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Chapter 1

Introduction
1.1

Inventory of Cosmic Carbon

Carbon is the fourth most abundant element in the cosmos, after hydrogen, helium and
oxygen. Carbon is the chemical basis of all known forms of life. It can form stable chemical
bonds with itself and with other atoms, yet it can also easily undergo chemical transformation.
Families of carbonaceous species are found in space displaying sp, sp2, as well as sp3 valence
orbital hybridization and so carbon occurs in its different allotrope forms: carbyne, fullerene,
diamond, and graphite (Cataldo 2004). Then the question is how did carbon-based molecules
form in interstellar space? What are the reaction pathways of the various carbon families
under interstellar conditions when they interact with stellar UV light? What are the forms of
carbon that are stable enough to survive the harsh inter- and circumstellar conditions? Finding
answers to these questions in order to map the inventory of carbonaceous species in the
interstellar medium relies on astronomical observations and particularly on spectroscopic
analyses. This is also where laboratory investigations enter the stage; they provide the
necessary reference spectra for molecular identification, but they can also be employed to
investigate the chemical transformations under conditions that mimic those of interstellar
environments as closely as possible.
The cosmic chemistry cycle is displayed in Figure 1.1. It shows the mass loss from an
old and dying star, a diffuse-cloud that is formed from the star’s remnants, a
dense-molecular-cloud that evolves from the diffuse cloud, which then, under the influence of
gravity, collapses into an accretion-disk (collapsing core cloud), and finally forms a
next-generation stellar system. At the stage of mass loss, simple molecules may be formed
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from the elements excreted, which were generated as the star's nuclear fuel was depleted over
the course of its lifetime. The spectroscopic signatures of these molecules can be picked up by
terrestrial radio-telescopes such as the Robert C. Byrd Green Bank Telescope (GBT).

1.2 The Cosmic Chemistry Cycle
In the stage of the diffuse cloud, the ejected material from stars accumulates to form an

Figure 1.1：An artist’s illustration of the cosmic chemistry cycle. At the end of their life cycle,
stars eject large amounts of matter into space, which forms giant gas and dust clouds. The clouds
condense into a next generation of planets and stars, comets and meteorites. Credit: Bill Saxton,
NRAO/AUI/NSF
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interstellar cloud of gas and dust with very low density (~10-100 atoms/cm3) and temperature
( 100 K), see Table 1.1 (Wooden et al. 2004). The low density of the cloud allows ultraviolet
(UV) radiation to easily penetrate and destroy the dust grains, a process being further
enhanced by supernova shockwaves and stellar outflows (Wolfire et al. 2003). This leaves
only heavy elements, simple molecules of polycyclic aromatic hydrocarbons (PAHs) may also
occur in these clouds.
In dense regions, interstellar clouds are governed by much lower temperatures and ice
mantles can form around condensation cores. Atomic and molecular gas-phase species adsorb
onto these ice grains and chemical processing can occur, including grain-surface organic
chemistry or cold gas-phase chemistry. In this stage, many complex organic molecules are
formed through the long timescales of the physical and chemical interaction. As the dense
cloud eventually evolves into a protostellar system, the produce of this complex chemistry
becomes embedded in this new environment.
The protostellar system from the dense cloud contracts further and further, causing most
of the mass to become concentrated near the central protostar formed in the planetary disk.
The center of the disk remains cold and ices dominate the chemical processes in this part of
the disk. Thus, a stellar system such as our solar system forms a high-mass star in the center
with planets, comets, and interplanetary material remaining in orbit around the star. A
thermonuclear reaction is ignited in the central star under conditions of sufficiently high
temperature and density. The radiation from this newborn star is absorbed by gas and dust
surrounding it, so that gas and dust are expelled away from the system. Molecules with
possibly prebiotic nature are trapped by passing comets, interplanetary dust particles, and
meteorites, and may ultimately be transported to planets.
Table 1.1：Phases of the interstellar medium (Adapted from Wooden et al. 2004.)
ISM component

Designation

Hot ionized medium

coronal gas

Warm ionized medium

diffuse ionized gas

Temperature (K)
106

Density (cm-3)

0.003

4

>10

4

10

Warm neutral medium

intercloud HI

10

0.1

Atomic cold neutral medium

diffuse clouds

100

10-100

Molecular cold neutral medium

dark clouds,

<50

103-105

molecular clouds,
dense clouds
Molecular hot cores

protostellar cores

100-300

>106
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1.2.1 Spectroscopic Observations
Spectroscopic observations of the interstellar medium (ISM) have raised many questions,
three of which have been of particularly long-standing interest and mystery. First, a series of
infrared emission bands, the so-called Unidentified Infra-Red emission bands (UIRs), is
observed at the same wavelengths (3.3, 6.2, 7.7, 8.6 11.3, and 12.7 micron) towards many
inter and circumstellar clouds. Although it was early on recognized that they ought to be of
molecular origin, the molecules concerned have remained under debate for some time. Second,
the Diffuse Interstellar Bands (DIBs), also assumed to be of molecular origin, are a series of
more than 400 absorption bands profiled in the visible spectrum observed at the same
wavelengths along many lines of sight. The nature of the molecules carrying the large
majority of DIBs remains unknown to date. Third, the UV extinction bump is an intense
absorption feature in the UV centered at ~220 nm (5.6 eV) along various lines of sight; the
origin of the bump has been much debated but remains unknown.
An important difference between DIBs and UIRs lies in the fact that the DIBs are seen as
absorption bands in the light of a background star, whereas the UIRs are observed as emission,
after excitation by starlight, but not in the line of sight of the star. Figure 1.2 shows this
situation very schematically; the DIBs and the UIRs are thus never observed along the same
line of sight, which makes correlations between them difficult. Perhaps most importantly, the
question of whether the UIRs and the DIBs are carried by the same species, at least in part,
therefore remains very difficult to answer. Note also that DIBs are necessarily seen towards

Figure 1.2: A sketch of the DIBs and UIRs. Note that DIBs and UIRs are seen along different
lines of sight.
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translucent diffuse clouds, whereas UIRs are observed from denser regions, so that the
physical conditions of the ISM are very different at the positions from where the spectra are
observed.
In the present thesis, the UIR bands are of particular interest. These mid-infrared
emission bands at 3.3, 6.2, 7.7, 8.6, 11.3, and 12.7 m are observed from many astronomical
objects (Allamandola & Tielens 1985; Léger & Puget 1984; Sellgren 1984). As discussed in
more detail below, the UIR bands are now widely accepted to be related to carbonaceous
species, in particular large polycyclic aromatic hydrocarbon (PAH) molecules. Hence,
relatively high abundances of PAHs are proposed to be present in the ISM, although the UIRs
are unlikely to be entirely carried by any single PAH molecule. Rather, an ensemble of large,
very stable PAH structures, of which the precise composition is unknown, is hypothesized to
be responsible for the UIRs.
The 217-nm spectral absorption feature known as the “UV bump” in the stellar light
curves has also been related to PAH species. Although PAHs have often been coined as
possible DIB carriers, no DIB has thus far been convincingly correlated with known
absorption bands in the UV spectra of any PAH species. On the other hand, two DIBs (at
963.2 and 957.7 nm) have very recently been convincingly correlated with ionized
buckminsterfullerene C60 (Campbell et al. 2015).
On Earth, PAHs are well known as byproducts of combustion and as environmental
pollutants, but they are also found in comets and meteorites and are hypothesized to be
abundantly present in the interstellar medium. The interstellar PAHs are estimated to have an
average of roughly 50 carbon atoms while the number of potential PAH structures is very
large. PAHs are estimated to represent a substantial fraction of 10 to 20% of the interstellar
carbon budget. PAHs are believed to be formed via photo-processing of larger carbonaceous
species generated in outflows of carbon stars (top-down chemistry), or through acetylene
addition to smaller aromatic species (bottom-up chemistry).
Polycyclic aromatic nitrogen heterocycles (PANHs) are N-atom substituted versions of
PAHs. One or a few of the aromatic ring carbons are replaced with nitrogen in these species.
Quinoline and acridine are two small PANHs shown as an example in Figure 1.3. PANHs in
which a CH unit at the edge of the aromatic ring is replaced by an N atom are defined as
exoskeletal PANH, while PANHs where an internal carbon atom is substituted by an N atom
are referred to as endoskeletal PANHs (see Figure 1.3). For the latter, the even-electron
species are ionic.
5
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Figure 1.3: PAHs, PANHs, endoskeletal PANH cation and exoskeletal PANH cation.

1.2.2 Mechanism of UIR Emission
To understand the origin of the IR emission from PAHs, we consider the relaxation pathways
followed by PAHs when they are excited by UV photons. The basic mechanism is explained
in detail in Allamandola et al (1989). and is illustrated in Figure 1.4. Typically, in the PAH
model of the UIRs, an isolated PAH molecule absorbs a UV photon so that it is electronically
excited into one of its (many) low-lying electronic states. Subsequently, rapid internal
conversion (IC) occurs from the excited electronic state to an iso-energetic high vibrational
energy level in the ground electronic state. The electronic energy injected by the UV photon is
thus converted into vibrational energy, which is distributed randomly over the vibrational
modes of the molecule and which is highly dynamic. The lack of collisional deactivation in
the extremely low-density environments of interstellar clouds causes the PAH molecule to
release its energy by slow (ms timescale) IR emission on the wavelengths of the allowed
vibrational transitions of the molecule. As the vibrational spectra of different PAH molecules
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are to a large extent similar, a typical, generic IR emission spectrum is generated known as the
UIR bands.

1.2.3 Details of UIR Spectra
As mentioned above, the vibrational spectra of PAH molecules grossly have a generic form,
rather irrespective of details of the geometry of the individual PAH molecule. Here we

Figure 1.4: Schematic Jablonski diagram of an ionized PAH showing the mechanism of UV
absorption induced IR emission that is held responsible for the UIR emission bands. The various
radiative and non-radiative excitation, relaxation and emission channels are indicated. Figure
taken from Allamandola et al. (1989).
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describe the general features of typical PAH spectra in more detail in terms of the typical
vibrational normal modes and corresponding frequencies (wavelengths). The typical positions
of the emission bands are illustrated in Figure 1.5 (Cesarsky et al. 1996). The profiles of the
emission bands may vary significantly from source to source, but this is primarily due to
overall differences in the PAH population, e.g. whether molecules are mostly ionized or
neutral (see further below).
The bands near 3.3 m correspond to CH stretching vibrations while the bands between
6 m and 8 m are carried by vibrational normal modes having predominantly CC stretching
character. In addition, the peak at 8.6 m has some CH in-plane bending character as well.
The bands in the wavelength range from 10 to 16 m correlate with CH out-of-plane bending
motions. The exact position of these out of plane (oop)-bending modes was shown to depend
on the number of adjacent CH-oscillators on one aromatic ring, see Figure 1.6 (Allamandola
et al. 1989; Hudgins & Allamandola 1999a). As described in more detail below, bands are
thus often classified as mono, duo, trio or quartet. From an astronomical point of view, the
position of this band can provide information on the typical size and compactness of the PAH
population responsible for the emission.

Figure 1.5: UIR emission spectrum from NGC7023. Figure taken from Cesarsky et al. (1996).
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Figure 1.6: PAH molecules, with examples of solo, duo, trio, and quartet H sites indicated.

PAH emission in circumstellar disks is believed to come mostly from the surface layers
due to the required UV pumping and the limited penetration of UV radiation into the disk.
Because of the exposure to UV radiation, PAH molecules are thought not only to undergo UV
excitation and subsequent IR radiative relaxation, but in particular also ionization.
Furthermore, fragmentation (photo-ejection of H, H2 or C2H2) may occur to release the energy
after absorption of a UV photon, which may in addition lead to isomerization of the carbon
skeleton of the PAH into cages, fullerenes, rings and chains (Berné & Tielens 2012; Bouwman
et al. 2016; Alvaro Galué 2014; Joblin 2003; Petrignani et al. 2016; Zhen et al. 2016; Zhen et al.
2014).
The assumption that the PAHs may be ionized and that IR emission may be due to PAH
ions has significant consequences for the UIR emission spectra. The relative intensities of the
vibrational bands in the various regions of the IR spectrum vary strongly with the charge state
of the molecule. This variation was first reported based on a comparison of the calculated
spectra for neutral and cationic naphthalene (Pauzat et al. 1992) and was confirmed
experimentally for four PAHsnaphthalene, anthracene, pyrene and peryleneusing
matrix-isolated spectroscopy (Szczepanski et al. 1992; Szczepanski & Vala 1993a;
Szczepanski & Vala 1993b). Figure 1.7, adapted from (Allamandola et al. 1999), shows the
large relative band intensity differences in the spectra of neutral and radical cation PAHs.
Neutral PAHs have strong bands in the 3 µm wavelength region (CH-stretch) as well as in the
wavelength region of the CH out-of-plane modes (12-16 µm), while their CC-stretching and
in-plane CH-bending modes in the 5-10 µm range are relatively weak. Upon ionization, the 3
µm CH-stretch modes become very low in intensity, while the CC and CH features in the
wavelength region of 6-10 µm are strongly enhanced with respect to the rest of the spectrum.
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Figure 1.7: The computed absorption spectrum of a mixture of six neutral PAHs (a) compared
with the spectrum of the same PAHs in their radical cation form (b). PAHs in the set are
anthracene, tetracene, 1,2-benzanthracene, chrysene, pyrene, and coronene. This comparison
shows that ionization has an extremely large influence on relative band intensities, although peak
frequencies remain grossly unchanged. Figure taken from Allamandola et al. (1999).

Variations in the relative intensities of the UIR emission bands depend on the ionization
fraction of the PAH population, which can in turn be used to derive the physical conditions in
the region of space from where the emission is observed (Table 1.1) (Galliano et al. 2008;
Hony et al. 2001; Peeters et al. 2002). A higher ionization fraction may indicate a higher UV
photon density.
Peeters et al. (2002) studied the IR emission spectra of 57 astronomical sources in the
6-9 µm wavelength region including reflection nebulae, HII regions, young stellar objects
(YSOs), evolved stars and galaxies. A variation was found in the exact position of the
nominally 6.2 µm band, which appears to vary from 6.19 µm to 6.29 µm. The 7.7 µm broad
band shows complex sub-peaks with two main maxima at 7.6 and 7.7 µm; the main bands can

10
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apparently shift up to 8 µm. In addition, two post-AGB stars (IRAS 13416-6243 and CRL
2688) were found to exhibit a broad emission band at 8.22 µm instead of the 7.7 µm feature.
The 8.6 µm feature was discovered in all sources and was found to shift slightly to longer
wavelength (Peeters et al. 2002). The peak position and the profile were implied to be
dependent on structural details of the carrier. The classiﬁcation of the 6.2, 7.7 and 8.6 µm
features which relates to the type of object is summarized in Table 1.2.
Next, Hony et al. (2001) reported the infrared spectra of 31 astronomical objects in the
10-15 µm wavelength range, including spectra of HII regions, YSOs, reflection nebulae and
stars. The UIR spectra near 11.2 and 12.7 µm display richer structure, while the bands at 10.6,
11.0, 12.0, 13.5 and 14.2µm were weaker in intensity (Hony et al. 2001). Generally, the 11.2
µm band is a strong feature in evolved stars such as PN or post-AGB stars while in HII
regions, the 11.2 and 12.7 µm bands are equally dominant. The correlations between
intensities of emission bands such as that of 11.2 and 3.3 m bands (I11.2/I3.3) as well as
I12.7/I6.2 are summarized in Hony et al. (2001). The correlation between the emission from
PAHs and that from dust (IPAH/IIR) and I12.7/I11.2 can be also analyzed, which in combination
with the FUV photon field and shocks in the ISM can reveal the PAH abundance in certain
chemically reactive regions (Hony et al. 2001).

Table 1.2: The classification of the 6.2, 7.7 and 8.6 µm features.

This table is adopted from Peeters et al. (2002). Atomic H ionized regions (HII), Reflection
Nebulae (RN), Planetary Nebulae (PN), Asymptotic Giant Branch (AGB).
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Figure 1.8: Average interstellar emission spectrum in the out-of-plane bending mode range (top)
with typical wavelength ranges of the out-of-plane bending modes for different CH-adjacency
classes indicated (bottom). Figure taken from Hudgins et al. (2000). Note: the emission process
leads to a ≃ 0.1 µm wavelength redshift in the peak position (Hony et al. 2001).

The CH out-of-plane bending modes in PAH molecules have been recognized as a
diagnostic tool of molecular shape. The positions of the bands in this spectral region
effectively reflect the number of adjacent CH groups on each aromatic ring of the PAH
molecule, see Figure 1.8 (Allamandola et al. 1999; Allamandola & Tielens 1985; Bellamy
1958; Hudgins & Allamandola 1999a). Traditionally, the 11.1 µm and 11.6 µm UIR bands are
predominantly due to by non-adjacent (solo-) CH groups, and the IR activity between 11.6
and 12.5µm is caused by two-adjacent (duo-) CH groups. Likewise, bands in the 12.4 to
13.3µm range are indicative of three-adjacent (trio-) CH groups, and bands in the region of 13
to 13.6 µm are mainly contributed by PAHs carrying four-adjacent (quartet-) CH groups.
Figure 1.8 indicates the band positions associated with the out-of-plane bending vibrations for
diﬀerent types of CH-adjacency groups in the spectra of neutral and cationic PAHs which
were derived from matrix isolation spectra by Hudgins et al. (Hudgins et al. 2000). In the
comparison of Figure 1.7, the peak positions show slight differences due to the PAH
ionization state. In addition, it was predicted by Hony et al. (2001) that the 12.7µm UIR band
in typical HII regions is due to small and irregularly shaped PAHs which are processed by
strong UV irradiation.
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In order to confirm whether the relative variations of the 6.2, 7.7, 8.6 µm and 11.3µm
bands are essentially caused by different fractions of ionized versus neutral PAHs, Galliano et
al. (2008) quantified their observations on those IR aromatic features in galaxies and found
that the intensity ratio of 6.2, 7.7, 8.6 µm features to the 11.3 µm feature may vary by one
order of magnitude (Galliano et al. 2008). Specifically, the ratio I6.2/I11.3 is found to be higher
in intense star forming regions. The observations further implied that the I6.2/I11.3 band ratio
reflects the ionization fraction and can also trace the hydrogenation state.

1.2.4 UIR Emission: position of CC stretch
Special interest has focused on the 6.2 µm emission band correlating to the IR activity of the
CC stretching vibrations. Although most of the UIR emission bands were found to be roughly
fixed in position and profile (though not in relative intensity), frequency shifts were observed
for the 6.2 µm feature depending on the astronomical source observed (see Table 1.2). Peeters
et al. (2002) discussed observations on the profile of the CC stretching emissions from a
variety of interstellar sources and found a range of peak positions varying from 6.19 to 6.29
µm (see Figure 1.9) (Peeters et al. 2002). The nominal 6.2 µm band was sub-divided into
classes A, B and C depending on the precise peak position: if it falls between 6.19 and 6.23
µm the source is considered to belong to class-A. In class-B objects, the peak position falls
between 6.235-6.28 µm. Regions associated with class-C show a peak at 6.29 µm. Figure 1.9
shows emission spectra from different astronomical sources showing the observable
differences in the 6.2 µm UIR band profile, width, symmetry, position and strength. Besides, a
weaker band near 6.0 µm occurs in some sources next to the 6.2 µm feature, however, it was
not suggested to be related to the 6.2 µm band. Furthermore, a CC stretching band at 6.35 µm
was detected by Verstraete and coworkers (1996) in the HII regions of M17-SW.
Over the last decade, comparisons between laboratory spectra of PAHs and the
interstellar spectra have revealed the PAH populations in various interstellar regions. The
spectral profile of PAHs was considered to be affected significantly by their ionization states.
If we trace back to the computational results for the comparison of the spectral profile in
Figure 1.7, we conclude that ionization strongly influences the absorbance in the 6.2 µm band.
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Figure 1.9: Normalized spectra of different astronomical spectra in the PAH CC stretching
wavelength range. For reasons of comparison, the profile of HD 44179 is plotted onto each of the
other spectral profiles in grey. The vertical lines show the peak positions for class B. Figure taken
from Peeters et al. (2002).

Experimental and theoretical investigations of the IR spectra of PAHs have shown that
the molecular size, molecular symmetry, and inclusion of hetero-atoms play an important role
in the exact position of the nominally 6.2 µm band. The peak wavelength of the dominant CC
stretching feature shifts to shorter wavelength with an increasing molecular size going from
C10 to C30 (Hudgins & Allamandola 1999b). At sizes larger than about C30 to C40, however, no
further blue shift of the band is observed. It is qualitatively understandable that for a small
PAH, a single ring modification to the carbon skeleton has a significant influence on the CC
stretching position while the modification of a large carbon skeleton has minor effects on the
corresponding CC stretching. We note also that from arguments of chemical stability under
the conditions of interstellar environments, it has been estimated that PAHs should be larger
than 40 C-atoms to withstand the harsh radiation conditions of interstellar environments
(Peeters et al. 2002).
At the current state of the art, the IR spectra of large, highly symmetric pure PAHs reveal
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a small mismatch in the position of the 6.2 µm band as compared with the interstellar
emission spectra (Bauschlicher et al. 2008). Other factors sensitively influencing the exact
peak position have therefore been considered, such as the inclusion of hetero-atoms into the
aromatic carbon network. Obviously, hetero-atom substitution decreases the molecular
symmetry and hence increases the number of IR active vibrational modes. Band positions are
obviously also affected. Thus, the spectral effects of hetero-atom substitution at different
positions within the PAH carbon skeleton were studied (Bauschlicher et al. 2009; Hudgins et
al. 2005; Mattioda et al. 2005; Mattioda et al. 2003). In particular, nitrogen, oxygen and
silicon substitution have been studied (Hudgins et al. 2005). Oxygen substitution significantly
decreases the aromatic stability of the  electron network and silicon is in a lower cosmic
abundance than nitrogen. Thus, the spectroscopic consequences of nitrogen substitution,
forming aza-PAHs (PANHs), have received most attention.
It can be understood at least qualitatively that the more electronegative nitrogen atom
changes the charge distribution over the carbon network and generally increases the
magnitude of the oscillating dipole, changing and generally increasing vibrational band
intensities. A computational study has suggested that the position of N-substitution within the
carbon network influences the spectral shift particularly of the nominally 6.2 µm band
(Hudgins et al. 2005). If the N-atom replaces an endoskeletal carbon atom (see Figure 1.3) the
band shifts particularly close to the interstellar 6.2 µm band position. Substitution of an
exoskeletal carbon atom does not shift the band significantly. Note also that endoskeletal N
substitution replaces a C-atom with an N-atom, whereas exoskeletal substitution replaces a
CH unit with an N-atom. The former substitution therefore reverses the odd/even electron
nature of the species, while the latter does not. In Chapter 4 of this thesis we present the first
experimental IR spectra of gaseous PAH ions containing an endoskeletal N-atom and verify
the computational predictions to some extent.
Other PAH modifications that have been studied in relation to the position of the
CC-stretching mode near 6.2 µm include odd-carbon PAHs, thus even-electron PAH cations,
and protonated PAHs (Hudgins et al. 2001). Furthermore, PA(N)Hs complexed with silicon or
metal ions such as iron, silver, and copper have been investigated spectroscopically by
experimental and theoretical methods to determine especially the shifting of the CC stretch
modes upon metal ion complexation (Gao et al. 2016; Hudgins et al. 2005; Meyer et al. 1995;
Savoca et al. 2011; Senapati et al. 2003; Simon et al. 2008; Szczepanski et al. 2006). Possible
spectral shifts resulting from the combination of metal ion complexation with nitrogen
substitution were studied for the first time in this thesis (see Chapter 5).
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In relation to the 6.2 m band position, we should also mention a study by Pino et al.
(2008), who investigated the relative band intensities of aromatic versus aliphatic CH
oscillators in soot particles, which are centered around 3.2 µm and 3.4-3.5 µm, respectively. It
was found that this ratio of Iarom/Ialiph correlates with the precise position of the 6.2 µm band in
these particles. This suggests that the 6.2 µm peak position is influenced by the aromatic
versus aliphatic content of the (derivatized) PAH carriers, where the band shifts towards 6.2
µm if the species are more aromatic and towards 6.3 µm with increasing aliphatic content
(Pino et al. 2008).

1.3 Laboratory Studies on the IR Spectra of
Ionized PAHs
Inspired by the astronomical observations and in combination with theoretical studies, the IR
spectra of a large variety of neutral and ionic PAHs and derivatives have been studied
experimentally over the last decades. The laboratory spectroscopy of PAHs is used to
characterize and potentially identify the carriers of the interstellar emission bands. While
standard spectroscopic methodologies can be applied to record the IR spectra of neutral PAH
species, obtaining the spectra of ionized PAHs is more involved. We review here briefly the
most important spectroscopic methods that have been applied to acquire the IR spectra of
ionized PAHs.

