alvaro Galué, Corey A. Rice, Jeffrey D. Steill and Jos Oomens, 2011, The Journal of
Chemical Physics, 134, 054310
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7.1

Introduction

Corannulene (C20 H10 ) is a highly symmetric molecule (C5v ) that belongs to the family
of polycyclic aromatic hydrocarbons (PAHs), and is composed of five perifused aromatic rings around a central five-membered ring. Its molecular structure resembles that
of coronene (C24 H12 ), which is a D6h -symmetry PAH molecule consisting of six aromatic rings symmetrically arranged around an inner six-membered ring. As shown by
x-ray diffraction (Hanson & Nordman 1976), the bonds between the carbon atoms of the
pentagonal ring and the peripheral benzenic rings are significantly out of the plane in
corannulene. Therefore, the adopted curved geometry reduces the aromatic character of
corannulene as compared to planar coronene. Being the smallest stable PAH adopting
a bowl-shaped structure, corannulene resembles a fragment of a fullerene (C60 ) with the
outer-perimeter carbons terminated by hydrogen atoms. Figure 7.1 compares the molecular structures of coronene, corannulene and C60 .
C24H12

C20H10

C60

Figure 7.1 – Molecular carbon structures of coronene (C24 H12 ), corannulene (C20 H10 ), and
fullerene (C60 ).

The occurrence of corannulene in interstellar environments is conjectured based on
its possibly role in the formation of interstellar C60 (García-Hernández et al. 2010, Cami
et al. 2010, Sellgren et al. 2010, Kroto 1997). Owing to its large permanent dipole moment
of around 2.1 D, corannulene has been the target of several laboratory and observational
microwave studies (Lovas et al. 2005, Pilleri et al. 2009). As compared to planar regular
PAHs, corannulene offers an opportunity to detect an individual PAH molecule in space
based on its microwave spectrum. Corannulene and other compounds of the fullerene
family have been extracted from the Allende meteorite (Becker & Bunch 1997). Thus,
detection of interstellar and/or circumstellar corannulene (or derivatives) could help clarifiyng the origin of these compex hydrocarbon molecules in the Solar System.
Neutral corannulene has a fivefold symmetry axis and the highest occupied molecular orbital (HOMO) is degenerate. Upon removal of an electron, the ion becomes energetically unstable and is subject to Jahn–Teller (JT) distortion (Jahn & Teller 1937).
This poses substantial challenges to characterizations of the radical species by quantumchemical methods. Here we present the first gas-phase IR spectrum of the corannulene
radical cation, which is compared directly to spectra predicted using different computational density functional theory (DFT) approaches.
DFT methods have been extensively applied to planar PAH systems (Pauzat et al.
1997) and they have proven to yield calculated harmonic IR frequencies which are in
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good agreement with experimental IR vibrational spectra, both for neutral and radical
cation forms (Langhoff 1996, Oomens et al. 2003b) as well as for positively charged PAH
derivatives (see Ch. 6, or Zhao et al. (2009)). These methods have also been applied to
PAHs containing a five-membered ring (Bauschlicher et al. 1999), but the performance of
these methods for nonplanar corannulene in its cationic state has not been verified against
experimental data.
Gas-phase IR spectra of two singly positively charged forms of corannulene, protonated and radical cation, were investigated. Interestingly, the former has a closed shell
electronic structure (1 A) and lowered symmetry, while the latter has an open shell electronic structure (2 E1 ) and undergoes JT distortion. This difference is clearly observable
in their spectra. Spectra were measured via resonant IR multiple-photon dissociation
(IRMPD) and characterized using standard DFT calculations at various levels of theory.
For comparison, the IR spectrum of neutral corannulene (1 A1 ) was also measured and
changes in the IR activity as a consequence of protonation and ionization are discussed.
For the radical cation, the effects of destabilization of the degenerate 2 E1 -state are rationalized and two optimized JT-distorted C s geometries are determined in order to calculate
their vibrational spectra. Finally, to gain further insights into the experimental IR spectrum of cationic corannulene, we compare the IR spectra of the coronene and corannulene
radical cations.

7.2
7.2.1

Laboratory Methods
Experiments

Corannulene was synthesized via solution-phase chemistry by the Siegel group (Seiders
et al. 1999). The fine dust particles that resulted from the procedure were used without
further preparation. The apparatus employed to record the IRMPD spectrum of the corannulene radical cation is described in Chapter 2 (Ion Trap Machine) and here we describe
the most relevant details. A standard FTIR spectrometer was employed to record the
solid-state IR spectrum of neutral corannulene in a KBr pellet.
The radical cation of corannulene was created by evaporating the solid sample from an
effusive source heated to ∼353 K. The neutral vapor was photoionized by the absorption
of two 193-nm (6.4 eV) photons of an ArF laser focused into the center of a quadrupole
ion trap. The ionization potential of corannulene is 7.2 eV (Denifl et al. 2006) and the excess energy induces some dissociation. Shortly after the UV pulse, the RF amplitude was
briefly (2 ms) ramped up, axially ejecting the photodissociation fragments from the trap
thus isolating the precursor corannulene cation. The isolated ions are then spectroscopically interrogated with the high-power IR radiation of the free electron laser for infrared
experiments, FELIX (Oepts et al. 1995). Each FELIX macropulse of around 60 mJ in energy is composed of ∼5000 micropulses. Multiple IR photons are sequentially absorbed
whenever the laser frequency is in resonance with a vibrational transition of the cation,
leading to a population of highly vibrationally excited cations that decay via dissociation.
The parent and fragment ions are detected with a linear time of flight mass spectrom121
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eter attached to the ion trap. An IRMPD spectrum is then recorded by monitoring the
fragmentation yield (H, H2 , and C2 H x loss) as a function of the IR frequency of the laser.
The IRMPD spectrum of protonated corannulene was obtained using a Fourier-transform ion cyclotron resonance mass spectrometer (FTICR-MS) also coupled to the IR
beamline of FELIX (Polfer & Oomens 2007). Protonated corannulene cations were produced by electrospray ionization (ESI), and for this purpose, corannulene was dissolved
in methanol with a small amount of ammonium acetate added, as was previously used for
several PAH species (Knorke et al. 2009). Ions were accumulated in a hexapole trap prior
to injection into the ion cyclotron resonance cell, where the ions were mass-isolated and
subsequently irradiated for 7 s at each IR frequency. The only observed fragmentation
channel was atomic hydrogen loss. An IRMPD spectrum was obtained by monitoring the
resulting dissociation yield as a function of wavelength of FELIX.

7.2.2

Quantum-Chemical Computations

Optimized ground-state geometries were generated for the radical cation and protonated
corannulene using several ab initio (Roothaan 1951), and DFT levels of theory. These include the spin-restricted open-shell Hartree-Fock (ROHF) (Binkley et al. 1974), the Becke
electron-exchange (Becke 1988) with Perdew (Perdew 1986), or Lee-Yang-Parr gradientcorrected local-density approximation correlation (Lee et al. 1988) pure functionals: BP86 and B-LYP; and the three-parameter hybrid functionals: B3-P86 and B3-LYP (Becke
1988). The basis-set functions employed range from double- to triple-ζ split-valence sets
of Pople and the correlation-consistent polarized valence double-ζ (cc-pVDZ) set of Dunning (Dunning 1989). For Pople basis sets, d and p polarization functions for C and H
atoms were used, respectively. All calculations were performed using the GAUSSIAN
03 suite of programs (Frisch et al. 2004). At each level of theory employed, vibrational
modes were computed by solving the Hessian as implemented in GAUSSIAN 03. The
frequencies (i.e., Hessian eigenvalues) of the modes were convoluted with a 30 cm−1
FWHM Gaussian line-shape function to generate synthetic IR spectra.
In addition to the cations, the C5v -symmetry structure of neutral corannulene was investigated at the BP86/6- 311G(d,p) and B3LYP/6-311G(p,d) levels, and used as a structural reference for spectral characterization of the cationic systems. Frequencies were
convoluted with a 5 cm−1 FWHM Gaussian function to simulate the experimental FTIR
spectrum of corannulene recorded in a KBr pellet.
For protonated corannulene, the C1 -optimized geometry and the Hessian matrix were
also computed at BP86/6- 311G(d,p) and B3LYP/6-311G(d,p) levels. The calculated adiabatic potential energy surface (PES) of the 1 A state has a well-defined global minimum
located at the C1 point, and the computed vibrational modes at this point produce no
imaginary frequencies and, moreover, reproduce the experimental IRMPD spectrum reasonably well (vide infra). For the corannulene radical cation, C5v -geometry optimizations
at BP86, B3LYP, and other levels of theory were performed, but did not converge to a
stable structure because the C5v symmetry point on the degenerate 2 E1 -state PES is located at a JT conical intersection. JT distortion lifts the degeneracy of the electronic
states and produces a lowest energy structure at a lower symmetry geometry (Jahn &
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Teller 1937). Symmetry considerations within the JT theorem are borne in mind to find
optimized JT-distorted geometries associated with the two electronic states that form the
conical intersection. JT-distorted geometries and fundamental frequencies were computed
using the four methods mentioned above, and for each one of them, basis sets of different
sizes were employed. The results of these computations are evaluated against the experimental IRMPD spectrum of the corannulene radical cation. Calculated energies and
frequencies reported throughout this work are obtained using the B3LYP functional with
the 6-311G(d,p) basis set unless noted otherwise.

7.3
7.3.1

Results
Electronic and Geometric Structures

Detailed structural parameters are listed in Table 7.1 (and in the inset of Fig. 7.3). For
neutral corannulene, the HOMO electron density on the C atoms of the inner pentagonal
ring is larger than in any other region of the molecule (Kato & Yamabe 2006). This is
evident from the electron density isosurface of the HOMO shown in Fig. 7.2. Therefore,
upon ionization (or protonation), changes in CC bond lengths are more significant in the
inner ring than in any other part of the molecule, resulting in a very distinct change in
the geometry of the pentagonal ring. Thus, the CC bond lengths of the pentagonal ring
characterize the most important structural features of the three systems investigated. For
neutral corannulene with C5v symmetry, the pentagonal ring evidently has equal sides and
hence the five optimized CC bond lengths (X1 , . . . , X5 ) are equivalent.
As detailed further in Sec. 7.4.2, the JT vibronic interaction in the radical cation gives
rise to one compressed and one elongated JT-distorted structure both of C s symmetry. In
this case, the C s pentagon can be fully described by three of the five CC bond lengths (X1 ,
X2 , and X3 ). The structure will be called “compressed” if X1 > X3 > X2 (see Fig. 7.3),
while the elongated structure refers to the situation where X2 > X3 >X1 . For the C1
geometry of protonated corannulene, all five sides of the pentagonal ring are different and
all CC bond lengths are required to describe the structure.