1.3.1 Matrix Isolation Spectroscopy
Matrix isolation spectroscopy was first implemented by Becker & Pimentel (1956) to record
the spectra of PAH molecules. The technique of MIS works as follows: the PAH of interest is
thermally evaporated and is co-deposited with a rare gas (typically Ar or Ne) onto a
cryo-cooled IR-transparent substrate. The sample containing the molecule of interest isolated
in the solid inert unreactive matrix at very low temperatures is inserted into an IR
spectrometer to measure the spectrum. Due to the inert matrix environment, this method is
particularly suitable to study the spectroscopy of reactive species. Vala and coworkers
introduced an electron gun to the matrix-isolation set up to ionize the molecules on their way
to the cold substrate and thus were able to record the IR spectrum of the naphthalene radical
16
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cation (Szczepanski et al. 1992). On the other hand, a UV-lamp can also be used to induce in
situ ionization of the matrix-embedded PAHs (Fulara et al. 1993a; Fulara et al. 1993b). Many
laboratory IR spectra of cationic PAHs have been reported using these MIS methods, in
particular by the groups of Vala and Allamandola (Hudgins et al. 1994; Hudgins &
Allamandola 1995a, Hudgins & Allamandola 1995b; Szczepanski & Vala 1993b). However,
ionization of the PAHs is potentially not the only result of the irradiation: fragmentation or
other chemical modification may also occur and can give rise to spurious bands in the spectra.
A more sophisticated set-up employs a quadrupole mass filter to select the mass of interest
prior to deposition, although a substantial reduction in deposition flux is a serious drawback.
With the use of a quadrupole mass filter, the first IR spectra of ionized fullerenes such as C60
were studied (Fulara et al. 1993a, Fulara et al. 1993b).
MIS is very useful, although interactions between the molecules and the surrounding
matrix material may give rise to unknown frequency shifts and especially band intensity
variations (Joblin 1994). Nonetheless, the MIS spectra can serve to exclude certain species
from contributing to the interstellar emission bands.

1.3.2 Gas-phase Ion Spectroscopy
Based on the original hypothesis of gaseous PAHs as potential carriers of the UIR emission
bands, it is most appropriate to record laboratory IR spectra under conditions that imitate as
far as possible the conditions under which PAHs emit in interstellar clouds (Allamandola &
Tielens 1985; Léger & Puget 1984), that is, the PAH species are best studied in an isolated,
gaseous, and cold state. It is however very difficult to mimic all of these conditions in the
laboratory. Moreover, the majority of spectra obtained in the laboratory are absorption spectra
instead of emission spectra, as observed from astronomical sources. For instance, vibrational
spectra recorded at temperatures different from that of the interstellar emitting species, may
give rise to (small) band shifts due the influence of anharmonicity (Joblin et al. 1995; Mackie
et al. 2015; Maltseva et al. 2015). On the other hand, recording laboratory IR spectra of the
PAHs at various temperatures can be used to derive anharmonicity parameters that are
difficult to obtain otherwise (from both experimental as well as theoretical studies). These
parameters can then be used to model PAH emission spectra more accurately (Allamandola et
al. 1989; Bakes et al. 2001; Cook et al. 1998; Pech et al. 2002; Oomens et al. 2003).
Gas-phase action spectroscopy at the low temperatures of molecular beam expansions
was found to reproduce line positions and intensities most precisely (Levy 1980). Hence it has
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been widely applied to obtain in UV-vis spectra of aromatic molecules using laser-based
spectroscopic methods. For the PAH hypothesis, the IR spectral region of 5-16 µm plus 3µm
is however most relevant. Various researchers have devised double-resonance methods
combining these UV/vis molecular beam detection methods with tunable infrared lasers,
including free electron lasers (FELs), to record IR spectra under expansion cooling conditions.
To date, some absorption spectra of small PAH species and their ions thus have been reported
(Piest et al. 1999; Piest et al. 2001).
Various other methods have been developed as well during past few decades to obtain IR
spectra of gaseous neutral and ionized PAHs. For instance, IR emission from UV excited PAH
species was dispersed to obtain their IR emission spectra (rather than absorption spectra) in
the 3 µm region (Shan et al. 1991; Williams & Leone 1995). Using cryogenically cooled
spectrometers and thermally excited PAHs, these methods were successfully extended to
longer wavelength ranges (Cook et al. 1998; Cook et al. 1996; Pirali et al. 2006; Schlemmer
et al. 1994). Cavity-ring down spectroscopy of jet-cooled PAHs (Brumfield et al. 2012;
Huneycutt et al. 2004) and straightforward gas-phase absorption spectroscopy of sublimed
PAHs (Joblin et al. 1995) are among other methods that have been applied.
Of specific interest to the studies described in this thesis is a series of “action
spectroscopy” methods that make use of a combination of tunable IR laser sources and
tandem mass spectrometers, which are now employed by a number of research groups (Burke
et al. 2016; Bush et al. 2009; Chillier et al. 1996; Knorke et al. 2009; Lorenz et al. 2007;
Oepts et al. 1995; Oomens et al. 2006; Oomens et al. 2000; Piest et al. 1999; Prell et al. 2010;
Ricks et al. 2009; Voronina et al. 2016). Most of these methods rely on wavelength-selective
ion dissociation which is monitored as a change in the mass spectrum. The various techniques
are most distinctive in whether the molecular ion as a whole is undergoing IR induced
dissociation, or a weakly bound complex of the ion, and whether the ion storage mass
spectrometer is at ambient or cryogenic temperatures.
At the FELIX Laboratory, methods have been developed based on infrared
multiple-photon dissociation (IRMPD) combined with tandem mass spectrometry to study
gas-phase IR spectroscopy of cationic PAHs. It was shown that the wide and continuous
tunability of the free electron laser for infrared experiments (FELIX) makes it an excellent
tool for these type of gas-phase spectroscopy studies (Oomens 2011; Oomens et al. 2001;
Oomens et al. 2003). The wavelength dependent IR absorption of a mass-selected molecular
ion is monitored by the degree of dissociation induced at that wavelength. Recording a series
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of mass spectra, each with the laser at a different wavelength, and plotting the relative
dissociation yield as a function of wavelength gives a surrogate for the absorption spectrum of
the ion. A detailed description of these methods, especially as implemented in our laboratory
and as used for the studies described in this Thesis, is given in Chapter 2.
The use of tandem mass spectrometry in (some of) these action spectroscopy methods
provides an additional opportunity to not only study ionized PAHs but also their reaction
products, generated e.g. from dissociation reactions. To understand the photo-induced
evolution of PAHs (Berné & Tielens 2012), the kinetic parameters controlling the
fragmentation processes and the molecular structures of the reaction products have to be
determined accurately. Mass selective spectroscopy with different sorts of lasers has thus also
emerged as attractive techniques for investigating the photochemistry of PAHs and spectral
properties of their reaction products.
Finally, we briefly mention that in complement to the gas-phase PAH chemistry
hypothesized to occur in interstellar clouds, PAHs have also been suggested to be formed and
undergo chemical transformations in small ice grains occurring in dense interstellar clouds.
Hence, the spectroscopy and chemistry of PAHs embedded in CO, water and other ices have
also been extensively studied in the laboratory, for instance in the Linnartz group at Leiden
Observatory (Bouwman et al. 2009; Ioppolo et al. 2008).

1.4

PAH Derivatives

Inspired by the richness of astronomical UIR emission spectra, as for instance illustrated by
the discussion on the variations in the exact position of the CC stretching modes in section
1.2.3 of this Thesis, numerous chemical modifications of the PAHs have been suggested to
interpret the UIR spectra. However, from an experimentalist’s standpoint, it is quickly
realized that many of these suggested structures may occur in the ultra-high vacuum of the
interstellar medium, but that they are not stable under normal atmospheric conditions, and
hence that they are not available as bulk samples. Therefore, the use of an ion storage tandem
mass spectrometer is of interest not only to study the spectroscopy of ionized PAHs, but also
because it can be used as a “reaction chamber” where new species can be formed in the
complete isolation of the gas phase and can be mass isolated for subsequent spectroscopic
interrogation. A range of astronomically relevant PAH derivatives have thus been
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spectroscopically investigated.
Protonated PAHs are of interest because of their closed-shell ionic structure (Hudgins et
al. 2001), in contrast to radical cation PAHs. They were hypothesized as candidates for the
UIR emissions on the basis of computed spectra. It appeared that the H+PAHs generally match
the astronomical 6.2 µm emission band slightly better than the PAH radical cations. Making
use of storage ion mass spectrometers and electrospray ionization (ESI) sources, various
experimental studies using gas-phase action spectroscopy have been reported for protonated
PAHs up to the size of coronene (Knorke et al. 2009; Lorenz et al. 2007a). Besides, IR
spectroscopy of several very small protonated aromatic species has been reported using other
techniques (Douberly et al. 2008; Ricks et al. 2009; Solca & Dopfer 2002), and IR spectra of
larger protonated PAHs, such as coronene and ovalene, have been recorded in a cryogenic
para-hydrogen matrix by Lee and coworkers (Bahou et al. 2014; Tsuge et al. 2016).
Since PAHs are assumed to undergo chemical processing in the ISM, in particular loss of
hydrogen under irradiation in the interstellar UV field or addition reactions with atomic
hydrogen, hydrogenated and dehydrogenated PAHs are considered to be astronomically
relevant (Berné & Tielens 2012). Hydrogenated PAHs have excess H atoms forming aliphatic
CH2 groups, while dehydrogenated PAHs show H atom loss from the peripheral carbons.
Their potential relevance in interstellar environments has been discussed by various groups
(Bernstein et al. 1996; Cazaux et al. 2016; Duley 2006; Rauls & Hornekaer 2008; Sandford et
al. 2013; Schutte et al. 1993; Vala et al. 2009b). Therefore, various studies, both experimental
and computational, have been carried out to investigate their spectra and relate them to
interstellar emission spectra (Alvaro Galué & Oomens 2012; Banisaukas et al. 2004; Bernstein,
et al. 1996; Duley 2006; Ekern et al. 1997; Jochims et al. 1994; Kim et al. 2002; Vala et al.
2009b). Particularly, the hydrogenated PAHs are likely to explain weak emission bands at 3.4
and 3.5 µm due to the aliphatic CH stretches (Cazaux et al. 2016). In addition, Vala and
coworkers (2009) revealed that H2-loss occurs upon photo-fragmentation of these
hydrogenated PAHs rather than H-loss.
The interstellar 6.2 µm band correlating to CC stretching modes have often be related to
hetero-atom substituted PAHs, in particular where nitrogen replaces a carbon, which could
lead to a subtle blue shift of the CC stretch modes as compared to the spectra of pure PAHs.
Nitrogen-substituted PAHs (PANHs) include even-electron species (closed-shell species) and
odd-electron species (open shell species), resulting from either endoskeletal or exoskeletal
substitution, where the nitrogen atom replaces a C-atom or a CH-group; only the latter
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substitution is iso-electronic (see details in Chapter 4 of this Thesis). It is worth to discuss
which type of PANH is the most plausible carrier of the CC stretching 6.2 µm band. To verify
the computationally predicted IR spectra of the various PANHs and in particular the positions
of their CC stretching modes, many gas-phase spectroscopy laboratory studies have been
undertaken and spectra have been compared to computational CC stretch frequencies (Alvaro
Galué et al. 2010; Hudgins et al. 2005; Langhoff et al. 1998; Mattioda et al. 2003; Peeters et al.

2002; Vala et al. 2009a).
As also discussed above, it appears that the experimental bands of cationic PANHs
cannot explain the UIR emission shifted to the 6.2µm. On the other hand, the spectra of
protonated PANHs appear to reproduce the CC stretching band positions very closely (Alvaro
Galué et al. 2010). The open-shell versus closed-shell character of these ionic PANHs may be

the cause for these subtle spectral differences, as is also suggested by the computed spectra of
ionic PANHs with endo- versus exoskeletal nitrogen substitution (Hudgins et al. 2005). We
investigate this issue further on the basis of experimental IR spectra for closed-shell ionic
endoskeletal PANHs in Chapter 4 of this Thesis.
The complexation of metal ions with PAHs in the ISM has often been suggested
especially to explain the depleted abundances of some metals, see for instance (Klotz et al.
1995; Serra et al. 1992). Iron-PAH complexes and silver-PAH complexes are systems that
appear to be easily formed in laboratory conditions (Savoca et al. 2011; Simon et al. 2008;
Szczepanski et al. 2006). The recording of their IR spectra by action spectroscopy techniques
showed that the out-of-plane modes are especially affected by the metal ion complexation.
However, despite these experimental spectroscopy studies, most IR spectra reported for
metal-PAH complexes are based on computational investigations (Joalland et al. 2009; Simon
& Joblin 2007). In this Thesis, we present experimental spectra for complexes of Cu+ with
PANHs to probe the combined effect of nitrogen substitution and metal ion binding. Results
are described in detail in Chapter 5.
The list of PAH modifications whose effects on the IR spectral features have been
investigated is long and includes alkyl-substituted PAHs, CH3-substituted PAHs, and other
side-group additions such as -NH2, -CN, -OH, -COOH, -OCH3, or even a ketone group C=O,
and cannot be discussed in detail here. Many of these systems were quantum-chemically
verified and some experimentally, to assess their possible astrophysical implications for the
interstellar emission bands (Bernstein et al. 2002; Joblin et al. 1996; Langhoff et al. 1998).
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1.5

Outline of this Thesis

This Thesis presents studies investigating the IR spectra and structural properties of several
ionized PAH derivatives based on experimental ion spectroscopy measurements using the free
electron laser FELIX and theoretical investigations (Chapter 3, 4, 5). In addition, we have
explored interesting dimeric complexes of cytosine with Cu+ as well as with alkali metal ions
(Chapter 6). A short outline of these chapters is given below.
In Chapter 2, we give a detailed description of the Fourier Transform Ion Cyclotron
Resonance Mass Spectrometer (FTICR MS) set up combined with infrared laser light sources.
Here the FELIX free electron laser and the optical parametric oscillator (OPO) source are
described. The methods of DFT computations used in this Thesis are also briefly addressed in
this chapter.
In Chapter 3, the first experimental infrared spectra of gaseous anionic PAHs in the
critically important wavelength ranges between 6 and 16 μm and around 3 μm are presented.
So far, experimental spectra have been reported for a large variety of neutral and cationic
PAHs, but hardly for anionic PAHs. The charge state of a PAH molecule in inter- and
circumstellar environments depends mainly on the local electron density and UV photon flux.
For regions with a relatively high electron density and low UV photon flux, PAHs have been
suggested to occur as negatively charged ions (anions). In this chapter, the gas-phase infrared
multiple photon electron detachment (instead of dissociation) spectra are presented for the
deprotonated forms of naphthalene, anthracene and pyrene. Spectra are compared with
theoretical spectra computed at the DFT level, which is also used to determine various other
properties of these species. Among others, we found strong charge localization in these
closed-shell anions resulting in permanent dipole moments that are unusually large for PAH
species.
In Chapter 4, new experimental spectra for PAHs containing a quaternary nitrogen atom
are reported. These species are defined as endoskeletal PANHs having a closed-shell
electronic configuration and a charge of +1. Their 6.2 micron band was suggested to be closer
to the astronomically observed position, and here we verify this experimentally. In addition,
the IR spectra of the corresponding open-shell endoskeletal radical neutral PANHs, open-shell
exoskeletal radical cation PANHs, and the closed-shell exoskeletal PANH neutral species
have been investigated by theoretical calculations to compare these spectra. The effects of the
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quaternary nitrogen on the PANH and on the peak positions and band intensities are
discussed.
In Chapter 5, experimental studies of the IR spectra of heterocyclic PAHs (i.e. PAHs
including a nitrogen atom, PANHs) revealed that the CC-stretching feature is generally closer
to the band observed in the ISM around 6.2 μm than for regular, unsubstituted PAHs. The
effects of metal ion binding on the characteristic vibrational frequencies of PANHs have not
been studied in detail. Studies of metal ions clustering with larger polycyclic nitrogen bearing
molecules, possibly offering the choice between ‐ and ‐bonding are also of interest to
identify the metal ion binding mode. In chapter 5, we report on a spectroscopic study of
gaseous complexes of Cu+ bound to a selection of small PANH molecules.
In Chapter 6, somewhat separate from the astrophysically relevant subjects addressed in
Chapters 3, 4, 5, we present a study on the coordination of the nucleobase cytosine to Cu+ and
how this coordination geometry compares to that of alkali ions. Human telomeric DNA
consists of tandem repeats of TTAGGG/CCCTAA, which may form a Watson-Crick double
helix. One of the strands can fold into a non-duplex secondary DNA structure known as
guanine(G)-quadruplex whereas the cytosine(C)-rich strand may fold into an i-motif by
pairing of two C bases induced by the sharing of a single proton (C-H+-C), particularly at low
pH. At physiological pH, silver cations were recently found to stabilize C dimers in a
C-Ag+-C structure analogous to the hemiprotonated C-dimer (Berdakin et al. 2015). This
chapter aims to find out whether C-Cu+-C complexes arrange into an analogous i-motif-like
structure, and whether this is also the case for alkali metal cations binding two cytosines.
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Chapter 2

Experimental Methods
Direct IR absorption methods, where the wavelength-dependent attenuation of a light beam
through a sample is monitored, are commonly applied for recording the spectra of gas-phase
neutral molecules. The degree of attenuation is given by Lambert-Beer’s well-known law of
absorption

where

is the ratio of transmitted and incoming light intensity,

is the wavelength

dependent molecular absorption cross section, n is the density and l is the path length through
the sample. In order to observe an appreciable attenuation of light intensity, but not saturate the
light absorption, the pressure of the gaseous sample (corresponding to n) is usually adjusted
such that the argument of the exponential is of the order of 1 at strong absorption bands.
Molecular ions trapped in magnetic or electric ion storage devices have intrinsically
extremely low densities due to the strong mutual Coulombic repulsion. Typical densities in ion
trap mass spectrometers are therefore limited to values that are on the order of 1010 times smaller
than what would typically be used in a direct absorption measurement on a neutral gaseous
sample. Direct absorption methods are therefore obsolete in the spectroscopy of molecular ions
and instead methods collectively referred to as “action spectroscopy methods” are typically
applied. One such method, which was employed to obtain the IR spectra presented in this Thesis,
is infrared multiple photon dissociation (IRMPD) spectroscopy and will be described in this
chapter. Detailed introductions of the IRMPD technique are given elsewhere (Eyler 2009;
Fridgen 2009; Polfer 2011; Polfer & Oomens 2007; Rijs & Oomens 2015; Valle et al. 2005).

2. Experimental Methods
The molecular structure of an (ionic) species can be derived from its experimental IR
spectrum by comparison with quantum-chemically computed spectra for a series of possible
candidate structures. In this chapter, we also give a brief overview of the computational
techniques used in this thesis to run electronic structure calculations, with the aim to predict
vibrational frequencies, transition states, dissociation energies, and partial charges.

2.1 Experimental Set-up of the FTICR-MS
All IR spectroscopy studies described in this Thesis were carried out in a home-built Fourier
Transform Ion Cyclotron Resonance mass spectrometer (FTICR-MS) in which the stored ion
cloud is accessible to the IR beam produced by the free electron laser FELIX. Figure 2.1 shows
a schematic overview of the entire experimental set-up. On the left, the free electron laser is
depicted, which in reality is located remotely (i.e. in a radiation shielded bunker) from the mass

Figure 2.1：Illustration of the experimental apparatus, consisting of the free electron laser FELIX
on the left and the FTICR mass spectrometer on the right. Taken from (Polfer & Oomens 2007).
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spectrometer. On the right, the FTICR-MS is depicted, including the 4.7 Tesla super-conducting
magnet, an electrospray ionization source, and several ion guiding elements. Below we describe
the different elements of the set up in some detail.

2.1.1 Electrospray ionization source
In electrospray ionization (ESI), gaseous molecular ions are generated starting from the species
of interest in solution (Fenn et al. 1989; Yamashitat & Fenn 1984). A nebulizer biased at a few
kV DC creates a fine mist of charged droplets containing the solute of interest. Gentle heating
of the mist causes gradual evaporation of the solvent molecules leaving behind the gaseous
charged solute molecules. Advantages of ESI over other methods of ionization include the slow
and gentle nature of the process, as it avoids possible degradation of the sample induced by
thermal evaporation or electron bombardment. ESI allows to even ionize large and fragile
biological molecules and is the preferred method of ionization in bio-analytical mass
spectrometry. ESI can be used with both positive and negative high voltage on the nebulizer,
creating either cations or anions. ESI generally produces closed-shell molecular ions, typically
by protonation or deprotonation, or by (alkali) metal ion complexation. Both singly as well as
multiply charged ions can be generated by ESI (depending on the molecular size).
The ESI source used in the experiments described in this Thesis is a Waters Z-Spray source
(see Figure 2.2). The typical voltages on the capillary range from about 1.8 to 4.0 kV and is
optimized by maximizing the ion signal. The inlet to the mass spectrometer is positioned
orthogonally with respect to the direction of the ESI plume, so that only ionized species are
pulled into MS, reducing contamination. The ion intensity can be optimized by tuning the
voltages of capillary, cone, and skimmer (see Figure 2.3), and by adjusting the flow rates of the
solution and the nebulizing and desolvation nitrogen gas. The pressure in the cone-skimmer
region is normally about 2-3 Torr. The potential difference between the cone and the skimmer
can be adjusted in the range of tens to 200 V, where high values are used to induce in-source
collision induced dissociation to produce fragment ions. It should be noted that the voltage on
the skimmer should be lower (for positive ions) than the voltage on the cone. Besides,
adjustments of the flow rate of solution (around 0.05~0.50 ml/h) and nitrogen (around 17-25%
of maximum value of 200 l/h) can also be used to optimize the ion signals. By changing the
polarity of the needle HV, skimmer, cone, as well as ion lenses, reversing the bender potentials
and changing the hexapole bias and trapping electrodes, negative ions can be studied instead of
positive ions.
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Figure 2.2: Z-spray source. The ion source is configured such that neutral and solvent are directed
away from MS inlet (cone) while ions enter. N2 desolvation gas emanates from a tube positioned
concentrically with the ESI capillary. The voltage supplied on the capillary is about 3 kV.

For the experiments described in this Thesis, solutions are made in mixtures of acetonitrile
or methanol and water with a solute concentration of approximately 1.0 mM.

2.1.2 Ion transfer and accumulation
The ESI generated ions enter the mass spectrometer through a small orifice and are guided
through several stages of differential pumping to reduce the pressure stepwise starting from the
atmospheric pressure of the ESI. Ions are accumulated in a linear radio-frequency (RF)
hexapole trap (see Figure 2.3). The pressure in this chamber is typically in the 10-3 Torr range.
Settings of the RF amplitude (100 – 250 Vpp), DC bias (around 35 V), and trapping potentials
(approximately 40 – 50 V) define the ion trajectories in the trap and thereby the average energy
of collisions with background gas molecules; this can be used to induce dissociation of the
electrosprayed species if desired.
The ions are pulse extracted from the accumulation hexapole and sent into the direction of
the FTICR MS. On their way, they pass x/y steering electrodes and then enter a quadrupole
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Figure 2.3: Linear RF hexapole used as accumulation trap. The potential on the skimmer should be
lower than the potential on the cone (for positive ions), so that the ions travel from cone to skimmer. The
RF amplitude and DC bias on the hexapole rods, and the voltage on the end cap (right) electrode can
be adjusted so that ions enter the hexapole and are trapped. The potential of the bias should be lower
than the potential on the skimmer. The end cap is used as an ion gate: its potential is higher than the
hexapole bias and can be dropped to below the hexapole bias to extract ions in the direction of the
FTICR. A typical DC bias on the hexapole is about 35 V.

bender, bringing them on-axis with the magnetic field of the 4.7 T superconducting magnet
(Cryomagnetics). A 1 meter long RF octopole guides the ions into the ICR cell located at the
center of the magnet. Just prior to exiting the octopole guide, the DC bias of the guide is
switched from ground potential to a lower value (for positive ions); as the ions then climb the
potential towards the ICR cell, which is at ground potential, they slow down so that they can be
efficiently captured in the ICR cell. This method avoids the use of a collision gas and thus
avoids potential heating of the ions (Polfer et al. 2006; Rijs & Oomens 2015).

2.1.3 Ion detection

The ICR cell is at the heart of the instrument inside the high-vacuum chamber (around 10-9 Torr)
in the sweet spot of the superconducting magnet. In the magnetic field, the ions orbit the
magnetic field axis at the cyclotron frequency, which is inversely proportional to the ion’s m/z
ratio. Ions are detected from their image current on an opposite pair of electrodes of the
cylindrical ICR cell. Passing near the detection plates in their cyclotron motion, each ion
produces a sinusoidal signal as it rotates in the magnetic field. To induce coherence between
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different ions of the same m/z, an RF sweep over the cyclotron frequency range of interest is
supplied on the excitation electrodes prior to detection (Figure 2.4). Detection is then
accomplished by recording a time-domain transient, i.e. different ions are detected
simultaneously over a given period of time. The different frequency components, corresponding
to ions of different m/z ratio, are recovered from the time-domain signal by Fourier
transformation. The resolution can be enhanced by increasing the strength of the magnet or by
increasing the detection duration (Marshall et al. 1998). The signals of two ions of nearby mass
to charge ratio (m/z) can be detected as distinct ions if the mass resolution is sufficient; FTICRMS typically provides higher mass resolution than other forms of MS. This high resolution is
helpful for studying large molecules such as PAHs and the high resolving power of the FTICR
is also extremely useful in investigating molecules containing a distribution of isotopes. Figure
2.5 shows the mass spectrum of silver complexed with an acridine and an acetonitrile ligand.