7.3.2

IR Spectra

The IRMPD spectra of radical cation and protonated corannulene (corannulene+ and
corannuleneH+ , respectively) are shown in Fig. 7.3. As described in Sec. 7.2.1, both
spectra are recorded in the gas phase and differ essentially in the method of ionization
(193-nm UV photoionization for the radical cation and ESI for the protonated species).
Furthermore, in the ion trap experiment, the IR beam is focused more sharply than in the
FTICR-MS setup. This is necessary because the dissociation threshold of corannulene+
is substantially higher than that of corannuleneH+ : neutral C2n H x loss is observed for
corannulene+ , while the only decay channel observed for corannuleneH+ is loss of atomic
hydrogen, forming the radical cation; as was also observed for many protonated PAH
molecules (Knorke et al. 2009). Dissociation of the radical cation involves unknown
rearrangements, whereas in the protonated form, H-atom loss proceeds via a barrierless
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Table 7.1 – Ground-state energies and structural parameters of corannulene (neutral and radical cation) calculated at several ab initio and DFT
levels of theory. Energy values in boldface indicate the lower of the two cationic states. The columns st list the stationary point as a first-order
saddle point (imaginary frequency) or minimum (‘0’).
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(a)

(b)

protonation site

(c)

(d)

Figure 7.2 – The electron density iso-surfaces of (a) the averaged twofold e1 -degenerate
HOMO of neutral corannulene, (b) the HOMO of protonated corannulene, the SOMO of the
cationic, (c) elongated (A0 ) structure, and (d) compressed (A00 ) structure.

abstraction reaction, for which the activation energy is computed as 276 kJ/mol. The peak
positions of the measured IRMPD bands are listed in Table 7.2.
The FT-IR spectrum of neutral corannulene recorded in a KBr pellet is shown in the
top panel of Fig. 7.3 for comparison. This spectrum was measured in order to validate
the sample, and test the predictability and performance of selected theoretical methods on
the corannulene system. Good agreement was found between this FT-IR spectrum and a
previously recorded spectrum of neutral corannulene (Rouillé et al. 2008).
Simulated IR spectra are generated using BP86 and B3LYP methods. Figure 7.3 compares the experimental spectra of the neutral and protonated corannulene with the B3LYP
calculated spectrum, where the frequencies have been scaled by 0.9679 (Andersson &
Uvdal 2005). In addition, the performance of the BP86 method was tested and a comparison is shown in Fig. 7.4. Both methods show good agreement with FT-IR (neutral) and
IRMPD (protonated) spectra. Contrary to the B3LYP harmonic calculation, where a scaling factor is necessary in order to match the observed IRMPD band positions, the good
agreement of unscaled BP86 harmonic bands with IRMPD bands is due to a partial compensation of understimated harmonic frequencies and ignored vibrational anharmonicity,
which is known to be particularly fortunate for this method (Neugebauer & Hess 2003).
A systematic analysis of the IR spectrum of corannulene+ based on DFT calculations is
presented in the next section.
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Figure 7.3 – FTIR KBr-pellet spectrum of neutral corannulene (top), and IRMPD spectra
of corannulene+ (middle) and corannuleneH+ (bottom). Scaled harmonic B3LYP spectra are
shown for neutral and protonated corannulene in green. The CC bond lengths of the pentagonal ring (Xi ) shown in the corannulene structures adopt five different values for the protonated
system (C1 symmetry), three different values for the radical cation (C s symmetry) and all
values are equivalent for neutral corannulene (C5v symmetry). Refer to text for further explanation.
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Figure 7.4 – FTIR spectrum of neutral corannulene (top) and IRMPD spectrum of protonated
corannulene (bottom) compared to theoretical IR spectra calculated with B3LYP and BP86
methods. In both DFT methods, the predicted harmonic frequencies are unscaled.

7.4
7.4.1

Discussion
Singlet Systems: Neutral and Protonated Corannulene

There are 3N-6 = 84 vibrational degrees of freedom in corannulene spanning the linear
combination of irreducible representations Γvib = 9A1 + 7A2 + 16E1 + 18E2 in the C5v
point group. Symmetry-derived selection rules determine that modes of A1 and E1 species
are the IR-active molecular vibrations in neutral corannulene. The totally symmetric CH
“out-of- plane”1 a1 -mode at approximately 840 cm−1 is the most intense (127 km mol−1 ),
as observed in the FTIR spectrum and reproduced by the DFT calculation (Fig. 7.3, top).
Similar to regular polyaromatic hydrocarbon molecules (Zhao et al. 2009, Knorke
et al. 2009, Hudgins et al. 2001, Ricks et al. 2009) corannulene protonates on one of
the peripheral carbon atoms, forming a tetrahedral, sp3 hybridized site. Upon protonation, corannulene loses its symmetry completely and the extra H atom adds three new
vibrational degrees of freedom. The (closed shell) singlet electronic state is preserved,
though the electron density in the HOMO (predominantly localized at the center of the
1 We

adopt the nomenclature that is usual for regular, planar PAH molecules.
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Table 7.2 – Peak positions of gas-phase IR absorption bands.

Corannulene+
cm−1 µm
835
11.98
1092 9.16
1154 8.66
1222 8.18
1332 7.51
1663 6.01

CorannuleneH+
cm−1 µm
850
11.76
1198 8.35
1320 7.57
1394 7.17
1594 6.27

molecule in the neutral system) is now redistributed away from the ring bearing the extra
H atom (see Fig. 7.2). This electronic configuration results in a well-defined C1 symmetry global minimum structure lying 721 kJ/mol lower in energy than the C5v -minimum
of neutral corannulene. The low symmetry structure is, for instance, revealed by the five
nonequivalent CC bond lengths (X1 , . . . , X5 ) of the inner pentagonal ring. As will
be further discussed below, this situation is very different from that of the radical cation,
where removal of an electron from the degenerate e1 -HOMO of the neutral results in two
C s -symmetry PESs, which retain an intricate vibronic connection to the neutral C5v -PES.
Charge redistribution in corannuleneH+ induces substantial asymmetric carbon displacements enhancing the IR intensities of the CC stretching modes, observed in the
IRMPD spectrum as two intense bands at 1394 and 1594 cm−1 (Fig. 7.3, bottom). Contrary to the cationic structure, where CH “in-plane” bends are predicted to couple strongly
to CC stretches (in particular to those involving the five inner carbons), protonation tends
to decouple CH in-plane bends from CC stretches. As a result, in the 1000–1250 cm−1
region of the experimental IRMPD spectra, the modes in corannuleneH+ have much lower
intensities than in corannulene+ . In general, modes involving a multiple vibrational character are known to feature strong IR intensities in PAHs (Torii 2000).
The strong CH out-of-plane bending a1 -mode in the neutral system is considerably
influenced by protonation and is found in the corannuleneH+ IRMPD spectrum at 850
cm−1 with a slightly lower intensity, which at the B3LYP/6-311G(d,p) level of theory
amounts to 95 km mol−1 . The experimental spectra in Fig. 7.3 indeed clearly show the
lowest relative CH out-of-plane intensity for the protonated system. As opposed to the
neutral and radical, only eight local CH oscillators participate in this normal mode. The
CH in-plane bending mode near 1320 cm−1 in the IRMPD spectrum, which is better
reproduced at the BP86/6-311G(d,p) level of theory, has a strong local H–C–H scissoring
character at the protonated site.
The general features in the spectrum of corannuleneH+ , that is, an isolated band assigned to a strong CH out-of-plane mode located within the 750–850 cm−1 range, the
1300–1450 cm−1 region featuring medium to strong intensity modes of somewhat mixed
CH bending/CC stretching character, and a force constant enhancement in the CC stretching modes (as compared to non-protonated PAHs) yielding a band around 1600 cm−1 ,
have also been observed in previously measured IR spectra of protonated PAHs (Knorke
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et al. 2009, Ricks et al. 2009) as well as in protonated PANHs (see Chapter 6), and other
protonated PAH species (Zhao et al. 2009, Vala et al. 2009b). The similarity in IR spectral features among the various protonated PAH species suggests that, in general, PAH
IR spectra are primarily determined by the charge state and the closed- versus open-shell
nature of the PAH.

7.4.2

Doublet Systems: Corannulene Radical Cation

Jahn–Teller distorted structures Neutral corannulene with C5v symmetry has a twofold
degenerate HOMO of E1 symmetry. Upon ionization, removal of an electron lifts the
degeneracy of the two e1 orbitals and according to the JT theorem (Jahn & Teller 1937),
vibrations of certain symmetry split the degenerate 2 E1 state into symmetric and antisymmetric states of C s symmetry (Herzberg 1945). The C5v geometric structure distorts with
respect to a mirror plane (σh ) resulting in a compressed and an elongated JT geometry of
A00 and A0 symmetry. Figure 7.5 illustrates the closed-shell HOMO of the neutral system
and the two possible (open-shell) singly occupied molecular orbitals (SOMO), which determine the molecular geometry and symmetry of each of the doublet states for the radical
cation. The species of a non-totally symmetric vibration, appearing in the symmetry product of the two e1 -degenerate electronic wavefunctions, determine the type of molecular
vibrations capable of lifting the degeneracy. For the C5v point group, the direct product
E1 × E1 contains the symmetry species A1 , A2 , and E2 (Herzberg 1945), and given that
A1 and A2 retain the C5 axis, the modes with E2 symmetry are responsible for inducing
the JT orbital adjustment. Although the nature of the JT interaction in the corannulene+
system has not been experimentally investigated, it is understood from group theory that
vibronic mixing of E1 (electronic) and E2 (vibration) species gives rise to the first order
couplings (Herzberg 1945, Barckholtz & Miller 1998), and the interaction strengths have
been previously calculated (Kato & Yamabe 2006).
Key structural parameters of the two JT-distorted geometries of corannulene+ are
listed in Table 7.1. The lowest energy structure, for which values are shown in boldface, was found by all methods to be the elongated geometry (since X2 > X3 > X1 ). The
ab initio ROHF assigns it to the 2 A00 electronic state, whereas all DFT methods assign it
to the 2 A0 state. However, the frequency calculations are not always consistent with the
assignment of the minimum and saddle-point structures, which is probably a consequence
of the small curvature of the potential.
For the lowest energy structure found at a particular level of computation, the Hessian
matrix is positive definite (i.e., all frequencies are real) for the ROHF frequency computations, although those employing polarization functions failed to converge. For DFT methods, the Hessian has in some cases (depending on functional and basis set) one imaginary
frequency indicating a local maximum in the direction of the relevant normal coordinate
(saddle point). For any given DFT method, polarization functions have a strong impact
on the assignment of the local minimum. For instance, employing the 6-31G basis set, the
BP86 functional yields a small imaginary frequency for the lowest energy 2 A0 structure.
In contrast, including polarization functions yields positive definite Hessians for the 2 A0
electronic structures and assigns the saddle point to the 2 A00 structures. The same beha129
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Figure 7.5 – The C5v molecular structure of neutral corannulene at the bottom shows the C5
symmetry axis and the five equivalent mirror plane elements (σv ). The e1 twofold degenerate HOMO is illustrated and the totally symmetric representation of the C5v point group
is the ground electronic state of corannulene termed as 1 A1 . Upon ionization, the resulting
2
E1 -ground state of the open-shell corannulene cation is Jahn–Teller active and vibronic interaction (via E2 vibrational modes) lifts the degeneracy leading to two JT distorted C s structures
2 0
A and 2 A00 , corresponding to elongated and compressed molecular geometries of the corannulene radical cation, respectively. The geometric distortion due the JT effect is exaggerated
for illustration.

vior is found for BLYP. For hybrid functionals, the effect is somewhat less obvious. For
instance, the B3LYP/6- 311G(d,p) calculation yields positive definite Hessians for both
2 00
A and 2 A0 structures. This is reversed when the same 6-311G(d,p) basis set is used with
B3P86, where two very small imaginary frequencies are found for both states. Then, using the latter method with the cc-pVDZ basis set yields the opposite result: all computed
frequencies are real in both states.
Vibrational structure and IRMPD spectrum The IRMPD spectrum of the corannulene
radical cation, shown in the top panel of Fig. 7.7, features a number of clearly recognizable, though fairly broad resonances. As compared to the experiment on protonated
corannulene, we note that in this case an oven was used to evaporate the sample and that
the dissociation threshold of the radical cation is substantially higher than that of the protonated species. The observed bandwidths are primarily a consequence of the IRMPD
excitation mechanism, which involves anharmonic shifting and broadening effects in130
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Figure 7.6 – Thermal energy distributions of corannulene ions at 0 (273 K), 25 (298 K), 80
(353 K) and 200 (473 K) Celsius. The relative population (%) of ions in the vibrational ground
state is shown in parenthesis. The inset shows the steep rise of density of vibrational states of
the corannnulene cation as compared with the smaller naphthalene cation.

creasing with internal energy E — in view of eq. 2.30, the IVR lifetimes (governing the
spectral broadening) increase via the density of states ρv (E) — in combination with the rotational envelope and the appearance of hot bands at the temperature of the oven (353 K).
Due to the high internal energy contained in the corannulene ions, anharmonic coupling
resonances between vibrational modes likely further influence the band shapes observed
(Sadovskii & Zhilinskii 1995). Figure 7.6 shows the energy distributions of corannulene
cations at four different temperatures. At 353 K, the average internal energy per corannulene ion is around 3100 cm−1 (0.38 eV). At that internal energy, the percentage of ions in
the ground state is only 0.011, and the number of vibrational combination levels per cm−1
is on the order of 106 (the inset is cut at 105 ) as estimated from the harmonic frequencies
and a direct count using the Beyer-Swinehart algorithm (Stein & Rabinovitch 1973).
Figure 7.7 compares the experimental IRMPD spectrum with spectra calculated at
various DFT levels. For a more consistent comparison, no scaling of the harmonic frequencies has been applied. Three out of the eighteen E2 modes in the reference C5v neutral structure, with computed values of 439, 648, and 1498 cm−1 at the B3LYP/6- 31G(d)
level, exhibit the strongest linear vibronic coupling to the e1 -HOMO (Kato & Yamabe
2006). By increasing the level of theory to B3LYP/6-311G(d,p), these modes appear at
131

7 Bucky-bowl Corannulenes

+

corannulene

800

1000

1200

1400

1600

A ’’
A’

B P86

800

1000

1200

1400

1600

IR intensity (arb. units)

1000

1200

1400

1600

1000

1200

1400

1600

1800
A ’’
A’

B 3P86

800

1800
A ’’
A’

B 3L Y P

800

1800
A ’’
A’

BLY P

800

1800

1000

1200

1400

1600

1800

-1

cm

Figure 7.7 – IRMPD spectrum of corannulene+ compared to harmonic IR spectra calculated
with the BP86, BLYP, B3LYP, and B3P86 DFT methods employing the cc-pVDZ basis set.

440, 650, and 1484 cm−1 , and are characterized by having large carbon displacements, as
indicated by their computed reduced masses of 7.9, 6.5, and 7.5 amu, respectively. Overall, they involve a substantial deformation of the pentagonal inner ring, where the HOMO
electron density is largely localized, thus explaining their strong coupling through significant orbital interactions among neighboring pentagonal carbons (Kato & Yamabe 2006).
The vibrational patterns of the three vibronic JT-active E2 modes clearly induce nuclear displacements in the direction of the structural change from the C5v neutral corannulene structure to the cationic C s structure(s) (see for instance Fig. 1 of Kato & Yamabe
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2006). In general, E2 modes contain elements of mirror plane symmetry as recognized
from the symmetry-descending correlation between C5v and its subgroup C s , that is, the
E2 representation converts as E2 → A0 + A00 (Wilson Jr. et al. 1955). Therefore, the
substantial atomic orbital mixing among pentagonal carbons in the direction of the three
JT-active E2 modes generates stationary structures having compressed (A00 ) or elongated
(A0 ) geometries.
The harmonic vibrational frequencies calculated for both 2 A0 and 2 A00 structures are
mostly similar, and as a result, the simulated 30 cm−1 FWHM IR spectra (Fig. 7.7) of the
two states are almost indistinguishable at any particular DFT level. The only variations
seen are essentially in relative intensities.
For instance, in the pure DFT methods (BP86 and BLYP) the largest intensity variation is found for the band with CH in-plane bending character computed roughly at 1170
cm−1 . The intensity of this band is larger in the 2 A00 state by about 50% (except for
the 6-31G basis set calculations where it is about 90% larger). For hybrid-DFT methods
(B3LYP and B3P86), the largest intensity variation is seen in the band at roughly 1100
cm−1 (this band is predicted at ∼ 1090 cm−1 for BP86 and BLYP methods). For instance,
in the cc-pVDZ basis-set calculations (see Fig. 7.7), its intensity in the 2 A00 state is 30%
larger for both hybrid functionals. We note that this band also has CH bending character.
Other bands in the spectrum appear nearly equal. For each particular DFT method,
the main effect of a higher basis set is a correction of the relative intensity of the band at
1100 cm−1 (or at 1090 cm−1 for pure DFT methods), which is similar for both electronic
states. This effect increasingly favors the match with the experimental IRMPD spectrum.
At the highest levels of theory used, that is, those combining hybrid functionals with 6311G(d,p) and cc-pVDZ basis sets, the calculated spectra are virtually identical. As the
cc-pVDZ harmonic calculations reproduce the observed relative intensities slightly better,
in particular, for the observed 1222 cm−1 band, these calculations are used for the spectral
comparisons in Fig. 7.7.
It is observed that all intensity variations found among DFT levels involve the CH
bending modes in the 1000–1250 cm−1 region. In the IRMPD spectrum, three close-lying
semi-resolved bands at approximately 1092, 1154, and 1222 cm−1 dominate this region.
Inspection of the four DFT spectra calculated with the cc-pVDZ basis set (see Fig. 7.7)
reveals that there are also three bands with predicted peak positions close to the three
experimental bands, although the intensity pattern is clearly different. As already stated,
these bands are characterized by symmetric (A0 ) and antisymmetric (A00 ) CH in-plane
bending vibrations, although they also involve substantial in-plane stretching displacements of the five central carbons.
The weakest of the three bands, seen in hybrid B3P86 and B3LYP spectra near 1040
cm−1 , is unnoticeable to the eye in pure BP86 and BLYP spectra. This band, due to a
single a0 -mode, involves a strong CC-stretching character of the pentagonal inner ring.
Along this mode, an induced change in electronic structure is expected, since it is known
that in addition to π-orbital interactions among the five central carbons, σ-orbital interactions occur due to the curved geometry of corannulene; this contrasts planar PAH structures such as coronene, where orbital interactions are exclusively between π orbitals of
neighboring carbons (Kato & Yamabe 2002, 2006). The discrepancy in intensities as pre133
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dicted by pure and hybrid functionals is possibly related to the different SOMO density
distributions calculated by these methods, as it has been suggested that the phase patterns
of these distributions influence the IR mode intensities Torii et al. (1999). Furthermore,
animation of the 1040 cm−1 mode shows that it deforms the cation alternately between
compressed and elongated geometries of the JT distorted cation, which possibly relates
to the vibronic interaction in corannulene+ . Its peak position calculated with the hybrid functionals, although somewhat redshifted, closely approximates the relatively broad
band in the IRMPD spectrum centered at 1092 cm−1 . Thus, the 1092, 1154, and 1222
cm−1 IRMPD bands are tentatively assigned to the nominal 1040, 1100, and 1200 cm−1
bands as calculated by the highest-level hybrid-DFT methods employed here (B3LYP and
B3P86 spectra in Fig. 7.7).
The IRMPD bands at 835 and 1332 cm−1 appear well resolved in the IRMPD spectrum, and present a FWHM of 25 and 52 cm−1 , respectively. The intensity of the 835
cm−1 IRMPD band is, according to theory, chiefly carried by a single symmetric CH outof-plane bending mode and to a lesser extent, by two neighboring a0 and a00 modes of
similar intensity characterized as breathing deformations of the five benzenoid rings. The
narrow profile seen in the experiment is best reproduced at the BP86/cc-pVDZ level. In
the hybrid- DFT spectra a splitting of this band is predicted owing to the neighboring a0
and a00 modes, which are computed at slightly lower frequencies. The 1332 cm−1 IRMPD
band is reproduced by the nominal 1300 cm−1 hybrid-DFT harmonic band, and therefore
assigned to an admixture of CH in-plane bending and CC stretching modes. Based on
the harmonic band nominally located at 1630 cm−1 in the hybrid functional spectra (or at
1580 cm−1 for the BLYP and BP86 functionals), the very broad IRMPD signal centered
around 1663 cm−1 is assigned as being due to CC stretching modes, where the carbons
of the pentagonal ring display the largest displacements. Possibly, large anharmonicities
of these modes cause the extreme broadening observed in the IRMPD spectrum. The increase in signal around 1760 cm−1 is an artifact that results from the decreasing FELIX
power in this range in combination with the linear power-correction applied.
In summary, the calculated spectra give a qualitative match to the experimental spectrum, where the hybrid functionals appear to be slightly better than the pure functionals.
The vibrational character of the modes calculated for the corannulene radical cation is
consistent with the character of the modes found in other PAH cationic structures investigated before. Nevertheless, all experimental bands are blueshifted compared to the
calculated harmonic frequencies, even though no scaling was applied and even though
IRMPD bands are typically redshifted compared to linear absorption spectra. In contrast,
bands for the neutral and protonated systems were accurately predicted. This outcome
further indicates that, contrary to the two singlet systems studied here, the doublet radical
cation does not rest on a well-defined single PES, but instead, on an intricate 2 A00 –2 A0
PES with angular dependence around the JT C5v conical intersection, as is the case for
the corannulene anion (Sato et al. 2000). In contrast to many cationic PAHs (Oomens
et al. (2003b), Chapter 6), where it has been shown that their IRMPD spectra can be
successfully analyzed with linear-absorption harmonic DFT spectra, a comprehensive understanding of the observed IRMPD spectrum of the corannulene radical cation requires
a more rigorous theoretical approach, which is beyond the scope of this investigation.
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7.5

Effects of Curvature in the PAH Skeleton:
Corannulene+ versus Coronene+

In Fig 7.8 the IRMPD spectra of corannulene+ and coronene+ (Oomens et al. 2001) are
compared. As anticipated, the main distinction is an intensity enhancement of the CH
in-plane bending modes around 1000–1250 cm−1 . This clearly indicates the influence
of the inner pentagonal ring in corannulene+ , which undergoes pronounced deformations
along vibrational modes in this frequency range. These induce charge redistributions that
are not present (or that cancel out) in the higher-symmetry planar coronene+ , and which
modify the dipole derivatives enhancing, in this case, the IR activity of those modes.
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Figure 7.8 – Comparison of the IRMPD spectra of corannulene and coronene radical cations.

In general, the strong IR intensities typical of PAH cations are the effect of long and
short range charge fluxes among aromatic rings as a consequence of electron-vibration
interactions (Torii 1999, Torii et al. 1999). Because of the pentagonal-ring deformations
inherent to the warped structure, these charge fluctuations are stronger in corannulene+
than in the planar coronene+ . This explains why the computed linear vibronic couplings
for corannulene+ are larger than those computed for coronene+ (Kato & Yamabe 2006).
An important implication is that the modes in the 1000–1250 cm−1 region featuring
substantial intensity enhancement in corannulene+ have a more mixed mode character
(Torii 2000) than in coronene+ . Dynamic charge polarizations are, therefore, generally
larger for corannulene+ giving rise to larger dipole derivatives. Normal modes in this
spectral range for corannulene+ involve both CH in-plane bends and CC stretches (mainly
within the pentagonal inner ring), while for coronene+ they appear to have more pure
CH in-plane character. Interestingly, planar PAH cations having a pentagonal ring also
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show an intensity enhancement of CH in-plane bending modes in the same spectral region
(Oomens et al. 2001) as compared to regular cationic PAHs of similar sizes.
The strong CH out-of-plane vibration near 840 cm−1 is qualitatively similar in both
cationic systems, showing up as a well-resolved band in the far-IR range of the IRMPD
spectrum, although in corannulene+ it appears to be somewhat more intense. The similar position for both species is expected based on the fact that both have only doubly
adjacent CH groups (or “duets”) on their periphery (Hudgins & Allamandola 1999). The
admixture of CH bends and CC stretches, featured in both corannulene+ and coronene+
as an intense well-resolved IRMPD band at 1332 cm−1 and 1330 cm−1 , respectively, are
virtually identical. To the high-frequency end of the spectral range studied, the IR activity
observed in the corannulene+ and coronene+ spectra is carried by CC stretching modes.
The nonplanar structure in corannulene+ appears to induce larger force constants, which
cause a blueshift of these modes with respect those in coronene+ .