Figure 2.4: FTICR cell. The pressure of FTICR cell is about 10-9 Torr. The ions in the FTICR cell
can be mass isolated by a SWIFT (stored waveform inverse Fourier transform) excitation pulse and
then irradiated by IR light sources. A RF chirp (a frequency-sweep broadband excitation) is applied
to detect the masses of ions.
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Figure 2.5: Mass spectrum of Ag+(acridine)MeCN (m/z=327/329) observed with our FTICR MS.
The two peaks due to the two isotopes of silver can be easily resolved. Complexes of Ag+(MeCN)2
are observed at m/z=189/191.

2.1.4 Ion isolation

Prior to mass detection, precursor ions can be mass isolated in the FTICR-MS using a
stored waveform inverse Fourier transform (SWIFT) excitation RF pulse (Marshall 1985).
This pulse causes mass-selective ejection of ions of unwanted m/z from the trap by
increasing their cyclotron orbital radius to large values so that they collide with the
electrodes of the ICR cell. The SWIFT pulse is generated by the FTICR control software
and applied to the excite electrodes of the ICR cell prior to IR irradiation and ion detection.
Figure 2.6 shows a general sequence and timeline window.
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Figure 2.6: Timeline showing the sequence of events in one experimental cycle. A quench removes
all ions from the ICR cell that are potentially left over from the previous cycle. The trapping
potential that traps the ions axially in the ICR cell is around 4V. A SWIFT excitation pulse is used
to mass-select the ions of interest by removing ions of different m/z-values. Prior to the SWIFT, a
CO2 laser is applied in experiments where fragment ions are targeted. Mass isolated ions are then
irradiated with IR light from FELIX or an OPO laser inducing wavelength dependent IR multiple
photon dissociation. The ions are subsequently excited using a chirped RF pulse and a time-domain
free induction decay signal is detected. Fourier Transformation of this signal leads to the mass
spectrum. The total time of one cycle is on the order of several seconds, determined mainly by the
duration of IR irradiation, typically (1 – 5 sec).
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Figure 2.7: Mass spectra of the tetracene radical cation with and without irradiation with the 4th
harmonic of a pulsed Nd:YAG laser (266 nm). The mass spectrum shows the loss of H, H2, CnHm
units using different pulse energies of the UV laser.

2.1.5 Ion reactions
In addition to the precursor ion generated directly by ESI, in some experiments the gas-phase
reaction product ions are of interest. These product ions can be produced and mass-isolated in
the ICR cell. For instance in Chapter 3 (Gao et al. 2014), the precursor ion was fragmented
using Sustained Off-Resonance Irradiation (SORI) collision induced dissociation (Marshall et
al. 1998). SORI applies a single-frequency RF excitation pulse at a frequency slightly offset
from the ICR frequency of the precursor ion, resulting in a much increased kinetic energy of
the ion, but preventing loss of the ion from the ICR cell. The higher kinetic energy results in
dissociation due to more energetic collisions with residual background gas in the ICR cell. The
fragment ion of interest can then be mass-isolated after the SORI activation. In SORI CID, an
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offset of 100 – 300 Hz from the cyclotron frequency is typically used in combination with a ~2
second duration of the SORI pulse.
As an alternative, reaction products from the precursor ion can be induced by irradiation
with a secondary laser. This beam is aligned into the ICR cell over the axis of the magnetic field,
using a laser window on the center of the end flange of the ICR vacuum chamber (see Figure
2.1). For certain experiments, the stored ions were irradiated with a 35-W continuous-wave CO2
laser. Depending on the stability of the precursor ion, the irradiation time is in the range of 10
milliseconds to 1 second. Although not further discussed in this thesis, a UV laser (harmonics
of a pulsed Nd:YAG laser at 355 or 266 nm) has also been introduced into the ICR cell to induce
dissociation of trapped PAH ions. Within the astrochemical community, there is currently much
interest in the UV photo-processing of PAHs (Ekern et al. 1997; Zhen et al. 2014a; Zhen et al.
2014b). The UV photo-products could be further characterized with IR spectroscopy with this
set up (see Figure 2.7).

2.1.6 IR ion irradiation
After mass isolation, the ions under study are irradiated with the tunable IR light either from
FELIX in the 5.5-16 μm wavelength range or from a pulsed OPO in the wavelength range
around 3 m, where the CH stretch vibrations are located. The IR laser sources are described
in section 2.2
The laser beam enters the ICR vacuum chamber through a KRS-5 window mounted offaxis on the end flange (see Figure 2.1). An elliptical mirror focuses the beam down into the ICR
cell, using in addition two planar mirrors. The copper excitation electrodes of the cylindrical
ICR cell are polished on the inside and set up a multi-pass reflection cell increasing the overlap
between the IR beam and the ion cloud stored in the ICR cell. Approximately 10 passes are
made through the ion cloud.

2.1.7 IRMPD spectrum
Being IR irradiated with FELIX or the OPO laser, the ion absorbs many photons and undergoes
fragmentation when the frequency of the laser is in resonance with one of the IR allowed
vibrational modes of the ion. In general, the IR spectrum is constructed by monitoring the IR
induced fragmentation ion yield, defined as –ln[
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Here,
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is the intensity of precursor ion and

is the sum of the intensities

of all fragment ions. It should be noted that an IRMPD spectrum is not a direct absorption
spectrum, although the observed IRMPD spectrum is often compared to linear DFT computed
spectra. To obtain a sufficient IRMPD yield, depending on the infrared wavelength and kinetic
shift, tens to hundreds of photons typically need to be absorbed to reach and cross the
dissociation threshold.
The molecular structure can be confirmed comparing the experimental spectrum with DFT
theoretical spectra. Figure 2.8 shows an example of the comparison between an IRMPD
spectrum and a DFT calculated spectrum. A satisfactory agreement is found in this comparison,
which confirms the molecular structure of quinaldine red.

Figure 2.8: IRMPD spectrum of quinaldine red. The IRMPD spectrum is presented in black and the
theoretical spectrum is shown in red, both in the form of a stick spectrum and a convolution using a
Gaussian line shape function with a FWHM width 15 cm-1. The structure is shown on the left of the
figure. Calculations were performed at the B3LYP/6-311G(d, p) level and harmonic frequencies were
scaled by 0.97.
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Figure 2.9: Schematic representation of the FELIX Laboratory in Nijmegen.

2.2 Infrared lasers
Various free electron laser (FEL) beam lines have been developed in the FELIX Laboratory in
Nijmegen, the Netherlands. Together, they provide an extremely wide spectral coverage in the
40

2.2 Infrared lasers

Figure 2.10: FELIX pulse structure. Every s-duration macropulse consists of a train of a few
thousand ps-duration micropulses.

infrared and THz wavelength range as can be seen in Figure 2.9. Presently, the FELIX
beamlines cover a wavelength range between 3 and 150 μm and the FLARE beamline extends
this range to wavelengths up to 1500 μm. The experiments described in this Thesis use the
FELIX-2 beam line in the 5.5 – 16 μm wavelength range, the fingerprint region, which is most
relevant to the study of the astrochemically relevant PAHs.
The FELIX free electron lasers are described in detail elsewhere (Oepts et al. 1995). For
the experiments described here, the FEL light pulse consists of a 5 μs long macropulse, which
is emitted at a repetition rate of 5 or 10 Hz. Each macropulse consists of about 5000 micropulses
with a repetition rate of 1 GHz and a pulse duration of 5 ps. A diagram of the FELIX pulse
structure is presented in Figure 2.10. The bandwidth of the IR radiation is 0.4 to 0.6% of the
central wavelength. Both bandwidth and central wavelength are measured online using a grating
spectrometer, which is used for absolute frequency calibration of our spectra. FELIX pulse
energies in the 5.5-16 μm range can go up to 80 mJ per macropulse corresponding to a
micropulse peak power on the order of megawatts. As a result of the working principle of the
FEL, the output energy varies over the wavelength range (Oepts et al. 1995). A FELIX power
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Figure 2.11: Typical FELIX power curve for the beam energy settings used for most
experiments in this Thesis.

curve for settings used typically in the experiments in this Thesis is shown in Figure 2.11. In all
IRMPD spectra, spectral intensities are corrected for power variations assuming a linear power
dependence.
In addition to the FELIX free electron laser, a table-top IR optical parametric
oscillator/amplifier (OPO/A) with a tuning range of 2.5 to 4 m has been used to measure the
hydrogen stretching vibrations of several ionic PAH species. The OPO/A (LaserVision, Seattle,
WA) is pumped by a 640 mJ Nd:YAG laser (Spitlight 600, Innolas, Germany) and delivers
energies up to 20 mJ per 5 ns long pulse (7 mJ at 2500 cm-1, 15 mJ at 3000 cm-1, 20 mJ at 4000
cm-1). The bandwidth is about 3 cm-1. The mid-IR frequency of the OPA is calibrated by
measuring the frequency of the pump laser and ‘signal’ beam of the OPO stage with a
wavemeter (HighFinesse WS5).
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2.3 Quantum-chemical computations
In this Thesis, quantum-chemical calculations are employed to predict vibrational spectra and
other molecular properties for the species under study in order to analyze the experimental IR
spectra. In general, the computational methods first optimize the geometry of the molecule by
minimization of its electronic energy. Vibrational frequencies and possibly other molecular
parameters are then computed for these optimized structures. Calculations are in virtually all
cases based on density functional theory (DFT) and are carried out using the unmodified
commercial software packages Gaussian03 and Gaussian09 (Gaussian Inc, Wallingford, CT,
USA). For a description of the DFT and related methods used by these software packages, we
refer the reader to one of the many textbooks on computational chemistry and here we shall
only give a brief description of the types of calculations used in this Thesis. All computations
were carried out at the Linux compute cluster “LISA” of SURFsara in Amsterdam.

2.3.1 Geometry optimization and vibrational frequencies
For our computations, we use the B3LYP, BLYP, and BP86 density functionals as implemented
in the Gaussian03 and Gaussian09 program packages. Different basis sets including 6311+G(2df,2p), 6–311++G(d,p), 6–31++G(d,p), 6–31+G(d,p), and 6-31G have been employed
in conjunction with these functionals. In addition, the SDD effective core potential has been
employed in some calculations involving metal ions. Electronic energies have typically been
corrected for zero-point energy (ZPE) and are usually also reported as Gibbs free energies at
298 K. We have in most cases assumed a singlet electronic ground state, where in a few cases
optimizations and frequency calculations were also run for a triplet electronic state, mainly for
purposes of verification of this assumption by comparison with the experimental spectra.
Harmonic vibrational frequencies are calculated using the Freq keyword ensuring that no
imaginary frequencies are present. The computed harmonic vibrational frequencies are scaled
by a factor between 0.965 and 0.98 (depending mainly on basis set size) in the IR wavelength
range between 6 and 16 μm and by 0.956-0.957 for wavelengths around 3 μm to empirically
account for unknown anharmonicities (Laury et al. 2012; Merrick et al. 2007; Scott & Radom
1996). For easy comparison of experimental and theoretical spectra, the stick spectra are
typically convoluted with a 15 cm− 1 FWHM Gaussian lineshape.
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In some cases, refinements of the electronic energies were pursued using single-point MP2
calculations at the DFT optimized structure. In addition, dispersion corrections for the B3LYP
energies were sometimes computed using Grimme’s D3 empirical correction (Grimme 2011;
Grimme et al. 2010; Grimme et al. 2011; Marom et al. 2011; Reckien et al. 2012) (see in
particular Chapter 6). For some systems consisting of two ligands coordinated around a metal
ion, the relative orientation of the two ligands was further investigated by scans of the potential
energy surface (PES). In particular, the relative stabilities of planar to perpendicular orientations
of the cytosine ligands around the metal center were investigated using such PES scans (see
Chapter 6).

2.3.2 Transition states (TSs) and electron affinities (EA)
In Chapter 3, the IR spectra of negatively charged PAHs are investigated, in particular for
singly deprotonated PAHs. Since deprotonation can (at least in principle) occur at different sites,
different isomers of the deprotonated PAHs are conceivable. We investigate the isomerization
between them computationally by characterizing the transition states (TSs) for proton transfer
along the periphery of the PAH. In these calculations, the TSs were localized using the QST3
keyword.
In addition, the electron affinities (EA) of neutral radicals (aryl radicals) were determined
using the zero-point energy (ZPE) corrected electronic energy of the radical neutral minus the
ZPE corrected electronic energy of the deprotonated anion; the EA for the doublet radical anions
(arene) are calculated using the ZPE corrected electronic energy of neutral inus that of the
corresponding radical anion. We use these values to compare the stabilities of the deprotonated
anions versus those of the radical anions.

2.3.3 Frontier MO
In order to evaluate qualitatively the localization or delocalization of charge, relating for
instance to the permanent dipole moment, the frontier molecular orbitals (MOs) for various
charge and spin states of a series of PAH systems were visualized using the Chemcraft program
(version 1.6.0.338). Different density cut-off values were used for different systems so that an
optimal view of the contour of the MO is obtained. More quantitatively, charge (de)localization
can also be investigated by computation of the partial charges on each of the atoms in the ion
(see below).
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2.3.4 Counterpoise correction and basis set superposition error
For the complexes studied in Chapters 5 and Chapter 6, counterpoise corrections have been
applied to the computed electronic energies to correct for basis set superposition errors (BSSE).
We briefly explain BSSE and the counterpoise correction in this section.
The problem of “basis set superposition errors” (BSSE) is introduced by the artificial
limitation of space of a molecular system by the inherent use of a limited set of basis functions.
In complexes of two or more units, the basis functions of the second unit in the complex
artificially increase the basis set of the first unit, thereby lowering the energy compared to a
calculation of the first unit alone. The artificial change in energy is referred to as BSSE. A
prescription for removing BSSE has been put forward by Boys and Bernardi and is commonly
referred to as the counterpoise correction (CPC) (Boys & Bernardi 1970).
For example, in a dimeric complex the incorrect interaction energy between monomer A
and monomer B can be calculated as:
∆
where

(1)

represents the energy of the bimolecular complex AB computed using the

dimer basis set, which is the sum of the basis sets of A and of B.

and

are the

energies of monomer A and monomer B using their own basis set, respectively. So the BSSE of
monomer A can be regarded as a disparity in energy between monomer A in the monomer basis
and in the dimer basis. Likewise, the BSSE can be calculated for monomer B. See equations (2)
and (3):
(2)
(3)
Hence, the counterpoise corrected binding energy between the two monomers can be
evaluated as that given in Eq. (1) minus the corrections in Eqs. (2) and (3), or
∆
Note that the geometries of monomer A and monomer B are supposed to be same whether
they are separated or approached to form bimolecular complex. Note also that the BSSE and
hence the correction is larger for smaller basis sets.
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2.3.5 Population analysis for partial charges
The (de)localization of charge in the aromatic systems under study as well as the charge transfer
between metal ions and PAH ligands are evaluated by assigning partial charges to the atoms
constituting the species. However, as is well known, the assignment of partial atomic charges
within a molecule is ambiguous as partial charges are not actually observable parameters. Hence,
the idea of assigning electron population to individual atoms within a molecule is not uniquely
defined. There are different theoretical models for population analysis, which include Mulliken
population analysis, Natural Bond Orbitals (NBO), and Charges from Electrostatic Potentials
using a Grid based method (ChelpG), which were all used in this Thesis to estimate the charge
distributions in the systems under study.
Detailed descriptions of the various types of methods to evaluate partial charges are given
elsewhere (Dognon et al. 2000; Groothues et al. 1995; Karamertzanis & Pantelides 2004; Levy
& Enescu 1998). Qualitatively, the distinguishing features of these methods can be related to
the question “where is the boundary between one atom’s electron cloud and the next?”
Mulliken population analysis is based on an assumed equal distribution of the overlap
electron density in the MO’s as linear combinations of atomic orbitals. All the orbitals are
regarded in this method. Table 2.1 shows a particular shortcoming of this method, i.e. a
significant variation of the computed partial charges for the same system when basis sets of
different size are employed.

Table 2.1: Mulliken charges on the metal atom computed for metal-ion cytosine complexes of
stoichiometry C-M+_C (C=cytosine) using two different basis sets, where the SDD basis set is
smaller than the basis set of 6-311+G(2df, 2P).
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C-M+_C

SDD

6-311+G(2df,2p)

Li+

0.523

0.382

Na+

0.750

0.500

K+

0.857

0.705

Cu+

0.540

-0.306

H+

0.494

0.486

2.3

Quantum-chemical computations

Natural bond orbitals (NBO) analysis (Weinhold & Landis 2001) reconstructs from the
electron density a new set of orbitals that closely resemble 1- and 2-center valence bonds, based
on the principle of maximum occupancy, which are then classified as one of three possibilities:
(1) non-bonding natural atomic orbitals (NAOs), (2) combination orbitals of bonding and
antibonding (NBOs), and (3) Rydberg type orbitals. The natural population analysis (NPA)
results of this method yield the partial atomic charges which are more stable as the basis set
size is augmented.
Charges from electrostatic potentials using a grid based method (ChelpG) analysis is
based on an observable quantity being the molecular electrostatic potential (ESP). In the
ChelpG method, the ESP is calculated from the nuclear charges and the optimized electron
density at grid points in a cube surrounding the molecule. Grid points which are lying within
the van der Waals surface are eliminated. Next, a fitting procedure assigns partial atomic
charges to each of the atoms such as to replicate the values of the ESP at the grid points as close
as possible (Ramachandran et al. 2008 ).
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Chapter 3

Laboratory Infrared Spectroscopy of
Gaseous Negatively Charged
Polyaromatic Hydrocarbons
Based largely on infrared spectroscopic evidence, polycyclic aromatic hydrocarbon (PAH)
molecules are now widely accepted to occur abundantly in the interstellar medium (ISM).
Laboratory infrared spectra have been obtained for a large variety of neutral and cationic PAHs,
but data for anionic PAHs are scarce. Nonetheless, in regions with relatively high electron
densities and low UV photon fluxes, PAHs have been suggested to occur predominantly as
negatively charged ions (anions), having substantial influence on cloud chemistry. While some
matrix spectra have been reported for radical anion PAHs, no data is available for even-electron
anions, which are more stable against electron detachment. Here we present the first laboratory
infrared spectra of deprotonated PAHs ([PAH – H]–) in the wavelength ranges between 6 and
16 μm and around 3 μm. Wavelength-dependent infrared multiple photon electron detachment
is employed to obtain spectra for deprotonated naphthalene, anthracene, and pyrene in the gas
phase. Spectra are compared with theoretical spectra computed at the density functional theory
(DFT) level. We show that the relative band intensities in different ranges of the IR spectrum
deviate significantly from those of neutral and positively charged PAHs, and moreover from
those of radical anion PAHs. These relative band intensities are however well reproduced by
theory. An analysis of the frontier molecular orbitals of the even- and odd-electron anions
reveals a high degree of charge localization in the deprotonated systems, qualitatively

This chapter is based on: Juehan Gao, Giel Berden, and Jos Oomens, 2014, The Astrophysical
Journal, 787, 170 (11pp).
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explaining the observed differences and suggesting unusually high electric dipole moments for
this class of PAH molecules.

3.1

Introduction

Polycyclic Aromatic Hydrocarbon (PAH) molecules are now generally considered to be
abundantly present in inter- and circumstellar environments and have been linked to different
spectroscopic observations (Williams & Taylor 1996), including the UV bump around 220 nm,
the diffuse interstellar bands (DIBs) and the infrared emission features, originally referred to as
the Unidentified Infrared Bands (UIRs). Evidence for the attribution of PAHs as the carriers of
these spectroscopic features is provided by comparison of the astronomical spectra with
laboratory and theoretical spectra for a range of PAH species. Of the observations in the various
wavelength regimes, the evidence for PAHs as carriers is perhaps most compelling for the IR
bands (see e.g. (Allamandola et al. 1989; Tielens 2008) for reviews).
Some thirty years ago, the IR emission features, which were discovered about a decade
earlier and found to be rather constant in the spectra of a large variety of sources, were suggested
by several groups to resemble the general IR spectroscopic features of polyaromatic species
(Allamandola et al. 1985; Leger & Puget 1984; Sellgren et al. 1983). The main emission
features are centered at wavelengths near 3.3, 6.2, 7.7, 8.6, 11.2 and 12.7 m, although the
spectra contain much more detail depending somewhat on the specific source. Based on
comparisons with a large body of laboratory and theoretical IR spectra, these features were
shown to generally coincide with CH stretching bands (3.3 m), CC stretching and in-plane CH
bending bands (6 – 9 m) and out-of-plane CH bending bands (11 – 14 m) of typical PAH
molecules. While databases of theoretical PAH spectra rely mostly on density functional theory,
experimental methods that have been applied to verify these spectra include matrix isolation
spectroscopy (Hudgins et al. 1994; Szczepanski & Vala 1993), absorption spectroscopy of
sublimed PAHs (Joblin et al. 1995), cavity-ring down spectroscopy of jet-cooled PAHs
(Huneycutt et al. 2004), IR emission spectroscopy using a cryogenically cooled spectrometer
(Cook et al. 1996), and various forms of “action spectroscopy” using a combination of tunable
IR laser sources and (tandem) mass spectrometers (Knorke et al. 2009; Oomens et al. 2000;
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Piest et al. 1999; Ricks et al. 2009). To date, these experimental methods have largely addressed
neutral and (singly charged) cationic PAHs.
An important observation from these spectra concerns the relative intensities of the bands
in the various regions of the IR spectrum varying strongly with the charge state of the molecule.
This variation was first reported based on a comparison of the calculated spectra for neutral and
cationic anthracene (DeFrees & Miller 1988) and naphthalene (Pauzat et al. 1992) and was
confirmed experimentally using matrix-isolated spectroscopy (Szczepanski et al. 1992). It was
found to be a general feature of PAH spectra, useful in determining the dominating charge state
of PAHs in specific regions of the ISM (Allamandola et al. 1999). The overall appearance of
the infrared emission spectrum thus depends strongly on the relative abundances of neutral,
positively and negatively charged PAHs (Bakes et al. 2001a; Bakes et al. 2001b). The charge
state distribution of PAHs has been theoretically modeled in a large number of studies, see e.g.
(Dartois & d'Hendecourt 1997; Salama et al. 1996). One of the key parameters determining the
charge state distribution is the local ratio of the UV field (G0) to the electron density (ne).
Conversion of the charge state of PAHs from cationic to neutral and from neutral to anionic
occurs as G0/ne decreases. Cross-over values for G0/ne can be determined from recombination
and ionization rates, such that PAHs exist as cations for G0/ne > 104, as neutrals for values of
G0/ne ~ 102-103 and primarily as anions at G0/ne ~ 1 or lower, although these values also depend
on PAH size, cloud temperature and other parameters. Particularly inside dense clouds, where
the UV penetration is low, anionic species are believed to dominate. On the other hand, anionic
species may also occur in diffuse clouds (Dartois & d'Hendecourt 1997), particularly if the
metallicity is sufficiently high, leading to an increased ne due to more facile UV ionization (Cox
& Spaans 2006). Depending on the H-atom density relative to the PAH density, PAHs may even
be the dominant negative charge carriers in such clouds (Lepp & Dalgarno 1988) and have
pronounced influence on the chemistry of the cloud (Wakelam & Herbst 2008).
The studies by Bakes et al. relies strongly on the relative band intensities in the various
regions of the IR spectrum and how they change for PAHs in different charge states, where
typical PAH spectra were derived from computations. Based on comparison with experimental
data, calculated relative band intensities are known to be fairly accurate for neutral and cationic
PAHs. However, few experimental studies have reported spectroscopic data for anionic PAHs.
Obtaining data on anionic PAHs using matrix-isolation spectroscopy is particularly
cumbersome typically involving the subtraction of spectra recorded under different matrix
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conditions. Some experimental spectra on radical anion PAHs have however been reported
(Wang et al. 2005; Weisman et al. 2005). Gas-phase studies on anionic PAH systems are limited
in number and do not address isolated PAH species; IR spectra of hydrated naphthalene cluster
anions (Knurr et al. 2012) and the photo-dissociation spectra of cluster anions of benzene and
water (Maeyama et al. 1997) are some of the very few examples.
One of the main obstacles impeding experimental spectra of negatively charged PAHs to
be acquired is the relatively low electron affinity (EA) of neutral PAHs (Betowski et al. 2006;
Burrow et al. 1987; Denifl et al. 2005; Malloci et al. 2011; Malloci et al. 2005; Modelli et al.
2006; Rienstra Kiracofe et al. 2001; Song et al. 2003), typically less than 1 eV for PAHs in the
size range up to coronene. Hence, their radical anions (PAH•–) are rather unstable under
conditions prevailing in instruments used for matrix isolation spectroscopy or massspectrometry based action spectroscopy. In contrast, deprotonated PAHs ([PAH – H]–), i.e.
PAH anions missing one hydrogen atom, can be relatively stable as the EA of the aryl radical
is usually significantly higher than that of the corresponding arene molecule, as was recently
shown in calculations by (Hammonds et al. 2010) and will also be shown below. The increased
EA may also enhance their abundance in dense clouds relative to radical anion PAHs (Demarais
et al. 2012), which have been considered to be important in the chemical networks of such cold
clouds (Lepp & Dalgarno 1988; Wakelam & Herbst 2008).
Here we present experimental IR spectra of a series of deprotonated PAHs (naphthalene,
anthracene and pyrene), constituting the first gas-phase spectra of negatively charged isolated
PAHs. The spectra are obtained using a Fourier Transform Ion Cyclotron Resonance mass
spectrometer (FTICR MS) in combination with free-electron and optical parametric oscillator
laser sources, thus covering the astrophysically most relevant spectral range from 3 to 16 m.
Experimental spectra are compared to computed spectra and spectra of PAHs in different charge
states, paying special attention to relative band intensities.
Please note the nomenclature used: from the closed-shell neutral PAH, also referred to as
arene, addition or removal of an electron gives the odd electron ionic species referred to as
radical anion (PAH–•) and radical cation (PAH+•), respectively. Addition or removal of a proton
on the other hand yields the iso-electronic even-electron protonated ([PAH + H]+) and
deprotonated ([PAH – H]–) species. The latter is the main subject of investigation in this study
and is also referred to as the aryl anion or the carbanion.
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Figure 3.1: A. Schematic showing the generation of the 2-naphthyl anion from its 2-naphthoic
acid precursor. IR multiple-photon induced electron detachment (IRMPED) is used to detect light
absorption as function of the IR wavelength applied (see text for details). B. Isomeric structures
of deprotonated naphthalene, anthracene and pyrene. Relative energies with respect to the lowestenergy singlet isomer calculated at the B3LYP/6-311+G(d,p) level of theory are indicated.