7.6

Conclusions

IRMPD spectroscopy was applied to record the gas-phase spectra of protonated corannulene and the corannulene radical cation. Good agreement was found between the experimental IR spectrum of protonated corannulene and the computed spectrum for a structure
where one of the peripheral C-atoms is protonated. The spectral features of protonated
corannulene are analogous to those recently observed for various protonated PAH species.
This similarity is believed to be due to the combined effect of charge (q = +1) and spin (S
= 0) states common among protonated PAH species.
The corannulene radical cation undergoes Jahn-Teller distortion as a consequence of
the degenerate HOMO in the neutral form. Extensive DFT calculations were performed
for the radical cation in its two distorted C s geometries. The computed energy difference
between 2 A0 and 2 A00 structures is small, hence suggesting a dynamical Jahn-Teller distortion of the corannulene radical cation. Accordingly, strictly speaking, its doublet ground
state cannot be associated with a single optimized local-minimum structure. Thus, while a
comparison of the IRMPD spectrum with harmonic DFT spectra gives a qualitative, overall agreement at the highest levels of theory used, a one-to-one assignment of each of the
bands remains speculative. Of all computational methods used, the best match was found
for B3LYP and B3P86, employing both the cc-pVDZ and 6-311G(d,p) basis function sets.
A comparison between the IRMPD spectra of corannulene+ and its “planar analog”
coronene+ shows the influence of charge redistribution on relative intensities along certain frequency modes. In particular, modes involving CC stretching vibrations within
the pentagonal inner ring are largely affected. Especially in the 1000–1250 cm−1 region,
the IR intensities in corannulene+ are substantially higher than in coronene+ . Spectral
comparison was also made with the positively charged corannuleneH+ , where the extra hydrogen changes the structure and symmetry reducing the pentagonal CC stretching
character in these modes. In coronene+ and corannuleneH+ , the modes are characterized
mainly by CH in-plane bends, whereas in corannulene+ , they involve both CH bends and
CC stretches, chiefly among carbons of the highly vibronically active pentagonal ring.
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8

Five-ring containing PAHs:
phenanthrene-like versus
acene-like edges∗
Perhaps one of most profound revelations in the history of science is that all chemical
elements1 that make up everything around us were once fabricated in the interior of stars.
On Earth, PAH molecules are easily formed as by-products during combustion of hydrocarbon fuels, and are some of the most stable large hydrocarbons known. The interstellar
UIR bands show that PAHs occur as well in space. The ubiquity and resistance of PAHs
is a consequence of their electronic properties since the sea of π electrons flowing above
and below the molecular plane, provide PAH structures with high thermodynamical stability. On the other hand, this network of π-electron bonds gives rise to novel electronic properties that are exploited to create innovative functional materials. This chapter presents
the case of picene and pentacene, which are two PAHs made up of the same number of
carbon and hydrogen atoms, but owing to their different geometry, picene can be used
to make superconducting materials, while for pentacene this is not possible. Here, the
electronic structures of the isolated picene and pentacene cations are studied by infrared
multiple-photon dissociation spectroscopy and quantum-chemical calculations. The experimental spectra reveal subtle differences that are traced back to the effective charge
distributions in both systems, where picene+ exhibits significant intramolecular π-charge
dynamics as compared to pentacene+ . A link between charge mobility along CC in-plane
symmetry modes and degree of dynamic electron correlation was found. This result implies that, contrary to pentacene+ , correlated electron dynamics is important in picene+ ,
and is an underlying intramolecular difference between both five-ring PAH systems.
∗ Based

on: H. Alvaro Galué, and J. Oomens, 2012 (To be submitted).
the exception of the light elements hydrogen, helium, and lithium which were formed in the Big
Bang nucleosynthesis.
1 With
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8.1

Introduction

The discovery of superconductivity in alkali-metal doped picene (A x picene) at a critical temperature (Tc ) as high as 18 K (Mitsuhashi et al. 2010) defines a new class of
high-Tc carbon-based superconductors (Kubozono et al. 2011), and offers new avenues
towards understanding the electron-pairing mechanism. Interestingly, materials based on
the structural isomer pentacene fail to exhibit superconductivity beyond the metallic behavior. The molecular hydrocarbon structures of picene and pentacene are portrayed in
Fig. 8.1.
Prior to the discovery of superconductivity in A x picene, alkali-metal fullerides, A x C60
(Durand et al. 2003), were the only sp2 -carbon molecular-based superconductors. Evidence indicates that A x C60 materials are conventional Bardeen-Cooper-Schrieffer (BCS)
superconductors (Gunnarsson 1997) in which the pairing mechanism is largely mediated
by electron-phonon interactions (Schluter et al. 1992, Hebard 1992). However, by looking
at the magnetic behavior of the entire fulleride family of superconductors in proximity
of the metal–Mott-insulator transition (Durand et al. 2003) — characterized by strong
electron-electron repulsive interactions — it has been recognized that an electronic mechanism is at the origin of the electron pairing here as well (Capone et al. 2009). Electronic
band studies have suggested that K3 -doped picene is also a Mott insulator and thus a
highly electron-correlated system (Kim et al. 2011, Giovannetti & Capone 2011).
Although superconductivity entices the electronic properties of the solid, an important link towards the understanding of the superconductivity in C60 - and picene-based
materials is the nature of their conduction bands as determined by the electron-accepting
molecular orbitals of the single molecules. Most studies have focused on the solid picene,
but studying the single molecule in complete isolation could shed light on the electronic
properties and thus on the mechanisms of superconductivity.
Picene and pentacene, two isomers of C22 H14 , belong to the family of polycyclic aromatic hydrocarbons (PAHs), in which all carbon atoms are sp2 -hybridized forming planar, hexagonal ring structures, and hydrogen atoms are σ-bonded to the peripheral vertex
carbons. In pentacene, the five hexagonal carbon rings are linearly fused (i.e., acenelike edges), while in picene the five carbon hexagons are arranged in a zigzag fashion
(i.e., phenanthrene-like edges). Intuitively, one may expect that their geometric structures
lead to differences in the electronic properties, which is indeed observed in the computed
molecular orbital configurations (vide infra). The inherent π-conjugation permits electrons in atomic pz -orbitals to circulate throughout the molecule (electron delocalization),
resulting in highly stable structures with exceptional magnetic and electrical attributes.
In their neutral forms, picene is more stable than pentacene by ca. 0.678 eV, which is
explained by the orbital phases analogous to the prototypical systems phenanthrene and
anthracene (Fukui 1982). This is for instance reflected in the HOMO-LUMO gap of 4.22
eV for picene as compared to 2.2 eV for pentacene. However, upon removal of a π electron, the stability is reversed in favor of pentacene+ and the energy difference is 0.2041
eV. This is an additional indication of a HOMO (which becomes SOMO upon ionization)
that is distributed over a larger number of CC bonds in picene and therefore possesses
increased bonding character. In contrast, the HOMO of pentacene is localized on fewer
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bonds and upon ionization the weaker bonding character of those bonds does not compromise the overall stabilization as much as in picene. It is furthermore of interest to note
that before ionization, the energy distance between the HOMO and the next lower MO
(HOMO-1) is 0.27 eV for picene and 1.29 eV for pentacene. The small energy difference
between the HOMO and HOMO-1 in picene is essential to its geometry and is retained
in the radical cation. As a consequence, the geometry of picene+ is also determined by
the HOMO-1, while for pentacene+ it is essentially determined by the singly occupied
HOMO, i.e. the SOMO of the radical cation (Kato et al. 2002).
Certain properties of A x C60 materials are similar to those of A x picene materials. For
instance, in both materials there is a degeneracy of the electron-accepting molecular orbitals. Due to the high symmetry of C60 , the conduction band of the crystal derives from
the threefold-degenerate t1u LUMO. This yields a high density of electronic states at the
Fermi level of solid C60 . Although picene possesses a lower symmetry, its a2 LUMO and
b1 LUMO+1 are (accidentally) very close in energy and this induces a pseudo-degeneracy
(Rosseinsky & Kosmas 2010). In contrast, such an accidental degeneracy between the b3u
LUMO and b1g LUMO+1 does not occur in pentacene and this may be an essential difference between picene and pentacene isomers, and a possible general explanation for the
origin of superconductivity in π-conjugated hydrocarbon materials.
In this work, the electronic properties of the single molecules, picene and pentacene,
in a hole-doped charge-state, i.e. as a radical cation, are studied by probing their molecular structures via infrared multiple photon dissociation spectroscopy. Certainly, the picene
molecular unit of the corresponding superconducting materials does not have a radical
cationic form, yet it exhibits an open-shell configuration as in the case of A3 picene superconductors. Thus, it is of interest to learn about these electronic spin configurations in
picene and pentacene molecular systems. Additionally, various quantum-chemical methods that differ in the level of electron exchange-correlation dynamics were applied to both
cations. The vibrational mode analysis in connection with the effective charge distributions is used to interpret the electron dynamics, and understand the underlying nature of
the electronic structures and corresponding molecular orbital open-shell configurations.

8.2

Laboratory Methods

The infrared vibrational spectra of doublet ground-state picene and pentacene cations are
recorded via IR multiple-photon dissociation (IRMPD) spectroscopy. The vapor of one
of the C22 H14 species is brought into the inner volume of a Paul-type quadrupole ion trap,
where a focused 193 nm UV-laser photo-ionizes the neutral molecules. One of the delocalized π-electrons is removed (hole-doping) from the b1 picene or b2g pentacene highestoccupied molecular orbitals (HOMOs). Their Koopmans’ ionization energies correspond
to the spin-restricted Hartree-Fock orbital energies of b1 (−7.5 eV) and b2g (−6.25 eV)
HOMOs. These energies are in good agreement with the experimental values of 7.48 eV
(NIST Chemistry webook) and 6.61 eV (Stahl & Maquin 1984), which suggest that in
both species the orbital relaxation effects (as a consequence of reducing by one the total
number of electrons) cancel out those effects due to electron correlation dynamics.
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The parent ions are mass selected by briefly increasing the RF electric field amplitude of the ion trap setting the low-mass cut-off of the ion trap to just below the mass
of C22 H14 , thus ejecting all species with lower mass-to-charge ratio (e.g. UV induced
fragment ions). Subsequently, the ions are irradiated with a high-fluence IR laser beam
generated by a free electron laser (FEL, Oepts et al. 1995). A FEL macropulse of ca. 60 mJ
contains about 5000 micropulses and the transform-limited bandwidth is fixed at ca. 1%
of the central wavelength. During a macropulse many photons are absorbed—as mediated
by intramolecular vibrational energy redistribution (IVR) (Lehmann et al. 1994)—if the
laser wavelength is in resonance with a vibrational transition of picene+ (or pentacene+ ).
This leads to a population of very hot ions that relaxes by statistical unimolecular dissociation (Bagratashvili et al. 1985) producing ionic fragments. The parent S P and fragment
S mf ion signals are detected with a time-of-flight (TOF) mass spectrometer coupled to the
trap. The absorption cross section is approximated
dissociation yield
P as the integrated