3.2

Experimental Section

3.2.1 Experiment
Experiments are carried out in the Fourier-Transform Ion Cyclotron Resonance Mass
Spectrometer (FTICR-MS, (Marshall et al.1998)) described previously (Polfer & Oomens 2007;
Valle et al. 2005) coupled to the beam line of the free electron laser for infrared experiments
FELIX (Oepts et al. 1995; Polfer & Oomens 2007). The same FTICR-MS is also used in
combination with a pulsed Nd:YAG pumped optical parametric oscillator (OPO, LaserVision,
Bellevue, WA) to access the 3 m wavelength range.
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Deprotonated PAHs are generated and stored in the Penning trap of the FTICR MS as
outlined in Figure 3.1a. Briefly, the carboxylate anions of the PAH under investigation are
generated by electrospray ionization (ESI) of a solution containing the corresponding PAH
carboxylic acid, in particular naphthoic acid, anthroic acid and pyrene carboxylic acid, which
were obtained from Tokyo Chemical Industry (TCI) and used without further purification.
Solutions were prepared in a 9:1 methanol:water mixture containing 0.5 mM of the PAH
carboxylic acid and about 0.1 mM NH4OH to enhance deprotonation and hence the formation
of PAH carboxylate anions in the ESI process. The carboxylate anions are accumulated in a
linear hexapole ion trap and then transferred into the ICR cell via an octopole rf ion guide.
Sustained off-resonance irradiation collision induced dissociation (SORI–CID, (Marshall, et al.
1998)) of the carboxylate anions induces loss of CO2 thereby generating the deprotonated [PAH
– H]– species of interest. A stored-waveform inverse Fourier-Transform (SWIFT, (Marshall, et
al. 1998)) excitation pulse is then used to mass-isolate the [PAH – H]–. For the naphthyl (C10H7–)
and anthracenyl (C14H9–) anions, proton transfer was investigated using two different PAH
carboxylic acid isomers as precursor.
The mass-selected [PAH – H]– carbanions are irradiated with the tunable IR light from
FELIX in the 6 – 16 m wavelength range (~35 mJ pulse energy, ~5s pulse duration, ~0.5%
bandwidth). The FELIX wavelength is calibrated with a precision of 0.02 m using a grating
spectrometer, corresponding to a maximum error of ±5 cm-1 over the wavelength range. Spectra
over the 3.1 – 3.6 m wavelength range are recorded using a pulsed OPO (10 mJ pulse energy,
~6 ns pulse duration, ~3 cm-1 bandwidth), which is wavelength calibrated with a precision of
±1 cm-1 using a wavemeter. Whenever the frequency of the laser is in resonance with an IR
allowed vibrational mode of the anion, infrared multiple-photon absorption occurs leading to
electron detachment from the anion. A spectrum is then obtained by monitoring the depletion
of the parent ion as a function of IR frequency. To this end, a series of mass spectra is recorded
as the frequency of the laser is tuned. The mass of the naphthyl anion (C10H7-) is 127 u, of the
anthracenyl anion (C14H9-) is 177 u, and of the pyrenyl anion (C16H9-) is 201 u.
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3.2.2 Computational
Calculations have been performed at the DFT level using the B3LYP functional and the 631++G(d, p) basis set as implemented in Gaussian03. Electronic energies were corrected for
zero-point energy (ZPE). Depending on the site of deprotonation, multiple isomers exist for
each of the deprotonated PAH species (see Fig. 3.1b). For the anions which have been
experimentally investigated in this work, geometry optimizations show that (i) for the naphthyl
anion, the 2-naphthyl isomer is +0.060 eV higher in electronic energy than the 1-naphthyl anion,
(ii) for the anthracenyl anion, the 9- anthracenyl isomer is lowest in energy with the 1- and 2isomers at +0.140 eV and +0.207 eV, respectively, and (iii) for the pyrenyl anion, the 1-pyrenyl
anion is the most stable isomer, with the 2- and 10-isomers at +0.063 eV and +0.044 eV,
respectively.
Transition states (TS) for proton transfer connecting the different isomers of the aryl anions
were computed using the QST3 keyword in Gaussian03. In some cases, a slightly smaller basis
set was used to compute the TS, e.g. 6-31+G(d, p) was employed for the anthracenyl anion. It
was verified that the transition states are first-order saddle points and that the normal mode of
the imaginary frequency corresponds to the reaction coordinate transferring the proton between
the two isomeric positions.
Theoretical vibrational spectra have been computed at the B3LYP/6-31++G (d, p) level of
theory. Harmonic vibrational frequencies in the optimized singlet electronic ground states were
calculated ensuring that no imaginary frequencies were present. Calculated vibrational
frequencies are scaled by 0.97 in the IR wavelength range between 6 and 16 μm and by 0.957
for wavelengths around 3 μm. These values are in the range of those reported for naphthalene
using a similar basis set by (Langhoff 1996). While that paper uses in addition different scaling
factors for modes above and below 1300 cm-1, such detailed frequency scaling was not
considered useful here given the resolution of the experimental IRMPD spectra. For easy
comparison of experimental and theoretical spectra, the stick spectra are convoluted with a 15
cm-1 full width at half maximum (FWHM) Gaussian lineshape.
Electron affinities (EA) were calculated for the dehydrogenated radical [PAH – H]•
systems and compared to those of the corresponding intact even-electron PAH species. To this
end, geometry optimizations were carried out for the neutral PAH and [PAH – H]• systems as
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Figure 3.2: Adiabatic electron affinities for a selection of arene PAHs and aryl radical PAHs
computed at the B3LYP/6-31++G(d,p) level of theory.

well as for their anions. The adiabatic EA is then obtained by subtracting the ZPE corrected
minimum energies of the neutral and anion species.

3.3 Results and Discussion
3.3.1 Electron Affinity: stability of [PAH – H]– versus PAH–•
Figure 3.2 shows the adiabatic EAs for a selection of small neutral PAHs (arenes) computed at
the B3LYP/6-31++G(d, p) level of theory. The values obtained here are in good agreement with
previous computational and experimental data (see e.g. (Modelli et al. 2006) for a comparison
of experimental and computational data). It is seen that the EAs for benzene and naphthalene
are predicted to be negative and that the EA generally increases with PAH size, but remains
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below 1 eV for PAHs up to the size of perylene. The EAs for the series of acenes (anthracene,
tetracene, pentacene, …) are well-known to be generally higher than the EAs for the more
compact PAHs (Modelli et al. 2006), as are the EAs for PAHs comprising one or more fivemembered rings (Todorov et al. 2008) and fullerenes. The EA for the compact and highly
symmetric coronene molecule (C24H12) has been established at about 0.5 eV (Betowski et al.
2006; Carelli & Gianturco 2012; Chen et al. 1996; Denifl et al. 2005; Duncan et al. 1999;
Malloci et al. 2005). Although various experimental studies on radical anion PAHs have been
reported (Denifl et al. 2005; Duncan et al. 1999), it is anticipated that these species will be
unstable under the conditions of our ESI source and Penning trap due to their low EA.
Figure 3.2 also shows the computed adiabatic EAs for the corresponding aryl radicals,
[PAH – H]•, which upon electron attachment form the closed-shell anionic analogues. The
adiabatic EAs are calculated as the zero-point energy corrected difference in electronic energies
of the optimized geometries of the neutral radical and the singlet anion. It is seen that the EAs
for the aryl radicals are substantially higher than those for the corresponding PAH molecules.
Deprotonated PAHs ([PAH – H]–) are therefore generally more stable against electron
detachment than their corresponding radical anion species (PAH•–). The gain in stability
amounts to up to more than 1 eV for the smallest PAHs and falls off somewhat towards larger
species.
In the following, we present experimental IR spectra for three gas-phase deprotonated
PAHs, which are mass-selectively prepared from PAH carboxylic acid precursors using
negative ion ESI and CID in a tandem mass spectrometer, as described in the experimental
section.

3.3.2 Infrared Spectra
IRMPD spectra of three PAH anions have been recorded in the 600-1600 cm-1 and 2800-3200
cm-1 range using 2-naphthoic acid, 9-anthroic acid, and 1-pyrene carboxylic acid as precursors.
The spectra of the naphthyl, anthracenyl and pyrenyl anions (see Figure 1b) obtained with these
precursors are shown in Figures 3.3 – 3.5, respectively. The two spectral ranges were covered
with two different laser systems, FELIX and OPO, which have different pulse structure and
pulse duration. It is difficult to accurately assess what the influence of these differences is on
the multiple-photon excitation process and hence on the induced electron detachment process,
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so that it is not possible to directly link the intensities in the two spectral ranges. Center
frequencies for the bands in the 6 – 16 m range having a relative intensity of more than 25%
of the most intense band are listed in Table 3.I.
The aryl anions formed from the carboxylic acid precursors can exist as distinct isomers
depending on the position of the H-atom vacancy on the carbon frame (see Figure 3.1b). For
each of the aryl anions studied, these different isomers possess slightly different energies,
typically falling within a 0.2 eV range. In order to establish which of these isomers are formed
in the SORI-CID (Senko et al. 1994) process, the experimental IR spectra in Figures 3.3 – 3.5
are compared with computed IR spectra for the different isomers for each of the aryl anions.

Figure 3.3: Gas phase IRMPED spectrum of the naphthyl anion (black) using 2-naphthoic acid
as precursor compared to theoretical spectra (red) of singlet 1-naphthyl anion and 2-naphthyl
anion. The units of km/mol refer to the stick spectra only.
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Naphthyl anion. Figure 3.3 compares the naphthyl anion IR spectrum obtained using 2naphthoic acid as precursor with the computed spectra for the 1-naphthyl and 2-naphthyl anions.
It is seen immediately that the spectrum calculated for the 2-naphthyl anion matches the
experimental spectrum, while the 1-naphthyl anion computed spectrum provides a poor match.
We conclude therefore that despite its higher energy, the 2-naphthyl anion is formed; likely,
formation of the higher energy isomer is a consequence of using the corresponding precursor
2-naphthoic acid.
For the 2-naphthyl anion, the IR-active CH out-of-plane (oop) bending modes are observed
at 705 cm-1 and 780 cm-1. The intensity ratio and the position of these bands are in good
agreement with the computed IR spectra. Three weaker bands, observable just above the noise
level near 1007 cm-1, 1263 cm-1, and 1531 cm-1 are in reasonably good agreement with the
calculated spectrum and can be attributed to CH in-plane bending and CC stretching modes.
The strongest absorption observed at 1356 cm-1 corresponds to a blended feature composed of
CH in-plane bending and CC stretching modes calculated at 1325 cm-1, 1362 cm-1 and 1394
cm-1. The relative intensity of the band observed at 1356 cm-1 is clearly much larger than the
sum of its constituents as predicted by the computations. We tentatively attribute this to an often
observed artifact in multiple-photon absorption spectra, where closely-spaced bands can
enhance the IRMPD efficiency. Such effects are obviously not accounted for in the DFT
calculated spectrum, which represents a linear absorption spectrum.
The infrared absorption intensities of PAHs in the 3 µm spectral range are very sensitive
to the charge state (Bauschlicher et al. 2009); it is for instance well known that while neutral
PAHs possess intense CH stretching bands near 3.3 m, the corresponding bands in cationic
PAHs are about two orders of magnitude weaker. For PAH anions, the CH stretching vibrations
are rather intense, as is seen in the calculated spectra of the two naphthyl isomers (Figure 3.3).
For example, in the 2-naphthyl anion, the strongest CH stretching band has a calculated
integrated intensity of 173 km/mol, more than three times higher than that of the CH out-ofplane bending mode (52 km/mol) observed at 780 cm-1.
While the calculated spectrum of the 2-naphthyl anion shows many bands near 3 µm, the
experimental spectrum consists of only two relatively broad bands. The discrepancy between
observed and calculated spectra can be attributed to a broadening of the bands as a result of the
multiple-photon excitation process in the experiment (Oomens et al. 2006). As the molecule
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Figure 3.4: Gas phase IRMPED spectrum of the anthracenyl anion (black) using 9-anthroic acid
as precursor compared to theoretical spectra (red) of the singlet 1-anthracyl, 2-anthracyl and 9anthracyl anions. The units of km/mol refer to the stick spectra only.

becomes energized during the excitation process, absorption bands at frequencies slightly
higher than the laser frequency shift into resonance as a consequence of anharmonicity (Parneix
et al. 2013). This effect is more pronounced in the CH stretching range because of the high
density of vibrational bands and the relatively large anharmonicities (Barker et al. 1987). In
addition, the presence of several (weak) overtone and combination bands (Huneycutt et al. 2004)
gaining intensity through Fermi and anharmonic resonances with the fundamental bands may
add to the spectral congestion observed. Clearly, all of these effects are not accounted for in the
DFT calculated spectrum. Nevertheless, convolution of the calculated stick spectrum
approaches the experimental spectrum fairly closely for the 2-naphthyl anion, while less
convincingly for the 1-naphthyl isomer.

Anthracenyl anion. In Figure 3.4, the experimental spectrum of the anthracenyl anion
recorded using 9-anthroic acid as precursor is compared with the computed spectra of the 160
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anthracenyl, 2-anthracenyl, and 9-anthracenyl anions. Even a superficial glance at the figure
establishes that the observed spectrum is due to the 9-isomer of the anthracenyl anion. Hence,
as for the naphthyl anion, we find that the anion is deprotonated at the position of the carboxylic
acid group in the precursor, which in this case corresponds to the lowest-energy isomer. Judging
from the overall comparison of the experimental spectrum with those computed for the 1- and
2-isomers in the upper two panels of Figure 3.4, it is unlikely that even a small fraction of these
isomers is present. This suggests that after dissociation of the PAH carboxylate anion into the
aryl anion and a neutral CO2 molecule, no proton transfer occurs. This hypothesis is further
supported by transition state calculations presented below.
The CH out-of-plane bending features of the 9-anthracenyl anion are observed at 709 cm -1
and 789 cm-1. The frequency of CH out-of-plane bending modes is known to be dependent on
the number of adjacent CH units on an aromatic ring (Allamandola et al. 1989; Bellamy 1958;
Hudgins & Allamandola 1999). The 9-anthracenyl anion possesses two aromatic rings with 4
adjacent hydrogen atoms (referred to as “quartet”); the center aromatic ring has 1 “solo”
hydrogen atom. Animating the calculated normal modes shows that the higher frequency oop
band (789 cm-1) corresponds mainly to the solo hydrogen moving, while the lower frequency
band (709 cm-1) puts higher vibrational amplitude on the quartet hydrogens. These relative
positions of solo and quartet CH oop modes are in agreement with what has been reported for
neutral PAHs, although the absolute positions appear to be red-shifted considerably. For neutral
PAHs, (Hudgins & Allamandola 1999) consider the ranges around 880 cm-1 typical for solo CH
and around 750 cm-1 typical for quartet CH. Upon cationization, these modes typically undergo
a blue-shift.
The weaker band located at 987 cm-1 is due to a CH in-plane bending mode, while the
strongest band in the spectrum near 1332 cm-1 is due to CC-stretching. Both bands, as well as
several weaker bands in the 800 – 1300 cm-1 range are well reproduced by the theory. In contrast,
three weaker CC-stretching bands predicted at 1507, 1549 and 1585 cm-1 are not clearly
observed in the experimental IR spectrum, despite several experimental attempts to reveal them.
We suspect that a slightly lower laser power in this spectral range, resulting in inefficient
multiple-photon excitation, and/or flaws in the computed intensities of these bands are
responsible for the deviations.
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Figure 3.5: Gas phase IRMPED spectrum of the pyrenyl anion (black) using 1-pyrene carboxylic
acid as precursor compared to theoretical spectra (red) of the singlet 1-pyrenyl, 2-pyrenyl and 10pyrenyl anions. The units of km/mol refer to the stick spectra only.

In the CH stretching range around 3.3 m, the theoretical IR spectra of the 1- and 2anthracenyl anion are significantly different from that of the 9-anthracenyl anion. The
experimental IR spectrum can therefore be clearly attributed to that of the 9-anthracenyl anion,
corroborating the conclusions based on the spectrum observed at longer wavelengths.

Pyrenyl anion. The spectrum of the pyrenyl anion obtained from the 1-pyrene carboxylic
acid precursor is presented in Figure 3.5. Particularly for the 600 – 1700 cm-1 range, best
agreement with the observed IR spectrum is provided by the computed spectrum of the 1pyrenyl anion. Hence we conclude that in analogy with the naphthyl and anthracyl anion, our
experimental procedure forms the species deprotonated at the position of the carboxylate group
in the precursor. Also in this case, the 1-pyrenyl isomer is slightly lower in energy than the other
isomers.
Two main CH out-of-pane bending modes are observed at 703 cm-1 and 823 cm-1 in the
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experimental spectrum, which agree well with the computed oop bands for the 1-pyrenyl anion,
both in position and in relative intensity. Although the 1-pyrenyl anion does not contain any
solo hydrogens, the band at 823 cm-1 is blue shifted relative to the oop bands in the experimental
IR spectra of the 2-naphthyl (780 cm-1) and 9-anthracenyl (789 cm-1) anions. The relative
positions of the bands is still in line with the findings of (Hudgins & Allamandola 1999) in the
sense that the mode at higher wavenumber has higher vibrational amplitude on the duo
hydrogens, while the mode at 703 cm-1 involves larger amplitudes of the trio hydrogens.
Nonetheless, motion of the trio and duo hydrogens are only partially separated and each of the
modes involves substantial motion of the alternate set of hydrogen atoms. We suspect that the
lower symmetry as a consequence of the missing proton induces substantial mixing between
the individual CH oscillators, resulting in deviations from the empirical trends set out in
(Hudgins & Allamandola 1999).
The bands at 1225 cm-1 and 1386 cm-1 are recognized as having mainly CH in-plane
bending character, although some CC stretching character is mixed in as usual for these modes.
The broad feature observed around 1555 cm-1 appears to contain at least two sub-features
(centered at 1554 and 1590 cm-1), which is supported by the computations: the DFT calculations
predict two relatively strong CC stretching modes at 1548 and 1596 cm-1.
The experimental IR spectrum in the CH stretching range shows two strong bands around
2946 cm-1 and 3013 cm-1. The agreement with the computed spectrum for the 1-pyrenyl anion
is somewhat worse than for the naphthyl and anthracenyl anions. In particular, two computed
bands between 2900 and 3000 cm-1 are observed as one merged band in the experiment. The
observed band at 3013 cm-1 appears somewhat stronger than predicted by the calculations.
Nevertheless, the computed spectrum for the 1-pyrenyl anion provides a better match to the
observed CH-stretching bands than the spectra computed for the alternative isomers do.
Table 3.1 lists experimental band centers in comparison with theoretical ones for each of
the attributed isomers. Only bands in the 6 – 16 m region with a relative intensity of >25% of
the most intense band are included; the 3 m region is too congested to extract individual band
centers. For the strong and well-resolved bands in the Table, the root mean square (rms)
deviation between experiment and calculation is less than 5 cm-1 for the three species studied,
which is within the experimental accuracy. This provides confidence in the theoretical method
applied here and suggests that it can reliably be used for the calculation of other (larger)
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Table 3.1: Band centers (in cm-1) of the strongest bands in the spectra of the three experimentally
studied deprotonated PAHs. Experimental values are compared with computed scaled harmonic
frequencies. Bands in the 3 m range have not been included because of severe spectral congestion.

2-naphthyl anion

9-anthracenyl anion

1-pyrenyl anion

exp

calc

dev

exp

calc

dev

exp

calc

dev

705

705

0

709

709

0

703

698

5

780

781

-1

789

792

-3

823

825

-2

1356

1361

-5

987

992

-5

1225 1220

5

1332

1324

8

1386 1385

1

1554 1548

6

1590 1596

-6

RMS dev

2.9

4.9

4.6

deprotonated PAH species. Overall, relative intensities between different wavelength regions
are reproduced reasonably well, although individual band intensities may deviate somewhat
more. This may be due to experimental artifacts introduced by multiple-photon excitation
method or to limitations of the computational method; such deviations are not uncommon.

3.3.3 Transition States
The spectroscopic findings suggest that no proton transfer occurs after the formation of the aryl
anion by loss of a CO2 unit from the carboxylate precursor. For each of the three systems
investigated, the experimental IR spectra identify the deprotonation site as that where the
carboxylate group was attached in the precursor. Even when lower energy isomers are available,
as in the case of the 2-naphthyl anion, no evidence for proton transfer was found and the system
appears to remain trapped in the higher energy configuration. Here we use DFT calculations to
investigate the barrier to proton transfer in the naphthyl and anthracenyl anions using transition
state calculations.
The potential energy surface (PES) for proton transfer in the naphthyl anion is sketched in
Figure 3.6. The transition state is computed to lie almost 3 eV above the ground state of the two
isomers (which differ in energy by only 0.06 eV). While this value is fairly high in itself, it is
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Figure 3.6: Calculated potential energy surface for proton transfer in the singlet naphthyl
(B3LYP/6-31G) and anthracenyl anion (B3LYP/6-31+G(d,p)) with barrier heights indicated in eV.
The potential energy surface for hydride transfer in the cationic counterpart, the singlet naphthyl
cation C10H7+ (B3LYP/6-31+G(d, p)), is shown for comparison.
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most important to note that it is significantly above the EA of the naphthyl radical, which is
only around 1.2 eV (see Figure 3.2). This suggests that upon activation, the naphthyl anion
detaches its electron well before proton transfer can occur and explains why the alternative
isomer cannot be observed in the experimental spectrum.The PES for the anthracenyl anion
shows two transition states for proton transfer between the 1- and 2-isomer and between the 1and 9-isomer. While the former transition state is comparable to that computed for the naphthyl
anion, proton transfer between the 1- and 9-positions is computed to be considerably more facile.
The transfer of a proton between two adjacent rings apparently faces a lower barrier due to the
different TS geometry (see Figure 3.6). Nonetheless, the approximately 2 eV barrier is still
substantially higher than the EA for the anthracenyl radical of about 1.6 eV, again explaining
why proton transfer is not observed experimentally.
These theoretical results can be further explored experimentally by recording the spectrum
of the aryl anions produced from alternative isomers of the precursor PAH carboxylic acids.
IRMPED spectra in the CH stretching range were recorded for the naphthyl anion using 1naphthoic acid as precursor and for the anthracenyl anion using 2-anthroic acid as precursor.
The experimental spectra obtained with the isomeric precursors were clearly found to be
different (see Figure 3.7), suggesting that indeed different deprotonated PAH isomers are
formed and that proton scrambling does not occur.
Finally, it is interesting to note the substantial differences in barrier heights with the
analogous positive ions, i.e. the carbocation PAHs. Figure 3.6 shows in addition the computed
TS for the 1,2-hydride shift in the naphthyl cation (C10H7+) in its singlet electronic state. The
much lower TS energy (on the order of 1.8 eV compared to 3.0 eV for the anion) is explained
based on molecular orbital arguments as being due to the aromatic character of the 3-center 2electron TS. Experiments on these positively charged species indeed suggested isomerization
to occur (Alvaro Galué & Oomens 2011; Alvaro Galué & Oomens 2012), although we note that
these experiments were carried out under different conditions and moreover, that there is
obviously no competition from electron detachment in this case.
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Figure 3.7: Left: Gas phase IRMPD spectra (3 m) of variety of naphthyl anions (black) compared
to theoretical spectra (red) of singlet naphthyl anion. Right: Gas phase IRMPD spectra (3 m) of
variety of anthracyl anions (black) compared to theoretical spectra (red) of singlet anthracyl anion.

3.3.4 Astrophysical Relevance
The occurrence of negatively charged PAHs in dense regions of the inter- and circumstellar
medium has been inferred on the basis of a variety of astronomical observations and theoretical
modeling studies. In general, these studies have considered the radical anion PAH species. From
the EAs reported here and by others, it is obvious that PAH carbanions (i.e. deprotonated PAHs)
are substantially more stable against electron detachment and may therefore be more abundant
under astrophysical conditions than radical PAH anions. Anionic PAHs have been suggested to
have substantial influence on cloud chemistry (Wakelam & Herbst 2008) and experimental
reaction rate constants for PAH carbanions have recently become available (Demarais et al.
2012).
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The present study verifies that the IR spectroscopy of PAH carbanions can be reliably
predicted using DFT computational methods. Of particular importance in this regard are relative
band intensities across the IR spectral range from 3 to 16 m. Ever since the theoretical studies
of (DeFrees & Miller 1988) and (Pauzat et al. 1992), it is well-known that the relative intensities
of the bands in the 3 m (CH stretching), 6 – 9 m (CC stretching/CH in-plane bending) and
10 – 16 m (CH out-of-plane bending) ranges are strongly affected by the charge state of the
PAH. These typical relative band intensities are independent of the specific PAH and can be
used as a diagnostic of the charge state distribution and hence as a probe of local interstellar
conditions.
With the spectra recorded for the carbanions here, we can now compare relative band
intensities for cationic, neutral and anionic species. To this end, computed IR spectra averaged
for a set of small PAHs (anthracene, phenanthrene, pyrene, tetracene, chrysene and perylene)
are shown in Figure 3.8a. For the positively charged PAHs, both radical cation and protonated
species, representing open and closed-shell species respectively, are shown. Laboratory
experiments have verified the general accuracy of the DFT calculated intensities for these
species. Also for the negatively charged PAHs, both open shell (radical anion) and closed shell
(deprotonated) species are included in the analysis. In contrast to neutral PAHs, it is well-known
that cationic PAHs feature increased intensities for the CC stretching/CH in-plane bending
modes (6 – 9 m), while their CH stretching bands are reduced in intensity by about 2 orders
of magnitude. Note that computations predict that relative intensities vary substantially with
PAH size, so that the CH stretch vibrations of cationic PAHs become of comparable intensity
as those of neutral PAHs for sizes around 100 C-atoms (Bauschlicher et al. 2009). For the PAH
sizes considered here, the change in relative intensities is roughly similar for both open and
closed-shell cationic PAH species.
In contrast, for the negatively charged PAHs, a more diverging behavior is observed for
open versus closed-shell species. Compared with the spectrum for neutral PAHs, both anionic
PAH sets feature enhanced intensities in the 6 – 9 m range, but the enhancement is about three
times larger for the radical PAH anions. Unlike the positive ions, both anionic species have
strong absorptions in the 3 m region, being about 2 – 3 times stronger than for the neutral
species.
To ensure that the observed trends are general and not due to one specific PAH in the set,
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Figure 3.8b shows the integrated intensity in four frequency ranges for all members of the set
presented as pie charts: red indicates the fraction of the total integrated intensity in the 3m
range, blue that between 6 – 10 m, green that between 10 – 16 m and yellow that at
wavelengths longer than 16 m. Looking along each of the rows, one notices the similarity of
the pie charts, indicating that the observed trends are indeed general and not PAH specific.
Comparing the different rows, one observes how relative intensities in the open and closedshell cations are similar. In contrast, the distribution of intensity over the spectral ranges is
rather different for open and closed-shell anions: relative to the closed-shell deprotonated PAHs,
the intensity in the 6 – 10 m range increases in the radical anion at the expense of the intensity
in the 3 m range.
The variation of relative band intensities between open and closed-shell anions in the 6 –
10 m range may have implications for the analysis of the interstellar emission band nominally
observed at 7.7 m. Variations in the observed peak position of this band have been suggested
to be correlated with the anion/cation ratio (Bregman & Temi 2005): if the band peaks closer to
7.65 m it is likely carried by cations, while a position closer to 7.85 m suggests a higher
abundance of anions. The spectra for radical cation and anion PAHs in Figure 7a nicely illustrate
this difference. However, if the anions occur predominantly as deprotonated species, such an
analysis may be misguided as neither the computed spectrum for the deprotonated PAHs nor
the experimental spectra for the anthracenyl and pyrenyl anions possess a clear band near 7.85
m (~1275 cm-1). Note that variations in the intensity of the 7.7 m band may still be indicative
of a change in charge state distribution (Bakes et al. 2001a; Bregman & Temi 2005).
Apart from the differences in relative band intensities, the computed spectra show several
interesting shifts in band positions. We do not analyze those in detail here because they depend
sensitively on the DFT functional and scaling factors used, as well as on the limited size range
of PAHs in our set. Nonetheless, some interesting qualitative observations are made. As noted
before for protonated PAHs (Knorke et al. 2009), deprotonated PAHs also possess CC stretching
modes shifted to higher frequencies, closer to the interstellar (nominal) 6.2 m emission band
(Peeters et al. 2002; van Diedenhoven et al. 2004), as compared to the radical anions. Of course,
the bands in protonated PAHs have substantially higher absorption cross sections. In the 3 m
range, a more extended band pattern is observed for the deprotonated PAHs as compared to
radical anion and neutral PAHs. The position of the CH stretching band has been correlated
with the bay or non-bay nature of the CH moieties in the PAH (Bauschlicher et al. 2009;
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Candian et al. 2012). In general, the CH stretching modes in the anionic systems appear slightly
red-shifted (~30 cm-1) as compared with the neutral PAHs (Bauschlicher et al. 2009). Interstellar
emission features indeed show significant red shading of the CH stretching band, although this
is usually attributed to anharmonicity (Barker et al. 1987). In the CH out-of-plane wavelength
region (11 – 16 m), where band positions correlate with the number of adjacent H-atoms on
an aromatic ring, the bands for the deprotonated PAHs are red-shifted, as discussed in detail in

Figure 3.8: A. Averaged computed spectra for a set of small PAHs in different charge states. B.
Pie charts indicating for each PAH in the set the relative contribution to the total IR intensity in
each of the spectral ranges, color coded as red for 3 m (CH stretching), blue for 6 – 10 m (in
plane CC stretching and CH bending), green for 10 – 16 m (out-of-plane CH-bending) and yellow
for >16 m (skeletal vibrations). C. Frontier MO carrying the charge for pyrene systems: HOMO
for neutral and deprotonated, LUMO for protonated and SOMO for radical anion and cation. Note
that all frontier orbitals are delocalized -orbitals except for the deprotonated system, where the
MO is strongly localized on the deprotonated C-atom and has mainly non-bonding
character.(De-)protonation is on the C-atom in position 2, rightmost C-atom in figure.
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the previous section. The calculated spectra for the radical anion PAHs predict a slightly larger
red-shift, whereas these bands are blue shifted for positively charged PAHs (Hudgins &
Allamandola 1999).
In addition to the spectroscopic features, we note the extraordinarily high electric dipole
moments for the deprotonated PAHs as revealed by the DFT calculations carried out in this and
other recent studies (Hammonds et al. 2010). Regular PAHs have notoriously low dipole
moments, usually well below 0.1 D or even zero depending on symmetry. Even in their radical
cation or anion forms, the dipole moment is usually low because of charge delocalization over
the -system of the molecule. Breaking the high symmetry of the PAH by adding or removing
an H-atom produces a non-zero dipole moment; for instance, the dipole moment for the phenyl
radical (C6H5•) was calculated as 0.9 D and its radiowave spectrum has been recorded
(McMahon et al. 2003). Placing a charge on the unsymmetrical PAHs forming (de)protonated
systems increases the dipole moment substantially. It is then interesting to note that the dipole
moments for the deprotonated (anionic) PAHs are substantially higher than for protonated
(cationic) PAHs. For instance, the dipole moment for deprotonated naphthalene is calculated to
be 8.2 D versus 2.0 D for protonated naphthalene. For larger deprotonated PAHs, computed
dipole moments may even exceed 10 D, such as 11.2 D for phenanthrene, 14.5 D for tetracene,
14.7 D for chrysene and 9.9 D for coronene (values depending on the site of deprotonation).
Note that despite the high permanent dipole moments, detection via radio-astronomy is likely
impeded by the small rotational constants, high partition function, large number of

13

C-

isotopologues, possibly highly heterogenic distribution of PAHs, etc.
The origin of the enhanced dipole moments for deprotonated PAHs is uncovered by
inspecting the frontier orbitals in the different charge states, which are shown for pyrene as an
example in Figure 3.8c. For the radical species, the charge carrier – i.e. the electron for
negatively charged systems and the hole for positively charged systems – can be considered to
reside in the singly occupied molecular orbital (SOMO); for the cation the SOMO corresponds
to the highest occupied MO (HOMO) of the neutral PAH while for the anion it is the lowest
unoccupied MO (LUMO) of the neutral PAH, both being delocalized -orbitals. For the
protonated PAH, the positive charge (hole) can be considered to reside in the LUMO, which is
also a delocalized -orbital. In contrast, for the deprotonated PAH, the charge (electron) can be
considered to reside in the HOMO, which is a non-bonding n-orbital localized on the carbon
atom from which the proton is removed. The localized character of this orbital explains the
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large permanent dipole moment for the deprotonated species. The remarkable difference in
relative spectral intensities between the open and closed-shell anions (Figure 3.8a/b) versus the
virtually unaltered intensities in open and closed-shell cations likely also finds its origin in the
large variation of the frontier orbitals – and hence charge distributions – of the radical anion
and deprotonated species.

3.4 Conclusions
The first experimental IR spectra of gaseous negatively charged PAHs have been recorded using
a combination of tunable IR lasers (FELIX and OPO) and a tandem mass spectrometer with
electrospray source. Even-electron deprotonated PAHs (i.e. PAH carbanions) are formed in the
mass spectrometer from PAH carboxylate anions. In general, the experimental spectra for the
naphthyl, anthracenyl and pyrenyl anions compare favorably with their DFT calculated
counterparts. The combination of experiment and theory further allows us to estimate the energy
for electron detachment and the barrier to proton transfer for these species. Importantly,
deprotonated PAHs are more resistant against electron detachment than radical anion PAHs.
Comparison of the IR spectra for deprotonated and radical anion PAHs reveals subtle
differences in relative band intensities for the various classes of vibrational modes, whereas
these are fairly similar for protonated and radical cation PAHs. Based on an inspection of the
frontier orbitals, we conclude that this difference finds its origin in the localized charge in the
deprotonated PAH as compared to the charge being delocalized over the -system in protonated
as well as radical anion and cation PAHs. Another manifestation of this charge localization are
the extremely high electric dipole moments of deprotonated PAHs.
The experiments performed here are for relatively small PAHs because of the easy
commercial availability of the precursor compounds. Further computational investigation is
warranted to determine how the observed trends extrapolate to PAH sizes of true interstellar
interest, e.g. around 50 C-atoms. It will for instance be of interest to determine whether, and at
what PAH size, the difference in EA between open- and closed-shell species vanishes and
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whether the differences in relative band intensities and dipole moments level off or not. From
an experimental standpoint, further study will be required to obtain IR spectra for gas-phase
radical anion PAHs.
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Chapter 4

Experimental Gas-phase Infrared
Spectroscopy of Molecular Ions of
Astrochemical Interest: PAHs
Containing a Quaternary Nitrogen
Atom
Ionized polycyclic aromatic hydrocarbon molecules are hypothesized to occur abundantly in
interstellar environments as suggested by the observation of a series of IR emission bands. It
is therefore of interest to study their gas-phase IR spectroscopy in the laboratory. A
combination of tandem mass spectrometry and a tunable IR free electron laser can be
conveniently used to study infrared spectroscopy of ionized molecules. Here we present
experimental IR spectra (6-16 μm) of ionic closed-shell polycyclic aromatic hydrocarbon
species containing a quaternary nitrogen. Their 6.2 micron band was suggested to be shifted
closer to the astronomically observed frequency, and here we verify this experimentally.
Experimental spectra are recorded for four small ionic N-benzyl substituted nitrogen
heterocycles. Generally, the spectra compare favorably to DFT predicted vibrational spectra
and confirm the subtle blue shift of the CC (and CNC) stretch mode near 6.2 m as compared
to theoretical spectra of exoskeletal PANH radical cations. A computational investigation of
an analogous series endo- and exoskeletal PANHs of larger size suggests that these subtle
band shifts are indeed generic. We suggest that the band is closer to 6.2 m for closed-shell
This chapter is based on: Juehan Gao, Giel Berden, and Jos Oomens, 2017, Manuscript to be
submitted.
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species, such as endoskeletal PANH ions and exoskeletal neutral PANHs, and closer to 6.3
m for radical species, such as exoskeletal PANH ions and neutral endoskeletal PANHs.

4.1

Introduction

Polycyclic Aromatic Hydrocarbons (PAHs) are now widely accepted to be the most likely
carriers of the unidentified infrared bands (UIRs) observed throughout the interstellar medium
(ISM) and have also often been suggested as potential candidates for diffuse interstellar band
(DIBs) carriers (Allamandola et al. 1999; Allamandola & Tielens 1985; Allamandola et al.
1989; Tielens 2008). A large number of studies including laboratory experiments,
quantum-chemical computations and astronomical modelling provide solid support for the
hypothesis that PAH species as a general class are responsible for the UIR bands
(Allamandola & Tielens 1985; Tielens 2008).
Astronomical studies show that the precise band position of the IR emission band
nominally referred to as the 6.2 m band shows small variations depending on the source,
which are often classified as class A, B, or C (Peeters et al. 2002; Tielens 2008). Laboratory
and theoretical studies have shown that the CC stretch modes of PAHs are usually found at
slightly longer wavelengths (Bauschlicher 2002; Hudgins & Allamandola 1995, 1999; Peeters
et al. 2002) and that spectral variations as a consequence of PAH molecular size and charge
cannot exactly reproduce the 6.2 m position (Hudgins et al. 2005). Therefore, various
variations of PAH molecules have been suggested, among which in particular PAHs with a
nitrogen atom incorporated in the aromatic framework (PANHs). Computational as well as
laboratory IR spectra measured in cryogenic matrices indicate a subtle blue shift of the
CC-stretching mode in these molecules as compared to unsubstituted PAHs (Hudgins &
Allamandola 2004; Hudgins et al. 2005; Peeters et al. 2002). Detailed computational studies
on the N/C ratio in the PANH cation have been reported relating to the amount of shifting of
the dominant CC stretching feature (Hudgins et al. 2005). We note that in addition to
N-substitution, incorporation of heteroatoms other than nitrogen in the aromatic rings, as well
as the attachment of metal cations to the PAH molecule or PANH molecule and many other
factors (multiple ionization, singly and multiply substituted PANHs, symmetry) were also
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explored for their potential to explain the blue shift (Gao et al. 2016; Gratton et al. 2004;
Kraft 1994; Smith 1987; Sneden 1999, Sneden 2000).
In the discussion of the spectral properties of PANHs molecules, it is important to
distinguish two sub-families of PANH molecules from one another: “endoskeletal” PANHs
and “exoskeletal” PANHs (Hudgins et al. 2005). In exoskeletal PANHs, the N atom
substitutes a peripheral CH group in the PAH, which corresponds to an iso-electronic
substitution. As a result, exoskeletal N-substitution in a regular (closed-shell), neutral PAH
produces a closed-shell neutral PANH structure. Many of these exoskeletal PANH molecules
are commercially available. Consequently also, ionization of an exoskeletal PANH by
removal of an electron leads to an open-shell “radical” cation PANH (Hudgins et al. 2005). In
contrast, in endoskeletal PANHs, the N atom substitutes a carbon atom in the interior of the
aromatic carbon skeleton, so that endoskeletal N-substitution in a regular neutral PAH
molecule produces a PANH species having an open-shell electronic structure as a neutral.
Obviously, such molecules are not commercially available, but interestingly certainly also
from an astrophysical perspective is that their cations have a favorable closed-shell electronic
structure, exactly opposite to exoskeletal PANHs. Interestingly, computational IR spectra for
the two classes of ionized PANH species (Hudgins et al. 2005) suggest that the exact position
of the “nominal” 6.2 m band, is slightly different for the two classes, where closed-shell
endoskeletal PANH ions feature this band closer to 6.2 m (class A) and open-shell
exoskeletal PANH ions closer to 6.3 m (class C).
A question that may then arise is whether the slight shifting of the IR absorption band is
due to the inclusion of nitrogen in the aromatic framework (whether endoskeletal or
exoskeletal), or due to the closed or open-shell nature of the ionized PAH molecule. Indeed,
cationic PAHs with a closed-shell electronic structure have long been recognized as
interesting class of species in the astronomical PAH hypothesis (Hudgins et al. 2001) and
many efforts have been made to study these species both theoretically and in the laboratory.
Various experimental studies have reported IR spectra for protonated PAHs and PANHs,
which are examples of closed-shell ionized PA(N)Hs, and critically compared their IR spectra
against those of open-shell ionized PA(N)H species to address the discrepancy of the CC
stretching mode (Alvaro Galué & Oomens 2012; Alvaro Galué et al. 2010; Douberly et al.
2008; Alvaro Galué & Oomens 2011; Hudgins et al. 2001, Hudgins et al. 2005; Knorke et al.
2009; Lorenz et al. 2007; Mattioda et al. 2005; Mattioda et al. 2003; Ricks et al. 2009; Vala et
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al. 2009a; Vala et al. 2009b). Moreover, it is also known that the closed-shell protonated
PAHs are bondingspecies, leaving the aromatic ߨ system largely intact and making them
stable and relatively unreactive (Jones et al. 2003; Olah & Prakash 2004; Olah et al. 1978 ;
Ricks et al. 2009). In particular, a number of detailed laboratory spectra of protonated PAH
cations showed that the CC stretching band is very close to 6.2 m (Knorke et al. 2009;
Lorenz et al. 2007; Ricks et al. 2009). Gas-phase infrared multiple-photon dissociation
(IRMPD) spectra of several small (exoskeletal) PANHs in their radical cation and closed-shell
protonated forms indicated that the CC stretching band of the radical cation PANH is
red-shifted in comparison with the analogous bands in the protonated PANH (Alvaro Galué et
al. 2010). In addition to these studies of cationic PAHs, deprotonated PAHs – i.e. even
electron negatively charged PAHs – also possess CC stretching modes shifted to lower
wavelength compared to the radical anions (Gao et al. 2014).
For closed-shell PANH cations other than protonated PANHs, only computational IR
spectra have been reported to date. Therefore, in the present work, we set out to investigate
the experimental gas-phase IR spectroscopy of a series of PANH ions containing a quaternary
nitrogen atom (benzylpyridinium, p-methylbenzylpyridinium, p-methylbenzylisoquinoline,
benzylquinoline), which are all closed-shell but not protonated PANH cation species. We
present a comparison of their laboratory IRMPD spectra recorded in an FTICR mass
spectrometer coupled to the free-electron laser for infrared experiments (FELIX) and
computational results from density functional theory (DFT) calculations. We analyze spectral
shifts produced upon inclusion of a quaternary nitrogen atom as compared to a tertiary
aromatic N-atom.

4.2 Experimental Section
4.2.1 Experiment
Infrared multiple-photon dissociation (IRMPD) spectra of quaternary nitrogen containing
PANH cations were recorded in a Fourier-Transform Ion Cyclotron Resonance Mass
Spectrometer (FTICR-MS) (Marshall et al. 1998) coupled to the free electron laser for
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Figure 4.1: Schematic showing the reaction followed to obtain the N-benzylpyridine cation
(compound (a) in Figure 4.2).

Figure 4.2: Aromatic quaternary nitrogen containing PANHs+ studied in this work (a)
N-benzylpyridine cation, m/z 170, (b) p-methyl-N-benzylpyridine cation, m/z 184, (c)
N-benzylquinoline cation m/z 220, (d) p-methyl-N-benzylisoquinoline cation, m/z 234.

infrared experiments (FELIX) (Oepts et al. 1995). Experimental methods used have been
employed in a variety of studies and have been described in more detail elsewhere. (Polfer &
Oomens 2007; Valle et al. 2005).
As outlined above, endoskeletal PANHs are not available commercially and the
compounds studied in this work are N-benzyl derivatives of small PANHs and nitrogen
heterocycles. These compounds were synthesized by mixing benzyl chloride or 4-methyl
benzylchloride into neat liquid pyridine, quinoline, or isoquinoline (see Figure 4.1). Benzyl
chloride and 4-methyl-benzylchloride were purchased from Tokyo Chemical Industry (TCI)
and were used without further purification. The studied quaternary nitrogen containing PAH
cations (N4-PANH+) are shown with their mass-to-charge ratios (m/z) in Figure 4.2.
The N4-PANH+ products were not purified after synthesis and pure acetonitrile (ACN)
was used to prepare solutions for electrospray ionization (ESI) at concentrations of ~500 M.
The ESI generated N4-PANH+ ions were accumulated in a linear hexapole ion trap and
subsequently pulse-injected into the ICR cell through an octopole RF ion guide. Mass
isolation is accomplished by a stored-waveform inverse Fourier-Transform (SWIFT,
(Marshall et al. 1998)) excitation pulse in the Penning trap of the FTICR-MS. The mass
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isolated ions of interest are then irradiated by the tunable IR radiation of the free electron laser
source and dissociate whenever the radiation is in resonance with an IR active vibrational
mode. By monitoring the fragment ion yield as function of wavelength, IR spectra are
reconstructed over the wavelength range between 6 and 16 m. Laser pulse energies are
around 35 mJ, at a pulse duration of ~5s and a bandwidth of ~0.5% of the wavelength.
IR-induced fragmentation yields were linearly corrected for wavelength dependent variations
in laser pulse energy.

4.2.2 Computational
Quantum-chemical computations have been performed using the Gaussian09 program.
Geometries of the closed-shell N4-PANH+ ions of interest as well as corresponding
open-shell PANH+ (PANHs) were optimized and vibrational frequencies were computed
using the B3LYP functional and 6-31++G(d, p) basis set. Electronic energies were corrected
for zero-point energy (ZPE) and relative Gibbs free energies were computed at 298 K. All
harmonic vibrational frequencies are scaled by a scaling factor of 0.97 (Merrick et al. 2007).
The theoretical stick spectra were convoluted with a 15 cm-1 full width at a half maximum
(FWHM) Gaussian profile in order to allow for convenient comparison between the
experimental and theoretical spectra.
As described in more detail below, we compare computed spectra for the endoskeletal
closed-shell cations with those for their neutral radical analogs. In addition, we compare with
computed spectra for a closely related exoskeletal species, which is closed shell in its neutral
form and radical in its cationic form. For these radical cations of the exoskeletal mimics, the
B3LYP calculations predict anomalously high band intensities. Close inspection of the
computations reveals what appears to be an unphysical division of the spin density over the
two sub-units of the molecule, which are connected by an aliphatic (non-conjugated)
methylene linker. Such fractional spins have been reported as a well-known failure of DFT
methods (Cohen et al. 2008; Gilson et al. 2011). The appendix describes these findings in
somewhat more detail. For the sake of consistency, we will nonetheless report B3LYP
calculated spectra for all species in this report.
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In order to explore the magnitude and direction of IR band shifts, we present the experimental
spectra of the four quaternary nitrogen containing PAH cations depicted in Figure 4.2
(N-benzylpyridine, p-methyl-N-benzylpyridine, N-benzylquinoline and p-methyl-N
-benzylisoquinoline). Each of these experimental spectra is compared with its DFT-computed
spectrum, as well as with the theoretical spectrum of the corresponding radical neutral
molecule and with theoretical spectra of a closely analogous exoskeletal neutral and radical
cationic species (see Figures 4.3-4.6).