P
D computed from the m-th fragment as m S mf / m S mf + S P . The multiphoton absorption process may introduce relative band intensities deviating from those found in a onephoton absorption spectrum as a result of anharmonic couplings at high internal energies,
making observed absolute intensities generally less reliable. Nevertheless, in most cases
relative intensities compare reasonably well with theoretical predictions and can therefore
provide useful information.
The equilibrium geometries and vibrational modes are calculated employing ab initio Hartree-Fock (HF) theory in the spin-restricted open-shell ROHF formalism (Binkley
et al. 1974), and the local spin-density approximation (LSDA) plus a variety of exchangecorrelation gradient-corrected formalisms. These are the LSDA gradient-corrected exchange-only Becke 1988 functional (B, Becke 1988), the B form plus gradient-corrected
correlation LYP functional (BLYP) (Becke 1988), and the hybrid B3LYP functional that
includes generalized exchange-correlation gradient corrections and some degree of exact
HF exchange energy (Becke 1993). The basis function set used to build the molecular
orbitals is a triple-ζ Gaussian-type 6-311G plus polarization functions (d, p) on C and
H atoms. The ROHF approach ignores spin polarization which permits us to assess the
degree of spin contamination. The advantage of ROHF is that it provides a good wavefunction since spin-orbitals are not artificially mixed (i.e. zero spin contamination), which
ought to result in a value of the total spin S 2 of 0.75 for the doublet radical cations under
study. The results of the most comprehensive electron-exchange-correlation theoretical
level employed, B3LYP/6-311G(d,p), are referred to throughout the paper unless stated
otherwise.
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B1
B1

B2
B2

ν58
ν59

ν98
ν100

532
457

18.81
21.87

540
461

818
747
38
109

64
89

km/mol
250
1066
120
353
1407
497
189
0.2

experimental
[a]
µm cm−1
IIR
6.53 1529 w,sr,sh
6.86 1458 m,sr,sh
7.29 1370 m,sr,sh
7.61 1314
s,r
8.25 1211 m,sr,sh
8.49 1178
s,r
9.13 1095
w,sr
10.4 962
w,sr,sh
10.9 914
m,r
11.7 855
w,sh
13.6 736
m,r
15.6 643
w,r
17.4 576
vw,†
23.9 418
vw,†
ν80
ν81
ν84
ν85
ν86
ν87
ν71
ν94
ν95
ν96
ν97
ν92
ν74
ν99

νk[c]

theory[b]
irrep cm−1
B2u
1521
B2u
1482
B2u
1373
B2u
1355
B2u
1221
B2u
1164
B1u
1113
B3u
966
B3u
926
B3u
855
B3u
744
B2u
617
B1u
564
B3u
435

Pentacene+

[a] Intensity, classified as strong (s), medium (m), weak (w), or very weak (vw); feature: resolved (r), semiresolved (sr), shoulder (sh); proposed (†).
[b] B3LYP/6–311G(p,d) level of theory; irrep (symmetry species), frequency (cm−1 ), IR intensity (km/mol).
[c] Approximate assignment based on normal mode with highest IR activity.

vw,†
vw,†

w,r
w,r

824
737

12.14
13.56

[b]

theory
irrep cm−1
B2
1577
B2
1528
B2
1492
B2
1374
B2
1317
B2
1232
B2
1134
B2
1019

ν76
ν78
ν80
ν83
ν84
ν87
ν90
ν93

νk[c]

experimental
[a]
µm
cm−1
IIR
6.38 1567 m,sr,sh
6.62 1511
s,r
6.95 1438 w,sr,sh
7.45 1342 m,sr,sh
7.87 1271
s,r
8.28 1208 m,sr,sh
8.82 1134
m,sr
10.06 994
w,sr

Picene+
km/mol
263
418
343
684
170
185
4
8
64
14
91
0.5
2
37

Table 8.1 – Infrared absorption bands of picene+ and pentacene+ as observed via IR-MPD spectroscopy and their assignments as based on
comparison with computed spectra.
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Table 8.2 – All-in contributions (in %) of IR-active modes (per symmetry species) to the total
IR activity of picene+ (C2v ) and pentacene+ (D2h ) according to ROHF, B, BLYP and B3LYP
formalisms and gas-phase IR spectra (EXP).

C2v / D2h
picene+
35A1
16B1
34B2
pentacene+
17B1u
17B2u
9B3u

8.3

ROHF

B

BLYP

B3LYP

EXP

Modes

1.53
0.98
97.49

6.06
6.54
87.39

5.73
7.51
86.76

3.42
4.22
92.36

–
8
92

ν1 , ν2 , . . ., ν35
ν36 , ν37 , . . ., ν68
ν69 , ν70 , . . ., ν102

4.86
92.53
2.61

7.29
81.83
10.88

6.33
80.97
12.70

3.61
88.16
8.23

7
65
28

ν60 , ν61 , . . ., ν76
ν77 , ν78 , . . ., ν93
ν94 , ν95 , . . ., ν102

Results

Figure 8.1 shows the optimized picene+ (top) and pentacene+ (bottom) geometries and
their gas-phase IRMPD spectra in the range of 5.5 to about 25 µm (1818 to 400 cm−1 ).
Going from the neutral to the cation in both molecules, the 26 CC bonds increase (decrease) in length whenever the HOMO has a bonding (anti-bonding) character for the
given bond. The larger number of bonds lengthening in picene+ indicates the increased πbonding character of the, therefore more delocalized, HOMO as contrasted to pentacene+ .
Within the FEL tuning range both cations possess 76 of the total 3N − 6 = 102 vibrational
modes. Table 8.1 lists the IR features identified in the two spectra with the characteristic central frequencies. Since ions reach high internal energies in the photo-excitation
process before dissociation, observed frequencies typically suffer from an anharmonic
redshift that amounts to around 1–3% as compared to harmonic calculations (Oomens
et al. 2003b). Harmonic frequencies are therefore empirically scaled by a factor of 0.97.
Both spectra show a strongly IR-active high-frequency region (i.e., 6–9 µm range)
as compared to the longer wavelength part (>9 µm ), with an overall similar intensity
pattern and individual IR bands that notably correlate. Nevertheless, subtle differences
reveal both picene+ and pentacene+ effective molecular-charge distributions through their
P
effects on the derivatives of the dipole moment, µ = a qa ra (summing over all a atoms),
with respect to each of the normal-coordinates Qi (see eq. 2.28). The observable IRband intensity IIR for the i-mode and µ are related as IIR = const × (∂µ/∂Qi )2 , where
a meaningful transformation of Qi into internal coordinates of the molecule is assumed
(in Chapter 2 the notation Ai is used instead of IIR ). The change of µ along the i-th
normal coordinate expands as ∂µ/∂Qi = q ∂r/∂Qi + r ∂q/∂Qi (summation over all atoms
is assumed). The first term is the contribution due to the equilibrium partial charges qo
on the atoms (e.g., Mullikean charges), while the second term is a measure of charge
redistribution as a consequence of vibrational motion, also referred to as first-order fluxes
(Decius & Mast 1978). This intramolecular charge dynamics may reflect strong electronelectron/electron-hole Coulombic interactions depending on the normal coordinate.
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Figure 8.1 – Gas-phase IR vibrational spectra of picene+ (top) and pentacene+ (bottom). The
relative intensity is the normalized integrated dissociation yield. Absorptions bands (µm) are
listed in Table 8.1 with their corresponding positions in cm−1 and theoretical assignations.
The optimized geometries illustrate the increase (+) or decrease (−) in CC-bond length upon
ionization. The spectra in the insets zoom in on weak bands observed in the long-wavelength
sections of the spectra.

On account of its overall C2v symmetry, the vibrational modes of picene+ are distributed over four symmetry representations as 35A1 + 17A2 + 16B1 + 34B2 . For the
higher-symmetry D2h pentacene+ , the modes expand as 18Ag + 7B1g + 9B2g + 17B3g +
8Au + 17B1u + 17B2u + 9B3u . The assignments of the experimental spectra as based on
the B3LYP computed spectra are listed in Table 8.1. In order to assess charge correlation
effects on individual modes, Figs. 8.3 and 8.4 show a comparison between experimental
and computed spectra at the four levels of theory, which incorporate different degrees of
electron correlation. The total IR activity is spread over 85 IR-active modes in picene+
and 43 IR-active modes in pentacene+ . For each cation, these modes are grouped according to the symmetry and the contributions (in %) of each group to the total IR activity
are listed in Table 8.2. For instance, the 34 in-plane symmetry B2 modes of picene+ contribute 92.36 % to its total IR activity at the B3LYP level, while for pentacene+ the 17
in-plane B2u modes contribute 88.16%.
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8.4

Discussion

As observed in Fig. 8.1, theory properly predicts that in-plane symmetry CC-stretching
modes located in the 6–9 µm range (B2 and B2u for picene+ and pentacene+ , respectively)
carry most of the IR activity (see assignments in Table 8.1 and contributions per symmetry
in Table 8.2). In fact, the experimental estimate of the contribution of picene+ B2 modes
is 92%, which is very close to the contribution predicted at the B3LYP level. Precisely,
the IR activity of picene+ is concentrated in the 6.62 µm (1511 cm−1 ) and 7.87 µm (1271
cm−1 ) absorption bands, which are attributed to the ν78 and ν84 B2 -modes, and which make
up for 51% of the total computed B2 IR activity. The relatively weak bands observed at
12.14 µm (824 cm−1 ) and 13.56 µm (737 cm−1 ) are assigned to the B1 -symmetry outof-plane CH-bending modes ν58 and ν59 , and practically make up for the remaining 8%
(4.22% computed) of the total IR activity of picene+ . The totally symmetric A1 modes
are predicted to account for 3.4% of the total IR activity and are therefore so weak that
they remain unobserved in the measured spectrum.
For the B2u modes of pentacene+ , there is a sizable discrepancy between experimental
and B3LYP estimated contributions to the overall spectral intensity. Contrary to picene+
that has only two modes carrying most IR activity, in pentacene+ there are several in-plane
symmetry modes with comparable medium intensities, and therefore, this introduces a
larger statistical error in the rough estimation of their contributions to the total IR activity.
On the other hand, of the IR activity due to B3u out-of-plane modes, we estimate that
only ν95 (10.9 µm/914 cm−1 ) and ν97 (13.6 µm/736 cm−1 ) already contribute 60%, in
close agreement with the 68% predicted (the remaining 32% is distributed over ν94 , ν96 ,
ν98 –ν102 ).
Theory shows that despite the notable difference in relative intensities between picene+
(ν58 and ν59 ) and pentacene+ (ν95 and ν97 ) out-of-plane bands—being due to CH-bending
vibrations asymmetric with respect to the molecular plane— the two pairs are equivalent (i.e., ν58 ↔ ν95 and ν59 ↔ ν97 ) in terms of intrinsic IR activity (see similar km/mol
values in Table 8.1). Extensive work on out-of-plane CH deformations in a variety of
hydrocarbon molecules has evidenced the correlation between vibrational intensities and
the magnitude of the effective charges on the H-atoms (Gussoni 1990). Accordingly, we
conclude here that no significant variations exist between equilibrium H-atom charges of
picene+ and pentacene+ , whereas a small charge flux component between H atoms and
sp2 -hybridized C atoms is fairly equivalent in both systems (Gussoni et al. 1984). This
is indeed seen in our calculations where variations of the Mulliken charges qoH in both
molecular ions fall within 0.11e < qoH < 0.13e.
The frequency difference, ∆ω, between pentacene+ -v97 and picene+ -ν59 modes observed in the experimental spectra is ca. 0.1%, in close agreement to the predicted 0.4%.
Conversely, the pentacene+ ν95 band presents a frequency blue-shift of 10% (or 12% prediction) as compared to the picene+ ν58 band. According to the computed k95 and k58
force constants, the 12% increase in ω corresponds to a 40% increase in k. This considerable variation in force cannot be attributed to different internal coordinate changes, ∆ϕi
(CH bending angles with respect to the molecular plane) and ∆Ri (CH bond lengths), as
both ions show no sizeable differences in nuclei displacements along these two modes.
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Based on the understanding that static charge contributions to the respective observables
(∂µ/∂Q95 )2 and (∂µ/∂Q58 )2 are roughly identical, the increment in net electric restoring
force (or k which is proportional to the net charge) in pentacene+ , is necessarily attributed
to an induced charge-flux component. Owing to the direction of this component2 , this
does not sum up to the term (∂µ/∂Q95 )2 , however, it stills adds an extra scalar contribution to the restoring force (hence its frequency).
The estimate of the intensity ratio (using the ordinate-axis values in Fig. 8.1) of most
IR-active in-plane–to–out-of-plane symmetry bands for picene+ is [IIR (ν78 ) + IIR (ν84 )] /
[IIR (ν58 )+ IIR (ν59 )] = 4, while for pentacene+ is [IIR (ν85 )+ IIR (ν87 )]/ [IIR (ν95 )+ IIR (ν97 )] =
1.6 (see mode assignments in Table 8.1). Since IIR (ν58 ) + IIR (ν59 ) ≈ IIR (ν95 ) + IIR (ν97 ) in
terms of absolute IR intensities, picene+ (∂µ/∂Q78 )2 and (∂µ/∂Q84 )2 observables are intrinsically larger than pentacene+ (∂µ/∂Q85 )2 and (∂µ/∂Q87 )2 observables. For instance,
the picene+ ν84 mode (7.87-µm band) is predicted to be about twice as intense as the
pentacene+ ν85 mode (7.61-µm band). In view of the identical isomeric nature and high
symmetry of both molecular ions, it is reasonable to conclude that the considerable extra
contribution to the picene+ dipole derivatives does not arise solely from the displacement
of static C-atom charges, but from substantial charge fluxes generated along π-bonds in
picene+ . The larger charge flux activity in picene is inherently connected to its global
structural arrangement.
In pentacene+ , long-range charge-flux contributions to its strongest IR-active modes,
e.g. ν85 , are influenced by orbital mixings with the unoccupied β73 -HOMO (Torii 2000).
For instance, our computations show that the in-plane vibrational pattern along the ydirection during the strongest ν85 mode correlates with the orbital phase of the HOMO,
hence, inducing a strong polarization across the two outer aromatic rings. That is, while
the bonding and anti-bonding character of the CC bonds of a ring are strengthened, the
ring reflected on the xz plane is subject to the opposite effects. Similarly, in order to
explain the substantially larger dipole derivatives in picene+ , a stronger mixing with the
unoccupied β73 -HOMO is necessarily accompanied by larger charge mobility. This is
again evidenced by the vibrational pattern, for instance, of the ν84 mode that clearly correlates with the HOMO phase and has the same 180◦ out-of-phase vibrations between the
two most outer rings. The vibrational patterns of pentacene+ ν85 and picene+ ν84 modes
can be seen in Fig. 8.2.
Notably, CC modes in picene+ exhibit larger charge fluctuations as compared to CC
modes in pentacene+ . Although this is an important conclusion, it does not establish a
direct link that could explain the difference in electronic properties in their solid forms,
and which could give rise to phenomena such as superconductivity in the case of picene.
Nevertheless, the consequences of charge mobility can be further explored.
A simplification in the ROHF formalism involves the averaged electron-interaction
(mean-field) approximation. Effects of this approximation are tested and compared here
2 Based on the requirement of the existence of a charge flux component in order to explain the larger force
constant of pentacene mode v95 , a conjecture is made that if its direction would add up to the gradient of the
dipole, its magnitude would be then different and not equal to that of the picene mode v58 . However, this is not
the case (both have an intensity of 64 km/mol). Since the net charge is proportional to the restoring force of the
mode, the appearance of this flux still sums up, increasing in this way the force constant.
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Figure 8.2 – The in-plane symmetry vibrational modes ν85 and ν84 of pentacene+ and picene+ .
Note the alternation (out-of-phase) between stretches of CC bonds with respect the xz plane.
This type of vibrational patterns in π-conjugated aromatic systems yield significant y-direction
charge-fluxes across the structures, and explains the large intensities (km/mol) of ν85 and ν84
modes. The level of theory used to calculate these modes is B3LYP/6-311G(p,d).