4.3.1 N-benzylpyridine cation
Upon resonant irradiation of the N-benzylpyridine cation (m/z 170) with FELIX, only one
dissociation channel, m/z 91 (C7H7+), was observed, likely corresponding to either the
benzylium or the tropylium closed-shell cation. The experimental spectrum of the
benzylpyridinium cation (black trace in the top panel of Figure 4.3) agrees reasonably well
with the computed spectrum. The main features of the spectrum are listed in Table 4.1. There
are four relatively strong CH out of plane bending modes at 666, 687, 727, and 752 cm-1 in the
predicted spectrum, which appear in the experimental spectrum as two broadened bands at
691 cm-1 and 735 cm-1. The strongest band in the calculated spectrum (1103 cm-1) is not the
highest intensity band in the experimental spectrum and moreover deviates significantly
(2.1%) from the experimental band position at 1126 cm-1. The band is attributed to stretching
of the N-CH2 bond. A minor feature computed at 1194 cm-1 is due to a mode predominantly
stretching the aliphatic CC bond and also shows a pronounced 11 cm-1 red shift from its
experimental position (1205 cm-1). The calculated bands around 1448 cm-1, 1469 cm-1, and
1485 cm-1 are due to CH in plane bending & CH2 scissoring, CNC asymmetric stretch & CH
in plane bending, and CH in plane bending, respectively, and appear experimentally as an
unresolved strong band at 1476 cm-1. It is noticed that a few weak bands around 1275 cm-1
and 1579 cm-1 (CNC asymmetric stretch) remain unobserved in the IRMPD spectrum, likely
due to inefficient multiple-photon excitation. The most controversial band around 1613 cm-1
in the IRMPD spectrum is mainly characterized as the CNC symmetric stretching of the
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Figure 4.3: Experimental IRMPD spectrum of the closed-shell N-benzylpyridine cation
compared with its theoretical spectrum (a) and with theoretical spectra of the
N-benzylpyridine neutral radical (b), the 3-benzylpyridine radical cation (c), and the
3-benzylpyridine neutral (d) in the wavenumber range of 600-1800 cm -1 . The blue trace in
the panel d represents the experimental gas-phase spectrum of neutral 3-benzylpyridine
retrieved from the NIST webbook.
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pyridine ring. It is red shifted by 11 cm-1 from the computed position at 1624 cm-1. The
experimental band position is found very close to 6.2 m (= 1613 cm-1), which appears to
confirm earlier computational results by (Hudgins et al. 2005) and making quaternary
nitrogen containing compounds interesting candidates to explain the UIR feature near 6.2 m.
To put the influence of the quaternary nitrogen and the closed-shell nature of the
benzylpyridinium ion into perspective, we compare its spectrum to three closely similar
neutral and/or open-shell species. The neutral analogue benzylpyridine is a radical and its
computed spectrum (Figure 4.3b) differs strongly from the cation, where the different
distribution of intensities over the various bands is most striking. However, a weak band near
6.2 m is predicted very similar to its closed-shell ionic counterpart.
Panels c and d in Figure 4.3 show the spectra for the neutral and radical cation of
3-benzylpyridine, where benzyl substitution is on one of the pyridine carbon atoms (replacing
Table 4.1: Overview
and

of

observed

and

computed

IR

absorption

band

positions

intensities of the benzylpridine cation.

Expt

Calc

[a]

freq[a,b]

freq

Int[c]

Description[d]

666

31

CH oop bending P

691

687

29

CH oop bending B

735

727

62

CH oop bending B

752

47

CH oop bending P

1091

10

CH ip bending

1126

1103

92

CH ip bending P

1205

1194

32

C-CH2 stretching, CH ip bending P

1330

1275

18

CNC asymmetric stretch, CH2 wagging

1448

11

CH ip bending B, CH2 scissoring

1469

48

CH ip bending P

1485

23

CH ip bending B, CH ip bending B

1624

27

CC stretching P, CNC stretch symmetric stretch

1476
1613
-1

[a] In cm .[b] Frequencies calculated at the B3LYP/6-311+G(2df,2p) level and scaled by
0.97.[c] In km/mol. Only bands with intensities >10 km/mol are listed.

[d] oop = out-of-plane;

ip = in-plane; P = pyridine sub-unit; B = benzene sub-unit.
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an H-atom), instead of on the nitrogen. As a consequence, for this species the neutral is
closed-shell and the cation is radical, in contrast to the N-benzylpyridine species discussed
above.
The 3-isomer of benzylpyridine was chosen because of the availability of a gas-phase
spectrum for the neutral species (Linstrom & Mallard retrieved August 20, 2015), which is
shown along with the predicted spectrum in Fig. 4.3d and which allows us to critically gauge
the accuracy of the computationally predicted frequencies. Close correspondence between
experimental and computed spectra is evident. The two bands around 1570 and 1600 cm-1 are
due to CNC and CC stretching modes and have shifted to lower frequency as compared to the
analogous bands in the spectra of the N-benzylpyridine cation. In addition, these modes also
fall just below 1600 cm-1 in the computed spectrum of the 3-benzylpyridine radical cation,
although the calculation assigns an abnormally large intensity to these bands, placing these
computations under some suspicion (see Appendix). Nonetheless, it appears from these
comparisons that the bands in the 6.2 m region occur at slightly higher frequencies in the
endoskeletal nitrogen PANH as compared to the exoskeletal nitrogen PANH, independent of
the closed or open-shell nature and independent of the charge of the species.

4.3.2 p-methyl-N-benzylpyridine cation
Upon IRMPD, fragment ions of para-methylbenzylpyridinium are observed at m/z 80
corresponding to protonated pyridine (H+C5H5N) and at m/z 105 (C8H9+), likely the
methylated benzylium or tropylium ion. Figure 4.4a shows the experimental IRMPD
spectrum of the closed-shell p-methylbenzylpyridinium cation and its corresponding
theoretical spectrum, which are in reasonably good agreement. Band positions and mode
descriptions are given in Table 4.2.
The IRMPD spectrum exhibits a CH out of plane bending mode at 677 cm-1, which is
calculated at 666 cm-1. The theoretical spectrum exhibits three bands at 744, 752 and 761 cm-1
having mainly CH out of plane bending character, which appear severely broadened in the
experimental spectrum around 760 cm-1. The IRMPD bands at 1122 and 1205 cm-1 appear at
lower frequencies in the theoretical spectrum (1095 and 1195 cm-1) and have predominantly
CN stretch & CH ip bending and CC stretch & CH in plane (ip) bending character,
respectively. The strong IRMPD bands near 1485 and 1613 cm-1, which are due to multiple
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Figure 4.4: Experimental IRMPD spectrum of p-methyl-N-benzylpyridine (black) cation
compared with its computed spectrum (red) (a) as well as with theoretical spectra of the neutral
p-methyl-N-benzylpyridine radical (b), the p-methyl-3-benzylpyridine radical cation (c), and the
p-methyl-3-benzylpyridine neutral (d).
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Table 4.2: Comparison of observed and computed IR absorption bands of the
p-methyl-N-benzylpyridine cation.

Int[b.c]

Description[d]

666

29

CH oop bending P

744

44

CH oop bending P, CH oop bending T

752

28

C-CH3 stretch, N-CH2 stretch, ring deform

762

761

30

CH oop bending T, CH oop bending P

813[e]

813

14

CH oop bending T

1017

1030

16

CH3 wagging

1054

1089

19

CH ip bending P

1122

1095

102

N-CH2 stretch, CH ip bending P

1186

1177

14

CH ip bending T

1205

1195

36

CC stretching T, CH ip bending P

1271

25

CH2 wagging, CNC stretching

1448

16

CH2 scissoring, CH3 bending

1450

13

CH3 bending

1468

48

CH ip bending P

1485

1486

34

CH ip bending P

1613

1607

38

CC stretching T

1624

24

CC and CNC stretching P

Expt

Calc

freq.[a]

Freq.[a]

677

1334

[a] In cm-1. [b] In km/mol.[c] Only bands with intensities >10 km/mol are listed. [d] oop =
out-of-plane; ip = in-plane; P = pyridine sub-unit; T = toluene sub-unit. [e] shoulder.

unresolved transitions according to the computed spectrum, have predominant CNC and CC
stretching character. Strong experimental bands around 762 cm-1, 1485 cm-1, 1613 cm-1 are all
composed of at least three closely spaced absorptions. Intensity enhancements are often
observed in multiple-photon absorption spectra in case of multiple closely spaced bands
boosting the IRMPD efficiency (Gao et al. 2014; Oomens et al. 2003; Parneix et al. 2013).
Panels b – d of Figure 4.4 show computed spectra for the p-methyl-N-benzylpyridine
neutral radical, the p-methyl-3-benzylpyridine radical cation and the p-methyl
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- 3-benzylpyridine neutral molecule. Notable bands for the three species around 1600 cm-1 are
at 1614, 1604 and 1573 cm-1, respectively, following the trend observed for the
non-methylated series of compounds: the band is most blue shifted in the compounds
possessing a quaternary nitrogen atom. Again, the calculated intensities for the
p-methyl-3-benzylpyridine radical cation are much higher than for the other compounds (see
Appendix A4.1).

4.3.3 N-benzylquinoline cation
The N-benzylquinoline cation (m/z 220) was formed by reacting quinoline with
benzylchloride. The main IR induced photoproduct appears at m/z 91 (C7H7+), as was also
observed for benzylpyridinium. Figure 4.5 shows the IRMPD spectrum of the
N-benzylquinoline cation. For the most part, computed and experimental spectra are in
qualitative agreement. The calculations predict four CH out of plane (oop) bending features
with band positions of 705, 756, 758 and 801 cm-1, which are due to a CH-trio group (three
adjacent CH units on one aromatic ring) and a CH-quartet group (Allamandola et al. 1989;
Hudgins & Allamandola 1999). These bands are partially resolved in the IRMPD spectrum at
709, 764 and 799 cm-1, in reasonably close agreement with the theoretical band positions. The
band predicted at 844 cm-1 is mainly characterized by motion of the aliphatic C-atom in the
NCC linkage and is observed at 851 cm-1 in the experiment. In the wavelength range between
8 and 11 m, the band observed at 1004 cm-1 having predominantly aliphatic CN stretch
character is slightly blue shifted with respect to its computed position (989 cm-1). The band at
1153 cm-1 is also slightly blue-shifted and is due to in-plane CH bending on the quinoline
subunit. Of the trio of computed bands near 1200 cm-1, the one most to the red has strong
aliphatic CC stretching character and appears to remain unobserved or shifted, while the other
two bands are CH in-plane bending modes of the quinoline unit.
In the 6-8 m wavelength range, five observed peaks at 1351, 1448, 1516, 1574, and
1609 cm-1 are found in reasonable agreement with DFT predictions, both in terms of relative
intensities as well as band positions, which are overall very slightly red-shifted. The 1351
cm-1 band is broadened by shoulder absorptions in the IRMPD spectrum, in agreement with
theory. This strong absorption is within 1% of its computed position and is due to CC
stretching in the quinoline moiety. The weak absorption at 1448 cm-1 corresponds to CH in
plane bending and CH 2 scissoring. The strongest spectral feature is the quinoline CNC
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Figure 4.5: Experimental IRMPD and computed spectrum of the closed-shell N-benzylquinoline
cation (a) compared with theoretical spectra of its neutral radical analogue N-benzylquinoline
(b), the 3-benzylquinoline radical cation (c) and neutral 3-benzylquinoline (d).
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Table 4.3: Comparison of observed and computed IR absorption bands of benzylquinoline
cation.

Int[b,c]

Description[d]

705

52

CH oop bending B, ring breathing Q

756

38

CH oop bending Q

764

758

24

CH oop bending B, ring breathig Q

799

801

54

CH oop bending Q

851

844

20

C-CH2 stretch, ring ip deform

1004

989

33

N-CH2 stretch, ip deform Q

1153

1143

31

N-CH2 stretch, CH ip bending Q

1200

28

C-CH2 stretch, CH ip bending B

1205

22

CNC stretch, CH ip bending Q

1221

1221

38

ip CH bending Q

1276

1267

27

ip CH bending Q

1284

55

CH2 wagging, CH ip bending Q, CNC stretch

1351

1363

53

CC stretch Q

1448

1451

12

CH ip bending Q, CH2 scissoring

1516

1521

75

CC stretching Q, CH ip bending Q

1574

1579

60

CC and CNC stretching Q

1618

36

CNC and CC stretching Q

Expt

Calc

freq. [a]

freq. [a]

709

1609
-1

[a] In cm . [b] In km/mol.[c] Only bands with intensities >10 km/mol are listed. [d] oop =
out-of-plane; ip = in-plane; Q = quinolone subunit; B = benzene subunit

stretching mode computed at 1521 cm-1 and slightly red-shifted (0.3%) in the IRMPD
spectrum, which we estimate to be within the wavelength calibration accuracy. Similarly, the
band due to CC & CNC stretching computed at 1579 cm-1 is in good agreement with
experiment. In contrast to the spectra of the pyridine derivatives, a feature with mixed CC and
CNC stretching character is observed at 1609 cm-1 red-shifted by a 9 cm-1 from its predicted
value; its position is roughly at 6.2 m.
Inspecting the computed spectra in panels b – d of Figure 4.5, particularly in the spectral
range near 6.2 m, we find that the CC and CNC stretch features of the radical species (N91
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benzylquinoline radical neutral and 3-benzylquinoline radical cation) appear with a significant
red-shift of about 30 cm-1 at 1580 cm-1 and 1584 cm-1. In contrast, for the closed-shell neutral
3-benzylquinoline, two bands are predicted at 1601 cm-1 and 1616 cm-1, which are due to
modes having the CC and CNC stretching character.

4.3.4 p-methyl-N-benzylisoquinoline cation
The major IRMPD fragments for the closed-shell p-methyl-N-benzylisoquinoline cation were
observed at m/z 105 corresponding to C8H9+ and at m/z 130 corresponding to protonated
isoquinoline (H+C9H7N). Its experimental IRMPD spectrum is shown In Figure 4.6 along with
its computed counterpart (panel a) and with computed spectra of its radical neutral analog (b),
the p-methyl-3-benzylquinoline radical cation (c) and the p-methyl-3-benzylquinoline neutral
(d). Except for a few weak bands in the theoretical spectrum, overall satisfactory agreement is
obtained between the experimental and computed spectra of p-methyl-N-benzylisoquinoline
cation. Assignment of the IR spectrum to the vibrational normal modes is summarized in
Table 4.4.
The band at 755 cm-1, which agrees very well with theory, is due to a CH out of plane
bending mode with four adjacent CH units (quartet) in the isoquinoline moiety. Other
IR-active CH out of plane bending modes predicted at 802 and 814 cm-1 are observed as a
single band at 810 cm-1 in the IRMPD spectrum, and are due to CH-solo and CH-duo classes.
The aliphatic CN stretch mode is observed at 1093 cm-1 in good agreement with its calculated
position (1091 cm-1). At 1178 cm-1, a feature with two shoulders at 1148 cm-1 and 1197 cm-1
is observed, reasonably matching the computed spectral profile except for a slight blue shift
and a small mismatch in intensity. The strongest absorption is observed at 1384 cm-1 and is
identified as a CC stretching mode of the isoquinoline moiety. Several weaker bands and
shoulders are observed in the vicinity of the main absorption between 1250 and 1525 cm-1,
which are in close agreement with the predictions, except for the weak feature observed near
1272 cm-1, which appears slightly blue shifted compared with its computed counterpart (CH
ip bending of the isoquinoline moiety).
The asymmetrically broadened feature having its peak intensity around 1627 cm-1 is
roughly similar in profile to its computed counterpart, which consists of three normal modes
having mostly aromatic CC and CNC stretching character.
Similar to the comparison in Figure 4.5, in the computed spectra for the radical species
in panels b and c of Figure 4.6, i.e. the p-methyl-N-benzylisoquinoline radical neutral and the
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Figure 4.6: Experimental IRMPD spectrum (black line) of p-methyl-N-benzylisoquinoline cation
compared with its computed spectrum (a) and with theoretical spectra of its radical neutral
analogue

(b),

the

p-methyl-3-benzylisoquinoline

radical

cation

(c),

and

the

-1

p-methyl-3-benzylisoquinoline neutral (d) in the wavenumber range of 600-1800 cm .
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Table 4.4: Comparison of observed and computed IR absorption bands of the
p-methyl-N-benzylisoquinoline cation.

Expt

Calc

Int[b.c]

Description[d]

freq. [a] freq. [a]
733

715

21

ring deform IQ / T

755

755

39

CH oop bending IQ / T

802

25

CH oop bending T

810

814

40

CH oop bending IQ

874

863

19

CH oop bending IQ

1031

18

CH3 wagging

1093

1091

105

N-CH2 stretch, CH ip bending IQ

1148

1139

13

CH ip bending IQ

1178

1169

34

CH ip bending IQ

1197

1193

16

C-CH2 stretch, CC stretching T, C-CH3 stretch

1272

1267

11

CH ip bending IQ

1338

1336

39

CH2 wagging

1384

1384

19

CH ip bending

1389

85

CNC and CC stretch IQ, CH2 wagging

1441

13

CH2 scissoring

1449

10

CH3 bending

1451

14

CH3 bending

1466

17

CH2 scissoring, CH ip bending IQ

1504

20

CC stretching T, CH ip bending T

1604

12

CC stretch IQ

1609

34

CC stretch T

1627

71

CC and CNC stretching IQ

1444
1459
1505

1627

[a] In cm-1. [b] In km/mol.[c] Only bands with intensities >10 km/mol are listed. [d] oop =
out-of-plane; ip = in-plane; IQ = isoquinoline subunit; T = toluene subunit

p-methyl-3-benzylquinoline radical cation, the modes with predominant CC and CNC
stretching character are observed with an approximately 30 cm-1 red shift, at 1597 and 1595
cm-1, respectively. For the closed-shell p-methyl-3-benzylquinoline neutral in panel d, the
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analogous modes are slightly weaker but about 10 cm-1 further to the blue (around 1604 cm-1).
We note that the computation for the radical cation species again shows anomalously high
intensities.
In conclusion, the spectra of endoskelatal PANH cation mimics are generally well
reproduced by the computational method. The relative band intensities are also generally in
good agreement with theoretical band intensities. IR intensities in the 6-9 m and the 10-16
m spectral ranges are roughly equal. The neutral PANH species investigated here typically
have only slightly lower intensities in the 6-9 m range and higher intensities in the CH
out-of-plane bending region of 10-16 m range, quite unlike the intensity ratios known for
neutral and cationic PAHs. For the CC/CNC-stretching modes, each mode appears localized
on either the phenyl moiety or on the heterocycle and hardly any coupling between these
modes occurs over the methylene linker. Modes localized on the heterocycle may show
enhanced intensities for these neutral systems, having the general effect of de-skewing the
intensity distribution over the 6-9 m and 10-16 m regions. In addition, the aliphatic
methylene and methyl groups in the compounds studied have a few medium intensity
absorptions in the 1450 – 1510 cm-1 range, further de-skewing the intensity distribution of the
neutral systems.

4.3.5 Astrophysical Relevance
Theoretical as well as experimental studies have shown that the intensity ratio between the
bands in the 6-9 m (CC stretch/CH in plane bending) and 10-16 m (CH out of plane
bending) ranges is strongly affected by the charge state of (non-nitrogenated) PAHs (Pauzat et
al. 1992; Peeters et al. 2002; Szczepanski et al. 1992; Szczepanski & Vala 1993; Tielens
2008). Upon ionization, the CC stretch and CH in plane bending modes are enhanced in
intensity as compared to the CH out of plane features. Further band intensity ratios for small
protonated and deprotonated PAHs were also studied by theory and experiment (Gao et al.
2014). Of the series of emission features attributed to PAHs, the 6.2 m band due to CC (and
CNC in PANHs) stretching modes is of special astrophysical interest. Variations in intensity
and exact position of this band have been widely discussed (Peeters et al. 2002; Tielens 2008).
CC stretching bands of (closed-shell) protonated PAHs were found to fall at slightly lower
wavelengths than the corresponding bands in the radical PAH cations (Knorke et al. 2009;
Ricks et al. 2009). In addition, for a set of small exoskeletal PANHs, it was observed that the
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position of CC/CNC stretching mode of the protonated species, having a closed-shell
electronic structure, appears closer to 6.2 m than those of the radical cation species (Alvaro
Galué et al. 2010).
The experimental IRMPD spectra of the endoskeletal PANH cations investigated here
reveal that the absorption band positions in the CC stretching range appear at or very close to
6.2 m as shown in Table 4.6. This appears to confirm the predicted band positions for this
type of PANH cations reported by (Hudgins et al. 2005), coinciding with “class A” emission
sources (Peeters et al. 2002; Tielens 2008). Furthermore, the intensities of the absorption
bands in the 6.2 m CC stretching region are roughly similar to those of the bands in the CH
out of plane region between 12 and 16 m.
As concluded above, the position of the CC/CNC stretching bands in the
pyridine-derived species appears to be dependent on the exo- or endoskeletal nature of the
species rather than on the odd/even electron configuration or the charged/neutral charge state.
This behavior appears to be unique for the one-ring heterocycles; the (iso-)quinoline derived
species show a different trend. We will focus the discussion below around the (iso-)quinoline
and larger PANHs, and not further consider the pyridine-derived species.
The closed-shell PANH species considered in this work, the neutral exoskeletal PANH
species, are iso-electronic with the endoskeletal PANH cations. The CC stretching features in
these neutral exoskeletal PANHs are computed around 1610 cm-1, very close to the 6.2 m
position. Focusing on the (iso-)quinoline-derived species, we tentatively conclude from these
comparisons that both peak positions and bands intensities are affected by the electronic
configuration, perhaps more than by the charge state or the exo- or endoskeletal nature of the
PANHs.
To further verify whether this conclusion is reasonable, we investigate computationally
the spectra for three larger N-benzyl substituted PANHs, acridine, phenanthridine and
aza-coronene. Again, we compare the spectra of these endoskeletal PANH cations with their
neutral radical analogs, as well as with their neutral and radical-cation exoskeletal analogs
(see Figure 4.7). Focusing on the spectral region around 6.2 (blue shading) and 6.3 m
(yellow shading), one roughly notices that the even-electron species (i.e. the endoskeletal
cation and the exoskeletal neutral) exhibit bands falling predominantly in the 6.2 m (blue)
zone. On the other hand, the odd-electron species (i.e. the endoskeletal neutral and the
exoskeletal cation) possess CC stretch bands mostly in the 6.3 m (yellow) zone. In addition,
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we note that the intensities of the CC/CNC stretch band at 6.2 mm increase substantially for
the endoskeletal closed-shell cations.
Furthermore, experimental spectra are available for some of the neutral exoskeletal
PANH species investigated here. The experimental spectrum of the 3-benzylpyridine neutral
was found in the NIST webbook (Linstrom & Mallard retrieved August 20, 2015) and
compared with its computed spectrum in Figure 3d. The bands are satisfactorily reproduced
both in terms of relative intensities and positions of IR active vibrations, lending further
credence to the subtle band shifts observed. Theoretical and experimental spectra have been
reported for neutral 2-benzylpyridine (Mathammal et al. 2015), where it was recognized in
particular that the FTIR spectrum shows no bands at wavenumbers higher than 1556 cm-1.
Table 4.6: Comparison of observed IR absorption band frequencies of endoskeletal PANH
species: N-benzylpyridinium (BP), p-methyl-N-benzylpyridinium (MBP), N-benzylquinolinium
(BQ), p-methyl-N-benzylisoquinolinium (MBQ).

BP (cm‐1m)

MBP (cm‐1m)

691/14.47

677/14.77

709/14.10

733/13.64

735/13.61

762/13.12

764/13.09

755/13.25

799/12.52

810/12.35

1017/9.83

851/11.75

874/11.44

1054/9.49

1004/9.96

1093/9.15

1122/8.91

1153/8.67

1148/8.71

1126/8.88

BQ (cm‐1m) MBQ (cm‐1m)

1186/8.43
1205/8.30
1330/7.52

1205/8.30
1334/7.50

1178/8.49
1221/8.19

1197/8.35

1276/7.84

1272/7.86

1351/7.40

1338/7.47
1384/7.23

1476/6.78

1613/6.20

1485/6.73

1613/6.20

1448/6.91

1444/6.93

1516/6.60

1459/6.85

1574/6.35

1505/6.64

1609/6.22

1627/6.15

97

98

The blue and yellow bars indicate roughly the 6.2 and 6.3 m spectral regions, respectively.

cations of the 3-benzyl analogs (c), and the neutral 3-benzyl analogs (d) in the wavenumber range of 1250 to 1650 cm-1.

N-benzylazacoronene (a), compared with computed spectra for the corresponding radical neutral species (b), the radical

Figure 4.7: DFT computed IR spectra of the closed-shell cations of N-benzylacridine, N-benzylphenanthridine, and
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4.4

Conclusions

Although the spectral shifts observed are subtle, the dataset presented here suggests that the
exact position of the CC/CNC stretch of PANH species correlates with the odd- or
even-electron character of the species: closed-shell species, either endoskeletal cations or
exoskeletal neutrals, exhibit this band closer to 6.2 m (class A), while open-shell PANHs,
either endoskeletal neutrals or exoskeletal cations, have this band closer to 6.3 m (class C).
This tendency parallels that observed in regular (non-nitrogen containing) PAHs, where
closed-shell ions were suggested to have a slightly blue-shifted CC stretch band (Hudgins et
al. 2001). Perhaps the most prominent – and experimentally verified – example of this
behavior is reflected in the spectra of protonated PAHs when contrasted against spectra of
radical cation PAHs (Knorke et al. 2009; Ricks et al. 2009).