for pentacene+ and picene+ , where differences are then attributed to the degree of dynamical electron-correlation exhibited by each of the cations. In addition, density functional
theory (DFT) is applied to both cations with different levels of exchange-correlation sophistication as described in the theoretical section.
Results of the computations are shown first for pentacene+ (Fig. 8.3) where it is seen
that the mean-field approximation gives a reasonable prediction of the experimental IR
spectrum. Although the intensities are wrongly assigned among individual modes, the
overall intensity pattern predicted by ROHF is similar to what is measured (Fig. 8.3a).
Moreover, the spectral pattern predicted by ROHF generally agrees with the patterns computed by the three DFT methods. The DFT methods sensitively correct the frequencies by
displacing the intensity pattern to higher frequencies as the sophistication of exchangecorrelation treatment is improved (going from B to BLYP, and to B3LYP). The ROHF
absolute intensities of ν95 and ν97 B3u modes are 61 and 110 km/mol, in agreement with
the B3LYP approach. This suggests that the inclusion of electron correlation has little
influence on the static charges of the H-atoms in pentacene+ .
In sharp contrast to pentacene+ , the ROHF approach yields a spectrum that significantly deviates from the experimental IR spectrum of picene+ (see Fig 3b). The primary
source of the large discrepancy is naturally the lack of spin polarization. This asserts
that the interactions of the unpaired α electron with the bonding α and β electrons of
neighboring spinorbitals are not incorporated in the picene+ ROHF wavefunction. Con146
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Figure 8.3 – Vibrational IR activity of pentacene+ . The gas phase IR spectrum (EXP, a), the ab
initio mean-field approximation spectra (ROHF, b), and DFT spectra (B, c; BLYP, d; B3LYP,
e). The black vertical lines indicate experimentally determined band positions in panel a. Line
heights represent the empirical intensity classification of Table 8.1.

sequently, a poor performance of the mean-field approximation is inherent to the ROHF
approach, which is attributed to the intricate electronic nature of picene+ (as compared
to pentacene+ ). Although a full understanding of the exact correlation dynamics involving the unpaired α electron requires further scrutiny, it is clear that the ROHF method
is inadequate to describe the correlated motion of electrons, which is then reflected in
the predicted IR intensities of some of the vibrational normal modes. For instance, the
in-plane B2 -symmetry modes ν92 and ν93 have incorrectly been assigned 26% of the total
B2 IR activity (see Fig. 8.4b). On the other hand, the three DFT methods employed here
correct these anomalous band intensities. Moreover, the inclusion of functional gradientcorrection to the correlation energy (LYP, Figs. 8.4d, 8.4e) further improves the intensity
pattern of the CC-stretching modes observed in the experimental IR spectrum (Fig 8.4a).
Hence, as suggested by both experimental and theoretical spectra, the in-plane sym147
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Figure 8.4 – Vibrational IR activity of picene+ . The gas phase IR spectrum (EXP, a), the ab
initio mean-field approximation spectra (ROHF, b), and DFT spectra (B in panel c; BLYP in
panel d; B3LYP in panel e). The black vertical lines indicate experimentally determined band
positions in panel a. Line heights represent the empirical intensity classification of Table 8.1.

metry modes possess much larger intensities for picene+ as compared to pentacene+ .
Therefore, a link is observed between in-plane charge mobility in CC bonds and dynamic
correlation in C22 H14 conjugated π-electron systems; in particular, for picene+ , in contrast
to pentancene+ , substantial charge mobility is accompanied by an increase in dynamical
electron correlation.
A pertinent question is if other observables within the available information can provide further evidence for this conclusion. The IR activity of CC modes is believed to be
due to an orbital coupling mechanism (Torii et al. 1999, Torii 2000) in which the HOMO
mixes with lower energy orbitals of the right phase. Close examination of the spinorbitals
of b1 (picene+ ) and b2g HOMOs (pentacene+ ) in Figure 8.5 shows that the ϕ73
α (HOMO)
spinorbital for picene+ differs between ROHF and B3LYP levels, while for pentacene+
they are qualitatively indistinguishable.
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Figure 8.5 – Electron density distributions of key frontier spin-orbitals for picene+ (a) and
pentacene+ (b). Note the large discrepancies for ϕ73 calculated at the ROHF and B3LYP levels
for picene+ , whereas these orbitals are qualitatively similar for pentacene+ . Top to bottom: the
energies and orbital symmetries for (a) are −9.75 eV (A2 ), −9.56 (A2 ), −9.5 eV (B1 ) and −5.6
eV (B1 ). For (b) are −9.75 eV (Au ), −9.37 eV (Au ), −8.67 (B2g ), and −4.9 eV (B2g ).

Finally, the gap between the two frontier spinorbitals (the ϕ73
α spinorbital (HOMO) and
its corresponding unoccupied ϕ73
β spinorbital) in the vicinity of the Fermi level is 1.19 eV
for picene+ and 1.27 eV for pentacene+ (see Fig. 8.6). While these two gaps have similar
values, the subsequent occupied spinorbitals are tightly spaced in picene+ as compared to
pentacene+ , in which they appear rather scattered. In picene+ , the gaps between HOMO
(ϕ73 ) and HOMO-1 (ϕ72 ) spiorbitals are 0.256 eV (α’s) and 0.066 eV (β’s). This gives
a sort of pseudo-degeneracy. In pentacene+ the gaps between HOMO (ϕ73 ) and HOMO1 (ϕ72 ) are 1.096 eV (α’s) and 0.711 eV (β’s). These sizeable energy gaps suggest that
the (one-electron) spinorbitals would not strongly mix along vibrational modes (of right
phase) as contrasted in picene+ , where the same spinorbitals are in close proximity. Thus,
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Figure 8.6 – Molecular-Orbital (MO) energy levels of pentacene+ (left) and picene+ (right).
The level of theory used is B3LYP/6-311G(p,d). In both cations, the MO no.73 is the SOMO
73
(HOMO in the neutral forms), and thus, 73A (ϕ73
α ) is occupied and 73B (ϕβ ) is unoccupied.

as expected, the distributions of α and β spaces of the HOMO-1 in pentacene+ are B3LYP72
+
72
ϕ72
α = B3LYP-ϕβ , while for picene the α and β spaces of HOMO-1 are B3LYP-ϕα ,
B3LYP-ϕ72
β .

8.5

Conclusions

The experimental spectra of isolated hole-doped picene and pentacene are recorded via infrared multiple-photon dissociation spectroscopy. The general resemblance between both
recorded spectra attests their isomeric nature. However, subtle differences are observed
particularly in the in-plane symmetry modes, for which the total IR activity of π-electron
bonds is probed. It is shown that in-plane-symmetry CC modes are strongly IR-active
in picene+ as a result of charge-deformation contributions to the dipole derivatives, i.e.,
the observable IR intensities. This reflects the higher degree of electron delocalization in
picene+ as compared to pentacene+ , and is an indication of picene+ intramolecular charge
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dynamics. By applying an electron mean-field approximation (in the form of ROHF) to
picene+ and pentacene+ , a link between correlated electron dynamics and in-plane CC
mode charge polarizability is found. This result suggests that compared to pentacene+ ,
picene+ is a highly dynamically correlated system.
The difference in electron dynamics between pentacene+ and picene+ is thus manifested in their IR spectra and their calculated orbital wavefunctions. It is believed that
these differences also lie at the origin of the diversity in functionality of materials based
on both molecules (Kubozono et al. 2011). Single-molecule results may thus provide further insight into the emergence of bulk properties such as in particular superconductivity
in picene-based materials.
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9

Summary
Organic matter is abundantly formed in space environments. Circumstellar outflows of
old stars are primary places of formation of gas and solid materials based on carbon. This
matter eventually fills in the space between the stars as it is being spread out by stellar
winds and supernova explosions. Organic synthesis inside shielded dense cloud environments can also lead to the formation of complex organic molecules. At all times, the gas
and solid dust matter is processed upon local conditions and it may suffer heavy physical and chemical modifications. About 4.6 billion years ago, an interstellar dense cloud
contracted leading to the formation of the proto-Sun and planetary disk, which later became the Solar System. Understanding the circumstellar origin, interstellar permanence,
and final forms of the organic matter that were around when the solar nebula first began
collapsing, can help establishing an interstellar heritage connection to the early organic
species involved in the prebiotic chemistry.
Laboratory Astrophysics has become an essential field of study of the known Universe, in which the characteristic underlying physical and chemical astrophysical processes can be scrutinized here on Earth. Information about the properties of interstellar
organic material is derived from their spectral characteristics. By comparing the interstellar spectra encoded in the light that reaches Earth with the experimental spectra recorded
in our laboratories we attempt to identify the constituents responsible for these spectral
signatures or ‘light fingerprints’.
Important interstellar infrared (IR) light emissions (Sec. 1.4), the so-called unidentified infrared bands (UIRs), are particularly similar to absorption frequencies typical of
polyaromatic hydrocarbons (PAHs) (Tielens 2008). By now, the UIR bands provide clear
evidence for the occurrence of aromatic matter in space in the form of PAH structures
with nanometer sizes, and containing as little as ∼ 35 carbons, or maybe less, depending
on the environment. This organic material pervades the Milky Way as well as other galaxies, and thus, it appears to be one of the most abundant forms of sp2 -hybridized carbon
in space. Nanodiamond sp3 -hybridized carbon has been identified as well in some circumstellar sources via the 3.43 and 3.53 µm emission features (Guillois et al. 1999). The
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reason why diamond forms appear to be not as abudant as PAH material in space may
be an indicative of the chemical selectivity during the synthesis of molecular species, but
it is also an indicative of the way carbon grain particles are processed in the interstellar
and circumstellar media. Both PAH and to a lesser extend diamond molecular species
(depicted in Fig. 1.2) occur as extensions toward the lower limit of the size distribution
of carbonaceous dust materials. In the Solar System, some of the most primitive bodies
known (chondrite meteorites) reveal the occurrence of specific small PAH species and
other organic molecules, although their chemical connection to the interstellar PAH matter responsible of the UIR emissions is not obvious.
Under the influence of UV radiation typical of many astrophysical settings, PAHs and
related species can easily lose electrons (process known as photo-ionization). But recording the spectra of gas-phase ionic PAHs in the laboratory is not easy because ions repel
each other, and therefore, ion densities attained are not sufficiently high to measure their
spectra employing conventional IR direct-absorption techniques (see Chapter 2). In this
Thesis a combination of mass spectrometry and IR laser spectroscopy — with the infrared free electron laser FELIX — is used to record their photodissociation spectra. In
this method (so-called IR multiple-photon dissociation, IRMPD, spectroscopy), gaseous
ionic PAHs are first formed under UV photoionization with an excimer laser. The ions
are then stored and mass-selected using an ion trap. Next, the ions are spectroscopically
interrogated with the high-fluence, tunable-wavelength IR-light source FELIX. When the
tuned wavelength matches an absorption frequency of the ionized PAH (or other species
such as a molecular diamondoid ion), tens or hundreds of photons are resonantly absorbed
rising the internal energy until dissociation occurs. The outcome of dissociation is the production of fragment ions that are detected in a time-of-flight mass spectrometer coupled
to the ion trap. The degree of dissociation (voltage of the fragment ion signal) recorded
as a function of wavelength yields an IR spectrum. Besides simple PAH radical cations,
other related molecular ions, including short-lived transient forms, can be produced by inducing an ion chemistry in the ion trap, which then are also isolated and spectrocopically
studied.
This Thesis embarks in a laboratory quest for the inventory of carbon-rich species in
space, particularly, those constituents with signatures in the mid-infrared range. More
specifically, we try to advance our understanding of the exact chemical nature of the UIR
carriers. In interstellar clouds, we want to know if the carriers really are sp2 pure, flat
and large PAH molecules? In Chapter 7, for instance, it is shown that the introduction of
curvature in the PAH framework induce interesting spectral features that can alternatively
explain some of the variations observed in the UIR bands.
Unimolecular H-atom loss dissociation is a common energy dissipation process in
PAH molecules and an important cooling mechanism after vibrational deactivation via IR
fluorescence. Aryl cations can result from C–H bond rupture in an ionized PAH molecule.
Although their reactivity with atomic and molecular species of interstellar relevance has
been characterized (Le Page et al. 1999a,b), their true nature remains ambiguous and open
to many questions. Therefore, in this Thesis aryl cations are produced in a Paul ion trap
via UV photolysis of halide-aryl precursors, and characterized by IRMPD spectroscopy.
First, in Chapter 3, the production and isolation of aryl+ systems was presented using
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as example the two-ring naphthyl cation. Spectroscopic evidence for the predominance
of a ground triplet-state ion population is provided, as well as for 1,2-hydride shift (i.e.,
2–naphthyl+ → 1–naphthyl+ ) isomerization as a standard intramolecular mechanism for
stabilization of the carbocation center in aryl+ ions. In Chapter 4, the investigation of
aryl+ systems is extended to the three- and four-ring species phenanthryl+ and pyrenyl+ .
First, the photochemistry under UV and IR irradiation was analyzed. For FEL-induced
infrared photodissociation, the aryl cations were seen to fragment via high-energy channels involving loss of up to 8–10 carbon atoms. Gentle energy photo-deposition in aryl+
systems allows randomization of the delivered energy into the vibrational manifold, and
structural isomerization barriers are crossed before dissociation, yielding photo-product
ions which are common to PAH cations. Gas-phase phenanthryl+ and pyrenyl+ cations
were characterized by IRMPD spectroscopy showing that they —like naphthyl+ — exhibit triplet electronic ground states, and corroborating the occurrence of the hydride shift
mechanism in aryl+ species.
The reaction selectivity of triplet aryl cations has been documented (e.g., Slegt et al.
2007b,a, Lazzaroni et al. 2010) and monitored in cryogenic noble-gas matrices (Winkler
& Sander 2006). Therefore, as intermediates, the chemoselectivity of triplet aryl cations
explains the ion-molecule reactions with H, O, N, and H2 species (Le Page et al. 1999a,b),
and possibly some of the UV-photolysis reactions in ices of solar and interstellar importance (Bernstein et al. 1999, 2002). The occurrence of aryl cations in the more energetically favorable triplet states suggests new possible avenues in interstellar chemistry in
which triplet electronic surfaces may serve as catalytic sites for the production of small
polyatomic species which otherwise could not take place due to energy barries.
In terms of their infrared activity, the absorption features of triplet aryl cations are
qualitatively similar to those observed in their respective parent PAH cations. Therefore,
the mono-dehydrogenation and ionization states are difficult to separate solely on the
basis of the spectral variations of the UIR bands. With two singly occupied molecular
orbitals (SOMOs), triplet aryl cations present optical properties attractive to interstellar
phenomena such as DIBs (Du et al. 1993). Moreover, since electronic transitions to the βspace SOMOs fall within the visible spectral range, is pertinent to ask whether triplet-state
aryl cations can account for any of the photoluminiscence phenomena (see Sec. 1.2.5) of
interstellar space?
The first extraction of sp3 diamond carbon from a primitive meteorite (Allende) showed
noble-gas isotopic anomalies that suggested its presolar origin (Lewis et al. 1987). Two
circumstellar broad emission features at 3.43 and 3.53 µm in 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 spectroscopic IR
characterization of the two- and three-cage species of the molecular diamondoid family
(ionized diamantane and triamantene) is presented. Chemical ionization of their neutral
forms is accompanied by H-atom loss leading to the formation of the dehydrogenated
cationic forms diamantyl+ and triamantyl+ . This implies that in space environments,
UV-induced C–H bond rupture in a molecular diamondoid may lead to the formation
of the more energetically stable closed-shell mono-dehydrogenated diamondoid carbocation. The IR spectroscopic characterization corraborates the formation of diamantyl+ and
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triamantyl+ carbocations. The possible interstellar presence of molecular diamondoids in
their radical cationic forms is therefore not expected.
Nitrogen-containing PAH molecules, or polycyclic aromatic nitrogen heterocycles
(PANHs), are closely related to the purine and pyrimidine nucleobase building blocks
of DNA and RNA. The identification of these nucleobases in the Murchison meteorite
(Sephton 2002, Martins et al. 2008) encourages the search of PANH molecules in interstellar dense environments as these may be nucleobase precursors in UV-induced grainsurface reactions. Moreover, it has been suggested that the 6.2 µm UIR band is indeed due
to PANHs with the N-atom embedded (endoskeletal N-substitution) in the PAH structure
(Hudgins et al. 2005). Thus, in Chapter 6 various (exoskeletal) N-substituted radical and
protonated PAH cations are characterized by IRMPD spectroscopy. The strong nucleophilic nature of PANH molecules is used in chemical ionization reactions in the ion trap
to produce the gas-phase protonated (H+ PANH) forms. This experimental fact is of particular relevance in hydrogen-rich environments, where protons serve as excellent targets
for nucleophilic attack. Interstellar PANHs thus likely exist predominantly in protonated
form. The gas-phase IR photochemisty is also presented, revealing that protonated forms
have a higher photo-stability relative to the radical cationic forms. Protonation of a PANH
molecule yields a closed shell ion with a HOMO having an asymmetrical charge density
distribution, and thus, the frequencies of CC in-plane symmetry modes are inherently
blue-shifted —similar to endoskeletal N-substituted (closed-shell) PAH cations. Overall, considering the facts above, together with the observed absorptions in the composite
spectrum of the studied H+ PANH species, protonated PANH ions are serious candidates
for their presence in interstellar environments.
Corannulene (C20 H10 ) is a special hydrocarbon molecule because it interlinks the sp2
pure aromatic family (i.e., flat PAHs) with the fullerene family (see Fig. 1.2). Its curved
geometry induces a permanent dipole moment making it an excellent target for radio
line observations (Lovas et al. 2005). Possible chemical routes towards the formation of
circumstellar and interstellar C60 involve corannulene intermediates (Pope et al. 1993).
Corannulene was extracted from the Allende meteorite together with other fullerenes and
fulleranes (Becker & Bunch 1997). Here, the spectroscopic IR characterization of radical
and protonated corannulene ions is undertaken and presented in Chapter 7. Additionally
the IR spectrum of neutral corannulene is obtained using an FT-IR spectrometer. A comparison of the corannulene spectra in the three forms shows the effects of charge state and
electronic closed- and open-shell configuration on the IR activity of this extraordinary
structure. Moreover, a comparison with the IR spectrum of the flat PAH analogue, ionized coronene, reveals the effects of curvature in the IR activity of PAH structures. The
introduction of defects (five-membered ring and resultant curvature) naturally produces
absorption features where otherwise multiple planar PAHs are needed to yield similar
features. This implies that a single PAH species in the form of ionized corannulene can
reproduce most UIR bands. Therefore, non-planar PAHs may relax the need to invoke
a mixture of planar PAHs in different (cationic and anionic) charge states to specifically
reproduce the subfeatures seen in the UIR bands. Looking at it from a different angle, the
IR spectrum presented here for ionized corannulene clearly suggest the need to invoke
species with a mixed orbital hybridization character, since the sp2 and sp3 intermediate
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state in corannulene naturally introduces absorptions in most nominal UIR band positions.
In addition to the resemblence of the UIR bands to PAH IR spectra, an extra argument in favor of the ocurrence of PAH molecules in astrophysical environments is their
intrinsic electronic stability as a consequence of the overlapping CC π-orbitals. Here on
Earth, this molecular property is used to produce functional materials based on PAHs.
In Chapter 8 an investigation of the electronic properties of two isomeric five-ring containing PAHs, picene and pentacene (C22 H14 ), is undertaken. Picene is a PAH structure exhibiting phenanthrene-like edges, whereas pentacene belongs to the linearly ringfused PAH subfamily with acene-like edges. We address the question on the emergence
of novel electronic properties such as superconductivity in picene-based materials (Mitsuhashi et al. 2010), as contrasted to pentacene-based materials which do not exhibit such
behavior. An in-depth explanation for the link between PAH molecular shape and IR
activity is elaborated on, which relate to the correlated electron dynamics of the PAH
many-electron system.
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Samenvatting