4.4 Conclusions
The first experimental IR spectra of a set of so called “endoskeletal” PANH ions,
incorporating a quaternary nitrogen atom, have been measured in the gas phase using infrared
ion spectroscopy employing the FELIX free-electron laser. Spectra are compared against DFT
computed spectra of the closed-shell cationic species giving generally good agreement.
Further comparison is made with the computed spectra of comparable exoskeletal PANHs,
both in their radical cation and neutral closed-shell form.
Quite consistently, the theoretical spectra of exoskeletal PANH cations and neutral
endoskeletal PANH radicals do not exhibit a band at 6.2 m, but rather shifted to wavelengths
≥6.3 m. On the other hand, the dominant CC/CNC stretch modes in endoskeletal PANH
cations and neutral exoskeletal PANHs fall very close to 6.2 m, both in the experimental and
the theoretical spectra. The position of the bands thus appears to correlate with the odd- or
even-electron nature of the system. PAHs containing a quaternary nitrogen atom may thus
contribute to the UIR emissions as they can reproduce the 6.2 m emission band exactly and
explain the 7.7 and 8.6 µm emission bands roughly as well.
We finally note the discrepancies encountered between the spectral behavior of the
pyridine- and (iso-)quinoline-derived species. In contrast to the latter, the CC/CNC stretch
band in the former appears to be correlated with the endo- or exoskeletal nature of the species,
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rather than with the closed- or open-shell electron configuration. We suspect that this
deviation is due to the non-typical PANH of pyridine, containing only a single aromatic ring.

4.5

Appendix

To gauge the influence of an endoskeletal nitrogen atom on the IR spectra, we compare the
experimental spectra against computed spectra of similar systems having closed and
open-shell nature and having 0 or +1 charge. To this end, we chose to compare the
N-substituted heterocycles against C-substituted analogs. These C-substituted heterocycles
serve as mimics for exoskeletal PANH species, which are closed-shell in their neutral form
and radical in their cationic form. For all four radical cation exoskeletal mimics studied here,
the B3LYP calculations were found to predict anomalously high band intensities (see panels c
in Figures 4.3 –4.6).
Investigation of the B3LYP computed charge distribution in these species reveals what
appears to be an unphysical division of the spin density over the two sub-units of the molecule
(i.e. the heterocycle and the benzene or toluene parts, see Table 4.A1), which are connected
by an aliphatic (non-conjugated) methylene linker. Such fractional spins and the resulting
self-interaction error have been reported as a well-known failure of DFT methods (Cohen et al.
2008; Gilson et al. 2011). For the radical neutrals of the endoskeletal species, the B3LYP
calculations place a spin density close to one on the subunit containing the N-atom (see Table
4.A1).
To investigate this effect further, the calculations for the pyridine-derived species were
repeated at the Hartree-Fock (ROHF) level of theory. Indeed, ROHF places the full spin
density in the radical cation species on the sub-unit with the lowest ionization potential (see
Table 4.A1). This suggests that the fractional spin density obtained in the B3LYP calculations
on the radical cation species is indeed due to electron self-interaction. The IR spectra for the
radical cation species computed at the ROHF level display band intensities that are much
lower than those obtained from the B3LYP computations and that are more in the expected
range. However, we also note that the computed frequencies deviate strongly from the
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B3LYP frequencies, giving an almost entirely different predicted spectrum (see Figure 4.A1
as an example).
We can verify the accuracy of the ROHF computed vibrational frequencies by running
an ROHF calculation on the closed-shell endoskeletal species and comparing the result with
the B3LYP computed frequencies as well as with the experimental spectra. For the two
pyridine-derived species studied in this work, such comparisons are shown in Figures 4.A2
and 4.A3. We find that the ROHF frequencies give a reasonably good match with the
experimental spectra, which is certainly not worse than the B3LYP prediction; note that a
different (uniform) frequency scaling factor has been used, as advised in Merrick et al. (2007).
For the bands near 6.2 m, which are of special interst in this study, we note that the predicted
frequencies at the two levels of theory are nearly identical; the ROHF calculation appears to
overestimate the relative intensity of these bands as compared to the B3LYP calculation and
the experiment.
Given the above arguments, we were tempted to use the ROHF results for the calculation
of the exoskeletal radical cation species. However, for reasons of consistency with the neutral
and closed-shell cation systems, we show in the main text of this paper only B3LYP results.

Table 4.A1: Computed spin densitiesa at the two sub-units for the radical pyridine-containing
systems studied here. The DFT calculation (B3LYP) is seen to invoke an unphysical splitting of
charge in the radical cations as compared with the Hartree-Fock (ROHF) result.

ROHF
Sub-unit

B3LYP

pyridine toluene / benzene pyridine toluene / benzene

Radical cation
p-Me-3-bz-pyr

0.015

0.963

0.342

0.638

3-bz-pyr

0.918

0.069

0.468

0.504

p-Me-N-bz-pyr. 0.997

-0.037

0.996

-0.051

-0.013

1.004

-0.051

Radical neutral
N-bz-pyr

.

1.006

a. All computed spin densities add up to 1.0; the small deviation obtained from the values in the
table is due to the spin density on the CH2 linker.
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Figure 4.A1: Theoretical IR spectrum of the p-methyl-3-benzylpyridine radical cation computed
by the B3LYP density functional compared with the result at the ROHF Hartree Fock level.
Frequency scaling factors used for each of the methods are obtained from (Merrick et al. 2007)
and are indicated in the two panels.
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Figure 4.A2: Theoretical IR spectrum of the p-methyl-N-benzylpyridine cation computed by the
B3LYP density functional compared with the experimental IRMPD spectrum (top) and the
theoretical IR spectrum at the ROHF Hartree-Fock level overlaid with the same experimental
spectrum (bottom). Frequency scaling factors used for each of the methods are taken from
(Merrick et al. 2007) and are indicated in the two panels.
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Figure 4.A3: Theoretical IR spectrum of the closed-shell N-benzylpyridine cation computed by
the B3LYP density functional compared with the experimental IRMPD spectrum (top) and
theoretical IR spectrum computed at the ROHF Hartree-Fock level (bottom), compared with the
same experimental spectrum. Frequency scaling factors used for each of the methods are taken
from (Merrick et al. 2007) and are indicated in the two panels.
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Chapter 5

The Influence of Metal Ion Binding on
the IR Spectra of Nitrogen-Containing
PAHs
Astronomical IR emission spectra form the basis for the now widely accepted abundant
presence of polycyclic aromatic hydrocarbons (PAHs) in inter- and circumstellar environments.
A small but consistent frequency mismatch is found between the astronomically observed
emission band near 6.2 m and typical CC-stretching vibrations of PAHs measured in
laboratory spectra near 6.3 – 6.4 m. The shift of the band has been tentatively attributed to a
variety of effects, among which the inclusion of heteroatoms, in particular nitrogen, in the PAH
skeleton (PANH) as well as to metal ion binding to the PAH molecule. Here we experimentally
investigate the combined effect of nitrogen-inclusion and metal ion binding on the IR spectra.
In particular, infrared multiple-photon dissociation (IRMPD) spectra are recorded for
coordination complexes of Cu+ with one or two quinoline, isoquinoline and acridine ligands;
complexes of the form Cu+(PANH)(MeCN), where the MeCN (acetonitrile) ligand acts as a
relatively weakly bound “messenger” are also recorded to qualitatively verify that potential
frequency shifts induced by IRMPD are minimal. The experimental IR spectra document the
accuracy of IR spectral predictions by density functional theory calculations performed at the
B3LYP/6-311+G(2df,2p) level and confirm that a -bond is formed between the copper ion
and the exoskeletal N-atom. The experimental spectra suggest that the CNC stretching mode
undergoes a small red shift of up to 20 cm-1, with respect to the band position in the
uncomplexed PANH molecule, away from the 6.2 m interstellar position.
Chapter 5 is based on: Juehan Gao, Jordy Bouwman, Giel Berden, and Jos Oomens, 2016,
The Journal of Physical Chemistry A, 120, 7800-7809.
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5.1

Introduction

Polycyclic aromatic Hydrocarbons (PAHs) molecules are hypothesized to be abundant species
in the Interstellar Medium (ISM), based mainly on the ubiquitous mid infrared (mid-IR)
emission bands that are centered at wavelengths near 3.3, 6.2, 7.7, 8.8, 11.3，and 12.7 m
(Allamandola et al. 1985; Allamandola et al. 1989; Leger & Puget 1984; Tielens 2008). These
emission bands arise when PAHs are excited by UV radiation and subsequently undergo
internal conversion and radiative vibrational relaxation. Variations in relative intensity, peak
position, and peak profile are extensively used as a probe of the physical properties of the PAH
families present in regions of the ISM (Allamandola et al. 1985; Peeters 2011; Peeters et al.
2002; Tielens 2008).
Experimental studies on the IR spectra of PAH cations revealed that the CC-stretching
feature measured in laboratory spectra is generally red shifted compared to the band observed
in the ISM near 6.2 m (Bauschlicher 2002; Hudgins & Allamandola 1995, Hudgins &
Allamandola 1999; Hudgins et al. 2005). Since nitrogen is the fourth most abundant element,
it was hypothesized that nitrogen containing PAHs (PANHs) may also be present in the ISM
(Hudgins & Allamandola 2004; Hudgins et al. 2005; Peeters et al. 2002). The effects of N-atom
substitution on the frequency of the dominant CC stretching modes of PANH cations were
illustrated in a number of theoretical and experimental spectroscopic studies (Alvaro Galué et
al. 2010; Hudgins & Allamandola 2004; Hudgins et al. 2005; Mattioda et al. 2005; Mattioda et
al. 2003; Peeters et al. 2002), revealing that the band indeed shifts in the direction of the 6.2 m
interstellar emission band.
Another mechanism that has been hypothesized to be responsible for a small but
significant blue shift of the CC stretch modes is the attachment of metal cations to the PAH
molecule. Silicon as well as various metals including Fe, Na, Mg, Al, and Cu exist in varying
abundances in the ISM (Gratton et al. 2004; Kraft 1994; Smith 1987; Sneden 1999, Sneden
2000). These metals often do not occur as isolated atoms or ions, but may be sequestered by
molecules and dust particles and, as a result, the elemental metals are depleted (Caselli et al.
1998; de Boisanger et al. 1996; Dunbar & Petrie 2002; Ehrenfreund et al. 2002; Falgarone &
Puget 1995; Falgarone et al. 1992; Graedel et al. 1982; Jenkins 1987; Klotz et al. 1995; Li &
Draine 2002; Morton 1975; Morton et al. 1973; Seab 1987; Serra et al. 1992; Wooden et al.
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2005). Metal-PAH clusters are thought to be formed in dense molecular clouds and
consequently, their astrophysical relevance has received considerable attention (Bauschlicher
et al. 1992; Boissel 1994; Chakraborty & Dopfer 2011; Hettich & Freiser 1987; Hettich et al.
1986; Klotz et al. 1996; Klotz et al. 1995; Marty et al. 1996; Marty et al. 1994; Meyer et al.
1995; Ristorcelli & Klotz 1997; Simon et al. 2008; Srzić et al. 2003; Szczepanski et al. 2006).
Experimental laboratory data on metal-ion PAH complexes of interest focus mainly on
thermochemical properties including in particular binding energies and reaction kinetics
(Hettich & Freiser 1987; Marty et al. 1996; Meyer et al. 1995; Pozniak & Dunbar 1997; Simon
& Joblin 2009). On the other hand, IR spectroscopic data reported for metal-ion PAH
complexes largely concern theoretically predicted spectra, typically computed using density
functional theory (DFT) (Allamandola et al. 1999; Bauschlicher & Ricca 2009; Joalland et al.
2009; Simon & Joblin 2007; Simon & Joblin 2010) as well as other computational methods
(Joalland et al. 2010; Simon et al. 2011). However, spectral shifts upon metal ion complexation
may be subtle and the performance of the computational method of choice may not be precisely
known, especially for complexes involving transition metal ions. Experimental gas-phase IR
spectra can verify the reliability of computational values. As often the case, more constraints
apply to experimental investigations than to computational ones, and only relatively few
experimental gas-phase IR spectra of metal-ion PAH complexes have been reported to date.
Using a combination of tandem mass spectrometry and laser spectroscopy (Eyler 2009; Polfer
& Oomens 2007; Roithová 2012), small mass-isolated Fe+PAH complexes formed via laser
ablation of an iron target have been spectroscopically investigated revealing their -bound
nature. IR spectra for Ag+-naphthalene complexes formed by electrospray ionization (ESI) have
been obtained using IR messenger spectroscopy of Ne-tagged complex ions, establishing their
structures also as -bound complexes (Savoca et al. 2011). In general, these studies showed that
the IR absorption bands in the 6.2 m region are blue shifted as compared to the uncomplexed
PAH.
Unlike for PAHs, the effects of metal ion binding on the characteristic vibrational
frequencies of PANHs, i.e. the combined effect of nitrogen inclusion and metal ion attachment,
have not been subject of detailed experimental study. As far as we are aware, the only IR
spectroscopic study of a metal ion clustering with a cyclic nitrogen containing hydrocarbon is
reported by Dopfer and coworkers (Chakraborty & Dopfer 2011), who studied the structure of
the Ag+(Pyridine)2 complex by infrared multiple-photon dissociation (IRMPD) spectroscopy.
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Figure 5.1: PANH ligands studied in this work with their molecular weight given in brackets.

The Ag+ ion was reported to bind to the lone pair electrons of the pyridine, forming a
planar -bound complex. Here we report on IR spectra in the 5.5 – 17 m range of gaseous
complexes of Cu+ with a selection of small PANH molecules (quinoline, isoquinoline and
acridine, see Figure 5.1). Experimental spectra are compared with computed spectra to address
in particular (1) whether there is an observable effect on the spectra of the PANH, especially in
the region near 6.2 m, and (2) whether DFT calculated spectra - at the B3LYP level - reproduce
these changes.
Relevant data available for these Cu+PANH systems include gas-phase molecular structure
information derived from threshold collision induced dissociation (TCID) in combination with
theoretical modeling (Rannulu & Rodgers 2005; Rannulu & Rodgers 2007). In these studies,
the binding energies for a number of complexes of Cu+ with small N-containing heterocyclic
compounds were determined. Moreover, a -bound structure where the Cu+ ion coordinates to
the nitrogen lone-pair was clearly established in these experiments.

5.2 Experimental and Theoretical Methods
5.2.1 Experiment
Infrared multiple-photon dissociation (IRMPD) spectra of complexes of Cu+ with PANH
molecules have been measured over the 5.5 – 17 m wavelength range in a Fourier-Transform
Ion Cyclotron Resonance Mass Spectrometer (FTICR-MS) (Marshall, Hendrickson, & Jackson
1998) coupled to one of the beam ports of the Free Electron Laser for Infrared eXperiments
(FELIX) (Oepts et al. 1995; Polfer & Oomens 2007). The combination of the mass spectrometer
and the free electron laser has been used in a variety of studies and has been described in detail
elsewhere (Polfer & Oomens 2007; Valle et al. 2005).
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Complex stoichiometries studied are Cu+(PANH)1, Cu+(PANH)MeCN, and Cu+(PANH)2,
where MeCN refers to acetonitrile. The PANH (quinoline 97%, isoquinoline 97%, acridine 97%)
samples were purchased from Tokyo Chemical Industry (TCI) and used without further
purification. The complexes were generated through electrospray ionization (ESI) of solutions
containing 200 M CuCl and 250 M PANH in neat MeCN. The ionic complexes are
accumulated in a linear hexapole ion trap prior to being injected into the ICR cell through an
octopole RF ion guide. Copper has two isotopes occurring in significant natural abundance
(63Cu at 69.2% and 65Cu at 30.8%) so that complexes are detected as double peaks in the mass
spectra. The Cu+(PANH)2 and Cu+(PANH)MeCN complexes are generated directly from the
ESI source. The generation of the monomeric Cu+(PANH)1 is more challenging and requires a
different approach: the Cu+(quinoline)MeCN and Cu+(quinoline)2 precursor ions are irradiated
for 5 seconds with a 35-Watt cw CO2 laser in the high vacuum of the ICR cell, after which the
mono-ligated complex thus formed is mass-isolated. For Cu+(isoquinoline)1 and Cu+(acridine)1,
2 seconds of CO2 laser irradiation is sufficient. Even if the produced ions were internally hot,
the time scale of the experiments is such that the ions have ample time to cool radiatively before
being probed by IRMPD spectroscopy (Dunbar 1989).
Mass isolation is achieved by means of a stored-waveform inverse Fourier-Transform
(SWIFT) excitation pulse in the Penning trap of the FTICR-MS (Marshall et al. 1998).
Subsequently, the mass filtered clusters are irradiated by the (attenuated) IR radiation of the
free electron laser. Monitoring the IR induced fragment ion yield as function of wavelength
allows one to reconstruct an IR spectrum of the Cu+/PANH ion. IR spectra are recorded with a
pulse energy of about 35 mJ per FEL macropulse (5s) and the measured IRMPD yield is
normalized to the laser pulse energy assuming a linear dependence. The FWHM spectral
bandwidth of the FEL was set to about 0.5% of the central wavelength, which amounts to 5 cm1

at 10 m and the step size during the wavelength scans was around 5 cm-1. The laser

wavelength was calibrated using a grating spectrometer with an array detector; the dispersion
is 0.020 m per array element (2 cm-1 at 10 m).

5.2.2 Computational aspects
Quantum-chemical computations have been performed at the DFT level using the Gaussian09
Rev. D.01 program package. The geometries of the Cu+(PANH) complexes are optimized and
vibrational frequencies are calculated using the B3LYP functional and 6-311+G(2df,2p) basis
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set. The Cu+ ion has a 3d10 ground state and only singlet electronic states were considered for
the complexes. Unrestricted calculations on a few of the systems under study returned S2 values
equal to 0.00 indicating that spin contamination is not a problem for these complexes. Electronic
energies were corrected for zero-point energy (ZPE) and relative Gibbs free energies were
determined at 298 K. Counterpoise corrections have been explored to correct computed
energies for possible basis set superposition errors (BSSE) for all Cu+(PANH) complexes.
Orbital populations, partial charges and natural bond orbitals have been analyzed using Natural
Population Analysis (NPA) and Natural Bond Orbitals (NBO, version 3.1), all as implemented
in Gaussian09. The computed harmonic vibrational frequencies are scaled by a factor of 0.965
to empirically account for unknown anharmonicities, close to values recommended by the NIST
CCCBDB online database (Johnson III 2015) (0.967) and by Radom and coworkers (0.9686)
(Merrick et al. 2007). Computed spectra are convoluted with a 15 cm-1 full width at a half
maximum (FWHM) Gaussian profile to facilitate comparison with the measured spectra.

5.3

Results

Prior to presenting the IR spectral data, we briefly discuss a few features of the electronic and
geometric structures of the Cu+/PANH complexes that result from the DFT calculations.

5.3.1 Computed structure properties
In all Cu+/PANH complexes studied, the Cu+ ion is -coordinated to the nitrogen atom of the
PANH. Optimizations starting from a -complex geometry relaxed to the N-bound -complex
structure. In dimeric Cu+/PANH complexes, both ligands arrange at 180 degrees around the
Cu+ center. The electron configuration of Cu+ (3d10 4s0) is known to give rise to sdhybridization due to the energetic proximity of the 3d and 4s orbitals (Rannulu & Rodgers 2005).
This results in two hybrid atomic orbitals, of which one is unoccupied having lobes at 180
degrees. N-donor atoms of the ligands can donate electron density into this empty sd hybrid
orbital to form a linear arrangement of the two ligands around the metal center. The NPA
calculation indicates that this sd-hybridization results in an electron configuration of
3d9.804s0.504p0.10
3d

9.79

4s
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4p

0.07

Cu+(acridine)2,

for
+

3d9.784s0.504p0.06

for

Cu+(isoquinoline)2,

and

for Cu (quinoline)2 . These values are similar to those found for other dimeric
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Table 5.1: Partial charges on the Cu atom in the various Cu+/PANH complexes as computed by
the natural population analysis.

Ligand(s)

Cu+ partial charge

2 acridine

+0.594

Acridine+MeCN

+0.664

acridine

+0.804

2 quinoline

+0.640

Quinoline+MeCN

+0.685

quinoline

+0.832

2 isoquinoline

+0.662

Isoquinoline+MeCN

+0.698

isoquinoline

+0.844

N-donor complexes of Cu+ (Gao et al. 2016; Rannulu & Rodgers 2005; Rannulu & Rodgers
2007).
Partial charges on the metal ion assigned by the NPA analysis for each of the complexes
are listed in Table 5.1. The low partial charge found on the Cu+ ion, ranging between
approximately +0.6 e for bis-ligated complexes and approximately +0.8 e for the mono-ligated
Cu+(PANH) complexes suggests that a substantial charge transfer to the metal occurs. As
expected, having a lower ionization potential (IP), the acridine ligand (7.8 eV) (Lias retrieved
January 22, 2016) donates more charge to the Cu ion than the quinoline (8.6 eV) and
isoquinoline (8.5 eV) ligands, having a higher IP. Note that the IP of Cu (7.72 eV) is close to
that of acridine.
NBO analyses were performed on the Cu+(PANH)1 systems. The main orbital interaction
is in all cases observed for the nitrogen lone pair orbital donating into the Cu 4s-orbital, leading
to a stabilization on the order of 180 kJ/mol. Backdonation is relatively small, with the largest
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contribution stemming from interaction between one of the Cu 3d orbitals and the CN
antibonding virtual orbital contributing about 6 kJ/mol.

5.3.2 IR spectra
The mid-IR spectra of the Cu+-complexed PANHs are recorded by IRMPD spectroscopy. The
Cu+(PANH)1 species dissociate by loss of the neutral ligand, but for Cu+(acridine)1 the acridine
radical cation is also observed, likely on account of the lower IP of acridine as compared to
those of quinoline and isoquinoline (Lias retrieved January 22, 2016):
Cu+ - (iso)quinoline  Cu+ + (iso)quinoline
Cu+ - acridine

 Cu+ + acridine
acridine+● + Cu●

The Cu+(PANH)2 clusters expel one or two ligands upon resonant irradiation, where the
latter channel is likely a secondary process, which was not observed for Cu+(isoquinoline)2:
Cu+ (PANH)2  Cu+ (PANH) + PANH
Cu+ + 2 PANH
Observed dissociation channels for the Cu+(PANH)(MeCN) complexes were:
Cu+(quinoline)(MeCN)

 Cu+(quinoline) + MeCN
Cu+ (MeCN) + quinoline

Cu+(isoquinoline)(MeCN)  Cu+ (isoquinoline) + MeCN
Cu+ (MeCN) + isoquinoline
isoquinoline+● + Cu● + MeCN
Cu+(acridine)(MeCN)

 Cu+(acridine) + MeCN
Cu+ + acridine + MeCN

The accompanying neutral losses are inferred in the above equations.
Dissociation energies (De) of Cu+PANH complexes have been computed and are
summarized in Table 5.2. The binding of the first ligand to Cu+ is obviously the strongest. This
114

5.3

Results

manifests itself in the IR experiments by a weak IRMPD signal for the monomeric complexes
and inherent low signal-to-noise spectral data. More facile dissociation of the Cu+(PANH)2 and
Cu+(PANH)(MeCN) complexes results in spectra with significantly better S/N ratios.
Recording IRMPD spectra for species with higher and lower dissociation thresholds also allows
us to qualitatively assess the effect of multiple photon excitation on band positions, in particular
whether significant red-shifting occurs, which could compromise frequency comparisons with
absorption spectra for neutral, uncomplexed PANHs. For the Cu+(PANH)2 complexes, energies
listed are for the eclipsed geometry conformers and not for the planar conformers, because the
Gibbs free energy of the eclipsed geometry is slightly lower in energy (on the order of 1 kJ/mol),
as was also found for other dimeric complexes of Cu+ and N-containing ligands (Rannulu &
Rodgers 2005). Differences in vibrational frequencies between the two structures are negligible.
Figures 5.2-5.4 show the experimental spectra (in black) of the studied complexes in the
600-1800 cm-1 range. Experimental spectra of neutral quinoline, neutral isoquinoline and

Table 5.2: Computed adiabatic dissociation energies (given as De, D0 and G0) of the various
Cu+/PANH complexes studied in this work (in kJ/mol). [a] Corrected for BSSE.

Ligand(s) on Cu+

Neutral loss

De

De [a] D0

G0

2 acridine

acridine

243

239

238

182

acridine+MeCN

MeCN

214

211

213

166

acridine

acridine

319

316

313

277

2 quinoline

quinoline

245

242

242

188

quinoline+MeCN

MeCN

222

219

222

174

quinoline

quinoline

301

299

297

261

2 isoquinoline

isoquinoline

251

248

249

198

isoquinoline+MeCN MeCN

224

221

223

177

isoquinoline

304

302

300

263

isoquinoline
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neutral acridine are taken from the NIST Chemistry WebBook (Linstrom & Mallard 2009) and
shown for comparison. Also shown are the lowest energy molecular structures and IR spectra
(red) obtained from the quantum-chemical computations. The lowest energy structures for all
complexes studied here are those where Cu+ forms a -bond to the lone-pair electrons on the
nitrogen atom of the ligand. Vibrational bands in the spectra of the Cu+(PANH)(MeCN)
complexes are well resolved and representative for the Cu+(PANH) and Cu+(PANH)2
complexes; we shall therefore mainly focus on these spectra in the discussion below. Band
positions and assignments for bands with computed intensities greater than 5 km/mol are
summarized in Tables 5.3-5.5 for the Cu+(PANH)(MeCN) complexes. Tabulated experimental
and computed band positions for the Cu+(PANH) and Cu+(PANH)2 complexes, as well as for
the neutral PANH molecules are presented in Table A5.1–A5.9 in the Appendix.