In de ruimte wordt organisch materiaal gevormd in overvloed. Met name in de circumstellaire
uitstroom van oude sterren worden gasvormige moleculen en vast materiaal op basis van koolstof
geproduceerd. Sterrenwinden en supernova-explosies verspreiden dit materiaal, dat uiteindelijk de
ruimte tussen de sterren vult. Organische synthese in dichte moleculaire wolken kan leiden tot de
vorming van complexe organische moleculen. Onder invloed van de lokale condities kunnen gas en
vaste stof in dit proces belangrijke fysische en chemische veranderingen ondergaan. Ongeveer 4,6
miljard jaar geleden heeft de samentrekking van een moleculaire wolk geleid tot de vorming van een
proto-Zon en een planetaire schijf, die zich later hebben ontwikkeld tot ons zonnestelsel. De prebiotische chemie die plaatsvond op de jonge aarde vormt dus uiteindelijk het interstellaire erfgoed
van organische verbindingen met een circumstellaire oorsprong, die veranderingen ondergingen in
interstellaire omgevingen tot hun uiteindelijke vorm tijdens de ineenstorting van de moleculaire
wolk.
Informatie over de eigenschappen van het interstellaire organische materiaal verkrijgen we met
name uit hun spectrale karakteristieken, die opgesloten liggen in het licht dat uit de ruimte tot
ons komt. Door deze interstellaire spectra te vergelijken met spectra opgenomen in onze laboratoria kunnen we trachten te achterhalen welke chemische verbindingen verantwoordelijk zijn voor
deze ‘spectrale vingerafdrukken’. Een belangrijke set infrarode (IR) emissiebanden die vanuit veel
interstellaire wolken wordt waargenomen, de zogenaamde ‘ongeidentificeerde infrarode banden’
(UIRs), komt sterk overeen met typische absorptiefrequenties van polyaromatische koolwaterstoffen (PAKs). Laboratoriumspectra van PAKs zijn dus belangrijk om de precieze vorm van deze
aromatische verbindingen in verschillende (delen van) interstellaire wolken vast te stellen.
Onder invloed van de overvloedig aanwezige UV straling in astrofysische omgevingen kunnen PAKs gemakkelijk geïoniseerd raken. Het opnemen van IR spectra van gasvormige ionische
PAKs in het laboratorium is niet eenvoudig omdat de ionen elkaar afstoten, waardoor het onmogelijk is voldoende hoge ionendichtheden te produceren om hun spectra te meten met conventionele IR absorptie spectrometers. In dit proefschrift gebruiken we daarom een combinatie van
massaspectrometrie en IR laserspectroscopie — met de infrarood vrije-elektronenlaser FELIX —
om hun spectra via fotodissociatie op te nemen. Bij deze methode worden gasvormige ionische
PAKs gevormd via UV fotoionisatie met een excimeerlaser. De ionen worden opgeslagen en op
moleculair gewicht geselecteerd in een ionenval. Vervolgens wordt het in golflengte afstembare
licht van FELIX ingestraald. Wanneer de IR golflengte overeenkomt met een absorptiefrequentie
van de geïoniseerde PAK worden meerdere (tientallen, honderden) fotonen resonant geabsorbeerd,
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waardoor de interne energie zo hoog oploopt dat dissociatie optreedt. Dit dissociatieproces wordt
vervolgens gemeten in een vluchttijd-massaspectrometer die aan de ionenval is gekoppeld. Door
de mate van dissociatie uit te zetten tegen de golflengte wordt een IR spectrum verkregen. Naast
eenvoudige PAK radicaal kationen kunnen verschillende gerelateerde moleculaire ionen worden
bestudeerd door de ionenchemie in de ionenval te controleren.
Moleculaire dissociatie van PAKs waarbij verlies van een waterstofatoom optreedt, is een
veelvoorkomend energie-dissipatie proces in deze PAK moleculen. Uit geioniseerde PAKs kunnen zo door het breken van een C-H binding aryl kationen ontstaan. Hoewel hun reactiviteit met
interstellair relevante atomaire en moleculaire reactiepartners veelvuldig is onderzocht, zijn er nog
veel vragen over hun elektronische en geometrische structuur. Daarom worden aryl kationen in dit
promotieonderzoek geproduceerd via UV fotolyse van gehalogeneerde PAK precursors in een Paultype ionenval. De zo gevormde aryl kationen worden vervolgens gekarakteriseerd met behulp van
IRMPD spectroscopie. Om te beginnen wordt in Hoofdstuk 3 de vorming en isolatie van aryl+ systemen gepresenteerd aan de hand van het uit twee aromatische ringen bestaande naftyl kation. De
IR spectra leveren overduidelijk bewijs voor grondtoestand met een triplet spintoestand. Daarnaast
tonen de metingen aan dat een 1,2-hydride shift isomerisatie optreedt, een omleggingsreactie die uit
2-naftyl+ de stabielere 1-naftyl+ isomeer vormt. In Hoofdstuk 4 wordt het onderzoek aan carbokationische aryl+ systemen uitgebreid tot verbindingen met drie en vier aromatische ringen, te weten
phenantryl+ en pyrenyl+ . Eerst zal de fotochemie onder invloed van UV en IR bestraling worden geanalyseerd. Bij FEL-geïnduceerde infrarood fotodissociatie worden ook fragmentatiekanalen met
hogere activatie-energie waargenomen, waarbij het aryl ion tot 8–10 koolstofatomen verliest. Na
multifoton-absorptie door de aryl+ systemen verspreidt de geabsorbeerde energie zich razendsnel
over de vibrationele vrijheidsgraden zoadat structurele isomerisatie plaatsvindt voordat dissociatie
optreedt. Hierdoor zijn de dissociatieproducten veelal hetzelfde voor de verschillende PAK kationen. Phenantryl+ en pyrenyl+ kationen in de gasfase zijn onderzocht met behulp van IRMPD spectroscopie. Net als naftyl+ hebben ook deze aryl kationen een triplet elektronische grondtoestand.
Daarnaast leveren de spectra ook weer bewijs voor een hydride shift in deze aryl+ verbindingen.
Isotopische afwijkingen gemeten in edelgassen verkregen bij de eerste extractie van sp3 diamant koolstof uit een primitieve meteroriet (Allende) suggereren dat deze een presolaire oorsprong
heeft. Twee brede emissiebanden op 3.43 en 3.53 µm in de spectra van de Herbig Ae/Be sterren HD
97048 en Elias 1 zijn toegeschreven aan gehydrogeneerde diamantoppervlakken; de banden zouden
ook verklaard kunnen worden door moleculaire diamantoïden. In Hoofdstuk 5 worden geïoniseerde
verbindingen uit de familie van moleculaire diamantoïden (diamantane en triamantane) onderzocht
met behulp van IR spectroscopie. Chemische ionisatie van deze verbindingen in hun neutrale vorm
gaat gepaard met het verlies van een H-atoom, hetgeen leidt tot de vorming van de gedehydrogeneerde carbokationen diamantyl+ en triamantyl+ . Dit suggereert dat dissociatie van een C-H binding
in moleculaire diamontoïden onder invloed van UV-straling in de ruimte kan leiden tot de vorming
van zulke mono-gedehydrogeneerde carbocation. Door hun gesloten elektronenschil zijn de diamantoïden in deze vorm energetisch stabieler. De IR spectra bevestigt de carbokationische vorm
van de gevormde ionen. De aanwezigheid van moleculaire diamantoïden in hun radicaal kationische
vorm is daarom onwaarschijnlijk.
Stikstofhoudende PAK moleculen, ook wel polycyclische aromatische heterocyclische koolwaterstoffen (PANKs), zijn nauw verwant aan de purine en pyrimidine nucleobasen die de bouwstenen vormen van DNA en RNA. De identificatie van deze nucleobasen in de Murchison meteoriet moedigt aan tot het zoeken naar PANK moleculen in interstellaire wolken, omdat zij mogelijke voorlopers zijn van nucleobasen in UV-geïnduceerde chemische reacties die plaatsvinden op
stofdeeltjes. Bovendien zijn er indicaties dat de 6,2 µm band in het interstellaire UIR spectrum
inderdaad wordt veroorzaakt door PAKs met een stikstofatoom opgenomen in de ringstructuur (en-
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doskeletale N-substitutie). Daarom worden in Hoofdstuk 6 diverse (exoskeletaal) N-gesubstitueerde
radicale en geprotoneerde kationische PAKs onderzocht met behulp van IRMPD spectroscopie. De
aanwezigheid van geprotoneerde PANKs in interstellaire wolken wordt met name waarschijnlijk
geacht vanwege hun hogere stabiliteit ten opzichte van radicaal-kationische PANKs en hun typische
spectrale eigenschappen (in het bijzonder het verschuiven van de CC-strekvibraties naar hogere frequenties).
Corannulene (C20 H10 ) is een bijzonder koolwaterstof-molecuul, omdat het de sp2 puur aromatische familie (dat wil zeggen, platte PAHs) verbindt met de familie van fullerenen (zie Fig. 1.2).
De gebogen geometrie van corannulene zorgt voor een permanent dipoolmoment in dit molecuul,
waardoor het zich uitstekend leent voor waarnemingen in het radiospectrum. Verschillende tussenproducten spelen een rol in de mogelijke chemische reacties die leiden tot de vorming van circumstellair en interstellair C60 . Corannulene werd geisoleerd uit de Allende meteoriet samen met andere
fullerenen en fulleranen. In Hoofdstuk 7 van dit proefschrift wordt een spectroscopische studie van
radicaal-kation en geprotoneerd corannulene gepresenteerd, evenals het IR-spectrum van neutraal
corannulene dat is opgenomen met een conventionele FT-IR spectrometer. Een onderlinge vergelijking van de drie corannulene spectra toont de effecten van lading en gesloten of open configuratie
van de elektronenschil op het IR-spectrum van dit bijzondere molecuul. Een vergelijking met het
IR-spectrum van geïoniseerd coroneen, een vlak PAK analoog, onthult de effecten van de gebogen
geometrie op de IR-activiteit van PAK-structuren. Het IR-spectrum dat hier wordt gepresenteerd
voor geïoniseerd corannulene illustreert dat de sp2 en sp3 overgangstoestanden in corannulene absorpties introduceren in de meeste nominale UIR band posities. Dit wijst erop dat verbindingen
met een gemengd orbitaal hybridisatiekarakter opgenomen zouden moeten worden in studies van
de UIR emissies.
Naast de gelijkenis tussen de UIR banden en de IR-spectra van PAK moleculen, vormt hun
intrinsieke elektronische stabiliteit als gevolg van de overlappende CC π-orbitalen een belangrijk
argument voor de aanwezigheid van PAKs in astrofysische omgevingen. Hier op aarde wordt deze
moleculaire eigenschap aangewend in de productie van functionele materialen op basis van PAKs.
In Hoofdstuk 8 worden de elektronische eigenschappen van twee isomere vijf-ring PAK-structuren,
piceen en pentaceen (C22 H14 ) bestudeerd. Piceen is een PAK-molecuul dat phenantreen-achtige randen heeft, terwijl pentaceen behoort tot de lineaire PAK-subfamilie met aceen-achtige randen. We
richten ons op nieuwe elektronische eigenschappen van materialen gebaseerd op piceen, die — in
tegenstelling tot pentaceen-gebaseerde materialen — supergeleiding vertonen. Er wordt uitgebreid
ingegaan op het verband tussen de moleculare structuur van PAK-moleculen en hun IR activiteit,
en de rol van elektroncorrelatie in deze PAK-systemen.
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