IR spectra of complexes containing Cu+ and quinolone.

Figure 5.2 reproduces

the experimental and theoretical IR spectra of neutral quinoline, taken from the NIST Chemistry
WebBook (Stein retrieved August 20, 2015), and the Cu+/quinoline complexes Cu+(quinoline),
Cu+(quinoline)(MeCN) and Cu+(quinoline)2. In general, a reasonable agreement is found
between experimental and calculated spectra. Band positions and intensities in experimental
and theoretical spectra of Cu+(quinoline)(MeCN) are summarized in Table 5.3 and further
discussed below. Band positions for the other complexes are generally very similar to those for
Cu+(quinoline)(MeCN); we discuss them only where significant deviations are observed.
The experimental spectrum of Cu+(quinoline)(MeCN) reveals a major feature between 780
and 820 cm-1 attributed to a CH out-of-plane (oop) bending mode and an oop ring deformation
mode, which are just barely resolved. The weak bands that are observed just above the noise
level near 1100 cm-1 are attributed to CH in-plane (ip) bending and ip ring deformation modes.
The band measured at 1293 cm-1 comprises features with mixed C-N-C asymmetric stretch, CC
stretch, CH ip bending, and ip ring deformation character. This band is slightly red shifted as
compared to the corresponding band in bare quinoline. The experimental band around 1364 cm1

that is relatively strong and that is also observed in the other bis-coordinated complexes,

deviates significantly from the computed normal modes at 1344 cm-1 and 1386 cm-1, which
comprise CC stretching, CH ip bending, and ip ring deformation character. The degenerate CH3
bending vibration in the acetonitrile ligand is computed at 1409 cm-1 for Cu+(quinoline)(MeCN),
as indicated by the red star in Figure 5.2, but is not observed in the experimental spectrum,
which appears to be typical for the Cu+(PANH)(MeCN) complexes studied here (vide infra).
116

5.3

Results

The intense band found near 1496 cm-1 can be assigned to a mode with mainly CNC and CC
stretching character mixed with CH ip bending and ip ring deformation character. The character
of the bands predicted at 1561, 1571 and 1600 cm-1 is best described as C-N-C asymmetric
stretching, mixed with CH in plane bending, CC stretching and ip ring deformation. These
bands likely correspond to the feature observed at 1579 cm-1.
We finally note that while the frequency predictions for the Cu+(quinoline) complex are
fairly accurate, the relative intensities show a severe mismatch between experiment and theory,

Figure 5.2: Experimental gas-phase absorption spectrum of quinoline (from the NIST
webbook) and IRMPD spectra of Cu+/quinoline complexes between 600 and 1800 cm-1 (black)
compared to computed spectra (red). Stars in the lower panel indicate vibrational bands due
to the acetonitrile ligand. The units of km mol-1 refer to the stick spectra only.
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Table 5.3: Overview of observed and computed IR absorption band positions and intensities of
Cu+(quinoline)(MeCN).

Dev[b] Int[c,d]

Description[e]

Exp.

Calc.

freq.[a]

freq.[a]

732

732

0

7 CH oop bend/oop ring deform

776

780

-4

40 CH oop bend/oop ring deform

800

802

-2

49 CH oop bend/oop ring deform

1122

8 CH ip bend/ rings ip deform/CNC-Cu &CC stretch

1136

5 CH ip bend

1293

1296

-3

25 CNC stretch/CC stretch/ CH ip bend/ip ring deform

1364

1344

20

28 CC stretch/CNC stretch/ CH ip bend/ip ring deform

1386

6 CH ip bend/ip ring deform/CNC-Cu stretch/CC
stretch

1409

15 CH3 degenerate bending (or CH3 scissoring) of
MeCN

1409

15 CH3 degenerate bending (or CH3 scissoring) of
MeCN

1451
1496

1495

7 CH ip bend/ip ring deform/CC&CNC-Cu stretch
1

1561
1579

1571

33 CH ip bend/ CC&CNC-Cu stretch/ip ring deform
8

1600
RMS deviation
-1

56 CC&CNC stretch/CH ip bend/ip ring deform/
7 CH ip bend/ CC&CNC stretch/ip ring deform
10 CH ip bend/ CC&CNC stretch/ip ring deform

8.4

[a] In cm . A scaling factor of 0.965 has been applied. [b] Exp – Calc. [c]

In km/mol. [d]

Only bands with intensities >5 km/mol are listed.[e] ip = in plane; oop = out of plane.

unlike the dimeric Cu+(quinoline)(MeCN) and Cu+(quinoline)2 complexes. Similar
observations are made for the complexes with isoquinoline and acridine. We suspect that this
is due to the higher binding energies of the monomeric complexes, introducing stronger
deviations from linearity, manifesting itself particularly towards higher wavenumbers, where
the pulse energy of the FEL gradually declines. Moreover, the modes in the high wavenumber
range typically have higher anharmonicities than the oop bending modes below 1000 cm-1,
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leading to further impairing of efficient multiple photon excitation (Oomens et al. 2003).
Somewhat similar effects were observed for experimental IRMPD spectra of complexes of Fe+
and coronene (Simon et al. 2008).

Figure 5.3: Experimental IRMPD spectra (black) of complexes of Cu + and isoquinoline
complexes between 600 and 1800 cm-1 compared with computed spectra (red). Stars in the
lower panel indicate vibrational bands due to the acetonitrile ligand. The units of km mol-1
refer to the stick spectra only.
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Table 5.4: Comparison of observed and computed IR absorption bands of
Cu+(isoquinoline)(MeCN).
Expt

Calc

freq[a]

freq[a]

Dev[b]
int[c,d]

Description

741

742

-1

28 CH oop bend

821

822

-1

45 CH oop bend

867

12 CH oop bend/ oop ring deform

1041

1035

6

1177

1170

7

1203

21 CNC-Cu stretch/CC stretch/CH ip bend/ ip ring deform
9 CH ip bend/ip ring deform/ CC & CNC-Cu stretch
7 CH ip bend/ip ring deform/ CC & CNC stretch

1273

1260

13

14 CC stretch/ CH ip bend/ ip ring deform

1374

1360

14

44 CC stretch/ CH ip bend/ ip ring deform/CNC stretch

1376

17 CH ip bend/ip ring deform/ CC &CNC stretch/

1409

15 CH3

scissoring

1409

15 CH3

scissoring

1440

1449

-9

1496

1485

11

1583
1615

1604

RMS deviation

11 CH ip bend/ip ring deform/ CC stretch /CNC-Cu stretch
8 CH ip bend/ip ring deform/ CC stretch /CNC stretch
22 CCstretch /CNC-Cu stretch /CH ip bend/ ip ring deform

11

59 CC stretch/ CH ip bend/ ip ring deform/CNC-Cu stretch

9.3

-1

[a] In cm . Calculated frequencies scaled by 0.965. [b] Exp – Calc. [c]

In km/mol. [d]

Only bands with intensities >5 km/mol are listed.

IR spectra of Cu+/isoquinoline complexes. The experimental IR spectra of the three
complexes including Cu+ and isoquinoline as well as the spectrum of neutral isoquinoline (Stein
retrieved August 20, 2015) compared with their calculated counterparts are shown in Figure
5.3. The positions of the strongest computed and measured absorption features for
Cu+(isoquinoline)(MeCN) are summarized in Table 5.4, while data for the other complexes
containing isoquinoline are listed in Table 5.A4–A5.A6 in the Appendix.
Five main bands are observed in the IRMPD spectrum of Cu+(isoquinoline)(MeCN). The
bands measured at 742 and 821 cm-1 are due to CH oop bending and are well reproduced by
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theory. The band at 1041 cm-1 corresponds to a mode involving Cu+-N and CNC symmetric
stretching and is calculated at 1035 cm-1. Two weak bands observed around 1170 cm-1 and 1260
cm-1 are blue shifted by 7 and 13 cm-1, respectively, compared with their computed positions;
they correspond to a CH ip bending and ip ring deformation. The band measured at 1374 cm-1
is stronger than the computed bands at 1360 cm-1 and 1376 cm-1, having CC and CNC stretch,
CH ip bend, and ip ring deformation character. For the corresponding bands in the other
Cu+/isoquinoline complexes, computed and observed relative intensities are in better agreement.
The MeCN degenerate CH3 bending mode is computed at 1409 cm-1 and is probably not
observed in the IRMPD spectrum (see red star in Figure 3), although it may be comprised within
the somewhat broader bands observed around this frequency. The weak and broad feature
measured around 1440 cm-1 corresponds to the CH ip bending and ip ring deformation modes
predicted around this frequency. Finally, two bands calculated at 1583 cm-1 and 1604 cm-1
exhibiting Cu+-N stretching, CNC symmetric stretching, CC stretching, CH ip bending, and ip
ring deformation character, are observed slightly to the blue at 1615 cm-1 in the IRMPD spectra.

IR spectra of Cu+/acridine complexes. The IRMPD spectra of complexes of Cu+ and
acridine are compared with their computed spectra in Figure 5.4. Again, we find generally good
agreement between computed and observed spectra and we will discuss the main features based
on the Cu+(acridine)(MeCN) data (see Table 5.5).
The bands computed at 734 cm-1 and 782 cm-1 are due to CH oop bending and oop ring
deformation and are observed in the experimental spectrum with a minimal red shift. The
weaker band computed at 933 cm-1 exhibits a larger red shift at 921 cm-1. Two weak bands
computed at 1247 and 1267 cm-1 represent modes involving CNC-Cu+ symmetric stretching,
CC stretching, and CH ip bending mixed with ip ring deformation and are observed as a weak
feature at 1258 cm-1. Again, significant deviation between theory and experiment occurs around
1400 cm-1: computed bands in this range are due to a mode with mixed in-plane character at
1352 cm-1 and bands due to the acetonitrile degenerate CH3 bending mode at 1410 cm-1
(indicated with a red star). The experimental spectrum exhibits a somewhat broader band in
between those predicted bands, near 1368 cm-1. Two computed bands at 1446 cm-1 and 1469
cm-1 having mixed CC stretching, CH ip bending, ip ring deformation, and CNC symmetric
stretching character are observed as a single feature centered at 1453 cm-1. A strong band with
mixed in-plane character observed at 1510 cm-1 is closely reproduced in the calculation at 1507
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Table

5.5:

Comparison

of

observed

and

computed

IR

absorption

bands

of

+

Cu (acridine)(MeCN).
Expt freq[a] Calc freq[a] Dev[b] int[c,d] description
732

734

-2

87 CH oop bend

777

782

-5

23 CH oop bend/oop ring deform

921

816

5 CH op bend/oop ring deform/CC&CNC stretch

848

5 CH op bend/oop ring deform/CC&CNC stretch

933

-12

968

6 CH oop bend/oop ring deform

1132
1151

1143

6 CH ip bend/ip ring deform/CNC-Cu&CC stretch
8

1247
1258

1267

1352

-9

16

29 CC stretch/ CH ip bend/ip ring deform/CNC stretch

1410

15 CH3 bending

1410

14 CH3 bending

1446

7 CC stretch/ CH ip bend/ip ring deform/CNC stretch
7

1469
1510

10 CH ip bend/ip ring deform/CNC-Cu& CC stretch
5 CNC &CC stretch/ CH ip bend/ip ring deform

1428
1453

11 CH ip bend/ip ring deform/CNC-Cu&CC stretch
10 CNC-Cu&CC stretch/CH ip bend/ip ring deform

1277
1368

12 CH oop bend/oop ring deform

1507

21 CC stretch/ CH ip bend/ip ring deform/CNC stretch
5 CC stretch/ CH ip bend/ip ring deform/CNC stretch

3

1541

81 CNC&CC stretch/ CH ip bend/ip ring deform
30 CC stretch/ CH ip bend/ip ring deform/CNC-Cu stretch

1558

1559

-1

22 CC stretch/ CH ip bend/ip ring deform/CNC stretch

1604

1596

8

68 CC stretch/ CH ip bend/ip ring deform/CNC stretch

RMS deviation

8.3

-1

[a] In cm . Calculated frequencies scaled by 0.965. [b] Exp – Calc. [c]

In km/mol. [d]

Only bands with intensities >5 km/mol are listed.

cm-1. Two computed bands around 1541 cm-1 and 1559 cm-1 are unresolved in the experiment
at about 1558 cm-1. Finally, a strong band predicted at 1596 cm-1 corresponding to a mode with
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mixed in-plane vibrational character is detected slightly to the blue at 1604 cm-1, as was also
the case for the quinoline and isoquinoline complexes. Note that these bands appear to be better
reproduced in the spectra of the Cu+(PANH) and Cu+(PANH)2 complexes.

Figure 5.4: Experimental IRMPD spectra of Cu+/acridine complexes between 600 and 1800
cm-1 (black) compared to the computed spectra (red). Stars in the lower panel indicate
vibrational bands due to the acetonitrile ligand. The units of km mol-1 refer to the stick
spectra only.
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5.4 Discussion
Overall good agreement is found between experimental and computed band positions with
deviations typically below 10 cm-1. This provides confidence that the structures in which the
Cu+ ion forms a -bond with the N-atom of the PANH are indeed the correct ones, as also
established by Rodgers and coworkers (Rannulu & Rodgers 2005; Rannulu & Rodgers 2007);
-bound Cu+PANH structures appear not to correspond to minima on the PES. In general, a
single frequency scaling factor provides an adequate prediction of the spectra of the various
Cu+PANH species over the 600 – 1800 cm-1 spectral range. Some recurring deviations between
experiment and theory are however also noticeable. Across the set of molecules studied here,
we observe a 15 to 20 cm-1 blue shift of the experimental band around 1360 cm-1 as compared
to its theoretical counterpart. This discrepancy is seen in the Cu+(PANH)(MeCN) as well as in
the Cu+(PANH)2 complexes and therefore appears not to be related to MeCN. The associated
normal modes have primarily PANH CC-stretching character, where the vibration involves in
all cases mostly the bridgehead C-atoms (see Figure 5.A1 in the Appendix for a pictorial
representation of these normal modes). The NBO calculations suggest low occupancies in the
-bonds connecting these bridgehead C-atoms of around 1.5, compared to a typical value of
about 1.7 for the other -bonds in the PANH ligands. If this mode is ignored, the rms deviation
between experimental and theoretical band positions reduces to about 7 cm-1, close to the
bandwidth of the laser radiation and clearly less than the observed bandwidths in the spectra.
In all Cu+(PANH)(MeCN) spectra, bands predicted to be due to the MeCN ligand,
indicated with stars in Figures 5.2-5.4, are not observed in the experimental spectra. The
degenerate bending vibration of the methyl group computed to fall near 1400 cm-1 is the most
prominent example. We speculate that this may be due to incomplete energy randomization
upon excitation of vibrations in the small MeCN ligand. Redistribution of vibrational energy
(IVR) into the large bath of states of the PANH may be impeded by channeling of the vibrational
energy through the heavy Cu atom. This effect has been suggested and described in more detail
by Schröder and coworkers (Shaffer et al. 2012). Inefficient IVR is expected to induce slow
multiple photon absorption rates, so that the ion may not reach the dissociation threshold within
the duration of the FEL pulse.
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The intensities and positions of absorption bands are affected when Cu+ forms a complex
with the PANHs. From the computed spectra in Figures 5.2-5.4 it is clear that in comparison
with the neutral PANH spectra, all Cu+-complexed PANHs exhibit a gain in intensity for the
in-plane modes between 1200 and 1800 cm-1 relative to that for the out-of-plane modes in the
700 – 900 cm-1 range. We suggest that this effect is caused by electron density transfer from
the ligand to the metal ion, effectively giving the ligand partial cationic character, as indicated
by the computed partial charges in Table 5.1. CC-stretching and CH in-plane bending modes
are known to be strongly enhanced in ionized PAHs as compared to neutral PAHs (Allamandola
et al. 1999; Alvaro Galué et al. 2010; DeFrees & Miller 1989; Knorke et al. 2009; Pauzat et al.
1992; Szczepanski et al. 1992).
While the band positions for the Cu+/PANH systems are generally well predicted, there
appears to be a systematic offset between computed and experimental band positions for the
neutral PANH species (spectra taken from NIST WebBook). It appears that the scaling factor
used is too small for bands roughly above 1000 cm-1 and that two different scaling factors may
better reproduce the experimental data. On the other hand, we note that the value used is very
close to recommended values for this combination of functional and basis set (Johnson III 2015;
Merrick et al. 2007) and that this single scaling factor is generally adequate for the spectra of
Cu+/PANH systems.
Before we compare experimental spectra of the neutral PANHs with their copper
cationized complexes below, we assess a possible redshift of vibrational bands induced by the
IRMPD method applied to obtain the spectra of the complexes. For spectra of radical cation
PAH species, we have in a previous paper (Oomens et al. 2003) compared IRMPD band
positions with band positions from matrix isolation spectroscopy (which themselves may have
a small unknown shift compared with “true” but unavailable gas-phase transmission spectra
(Joblin et al. 1994)) and found red shifts typically in the range from 5 to 40 cm-1. However, the
dissociation thresholds for the expulsion of one or more C2Hn units, upon which these spectra
are based, are considerably higher (>400 kJ mol-1) (Bouwman et al. 2016; Dyakov et al. 2006;
Parneix et al. 2013) than the threshold for the expulsion of a ligand from the Cu+/PANH systems
studied here (200 – 300 kJ mol-1); moreover, the Cu+/PANH systems likely dissociate via loose
transition states, which is not at all the case for PAH breakdown (Bouwman et al. 2016; Dyakov
et al. 2006; Petrignani et al. 2016; West et al. 2014), further increasing the difference in
endoergicity, which ought to result in a much reduced IRMPD redshift (Oomens et al. 2004;
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Parneix et al. 2013) for the Cu+/PANH systems as compared to the PAH radical cations. If
dissociation is facile, band shifts between IRMPD spectra and low-temperature tagging spectra
may even become negligible. We have therefore included the Cu+(PANH)(MeCN) complexes
in our study, as the MeCN has a particularly low binding energy (Table 5.2). The fact that all
three types of complexes – Cu+PANH, Cu+(PANH)2 and Cu+(PANH)(MeCN) – are well
modeled with one and the same scaling factor suggests that band shifts due to IRMPD are
minimal.

Figure 5.5: Sum of experimental IR spectra of quinoline, isoquinoline and acridine as neutral
uncomplexed molecules (top), as Cu+(PANH)1 complexes (middle) and as Cu+(PANH)2 complexes
(bottom). The dashed lines indicate the positions of the most prominent bands in the neutral PANH
sample; the red dashed lines fall closest to the interstellar 6.2 m feature.
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Across the three PANH molecules studied here, band positions of specific vibrational
modes of the PANHs are consistently affected upon binding to Cu+. The bands around 1600
cm-1 are of special interest from an astrophysical standpoint. In Figure 5.5, we show the summed
spectra of the three neutral PANHs, the three Cu+(PANH)1 complexes and the three
Cu+(PANH)2 complexes, to illustrate the effect of Cu+ on the band positions (see also Table 5.6
and Table 5.A10–5.A12 in the Appendix). Although the effect is modest, the absorption bands
at 1582 and 1622 cm-1 in the spectrum of the neutral PANHs (marked with red dashed lines)
merge into a single absorption band at 1595 cm-1 for Cu+(PANH)1 and at 1599 cm-1 for
Cu+(PANH)2 complexes. Bands in the vicinity, particularly near 1400 and 1500 cm-1 (black
dashed lines) appear to undergo a smaller or no red shift, suggesting once more that the effect
is largely due to Cu+ coordination and not due to a possible IRMPD-induced redshift. Hence,
we conclude that the bands near 1600 cm-1, which have the strongest CNC stretch character,
are red-shifted by up to 20 cm-1 upon Cu+-coordination. The band in the uncomplexed PANH
species is closer to the interstellar 6.2 m (1612 cm-1) band and Cu+ complexation causes a
modest shift away from that position. We note that despite the generally good agreement
between experimental and theoretical spectra for the Cu+/PANH complexes (Figures 5.2 –5.4),
this sensitive red shift is not clearly reproduced in the B3LYP computed spectra. The bands
associated with the CH-oop bending motion located around 802 cm-1 for the neutral PANHs are
red-shifted towards 12.7 m (787 cm-1).

Table 5.6: Comparison of observed IR absorption band frequencies of the summed Cu+/PANH
spectra shown in Figure 5.5.

Neutral PANH
cm-1

m

Cu+(PANH)1
cm-1

m

Cu+(PANH)2
cm-1

m

734

13.6

727

13.8

735

13.6

802

12.5

780

12.8

778

12.9

822

12.2

819

12.2

817

12.2

1376

7.27

1374

7.28

1379

7.25

1509

6.63

1490

6.71

1496

6.68

1582

6.32

1622

6.17

1595

6.27

1599

6.25
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5.5 Conclusions
Infrared spectra have been recorded for a series of small gaseous Cu+/PANH complexes. The
experimental spectra are compared with calculated spectra, which suggest that the Cu+ ion
coordinates to the lone-pair on the N-atom, forming planar -bound complexes. This is in
contrast with structures found for regular PAHs complexed with Ag+ that were established to
be -bound (Savoca et al. 2011). On the other hand, this binding mode is analogous to that
known for other metal ions binding to N-containing heterocycles (Chakraborty & Dopfer 2011;
Gao et al. 2016; Rannulu & Rodgers 2005; Rannulu & Rodgers 2007).
The DFT computed scaled harmonic frequencies generally reproduce the experimental
Cu+/PANH spectra very well in the investigated 600 – 1800 cm-1 range, with deviations
typically below 10 cm-1, except for a specific CC stretch vibration near 1360 cm-1. Moreover,
comparing spectra for the neutral PANH with those for the Cu+ complexes in the 6m region,
the subtle red shift (about 20 cm-1) observed for the dominant CNC-stretching band upon Cu+
binding to the PANH molecules is not clearly reproduced by the current level of theory. Hence,
whereas nitrogen inclusion into the PAH network induces a blue shift of the aromatic CC
stretching modes towards the 6.2 m astronomical emission band, -binding of a Cu+ ion
appears to induce a small but consistent red shift.
Intensities in the 1000 – 1600 cm-1 frequency range are significantly enhanced with respect
to bands in the 600-1000 cm-1 region. This suggests significant charge transfer from the PANH
ligands to the Cu cation, as confirmed by the NPA calculations, giving the ligands more cationic
character. As a result the spectra resemble more those of the cationic PANH species.

5.6 Appendix
Normal mode visualization for CC-stretch mode near 1370 cm-1 involving mainly the
bridgehead C-atoms. Listings of experimental and theoretical frequencies for the Cu+(PANH)
and Cu+(PANH)2 complexes. Tables with comparisons of experimental frequencies for each of
the series of Cu+/PANH complexes studied.
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Figure 5.A1: Illustrations of the normal modes giving severe deviation between
experimental and theoretical frequencies. In all cases, the normal mode strongly involves
stretching of the bond(s) connecting the bridgehead C-atoms. In the Cu+(PANH)2 complexes
(not shown), similar modes show similar deviations.

Table 5.A1: Comparison of observed and computed IR absorption band positions and intensities of
neutral quinoline. [a] In cm-1 [b] In km/mol [c] Only bands with intensities > 5 km/mol are listed.
Expt freq[a] Theory freq[a] int[b,c] description
606
730
786
802
1116
1320
1370
1437
1502
1594

605
727
786
799
1104
1309
1419
1485
1545
1580
1600

6
10
33
61
9
8
5
26
13
13
7

ring ip deform
CH oop bend
CH oop bend/ring oop deform
CH oop bend/ring oop deform
CH ip bend/CCN& CC stretch/ring deform
CNC & CC stretch/ CH ip bend/ring deform
CH ip bend/CNC& CC stretch/ring deform
CH ip bend/CC & CNC stretch/ring deform
CC& CNC stretch/ CH ip bend/ring deform
CC stretch/ CH ip bend/CNC stretch/ring deform
CC stretch/ CH ip bend/CNC stretch/ring deform

Theoretical frequencies calculated at the B3LYP/6-311+G(2df,2p) level and scaled by 0.965.
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Table 5.A2: Comparison of observed and computed IR absorption band positions and
intensities of Cu +(quinoline)1 . [a] In cm-1 [b] In km/mol [c] Only bands with intensities > 5
km/mol are listed.
Expt
freq[a]

786

1138
1282
1354
1490
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Theory
freq[a]

int[b,c]

description

726
766
775
797
1122
1137
1249
1293
1340
1448
1493
1553
1567
1597

8
6
38
50
8
6
13
23
36
8
57
19
7
12

CH oop bend
CNC-Cu stretch/ CC stretch/CH ip bend/ ring ip deform
CH oop bend/ring oop deform
CH oop bend/ring oop deform
CH ip bend/CNC-Cu stretch/ CC stretch/ring ip deform
CH ip bend
CC stretch/CH ip bend/ CNC stretch/ ring ip deform
CNC & CC stretch/CH ip bend/ ring ip deform
CC stretch/CH ip bend/CNC stretch/ ring ip deform
CC stretch/CH ip bend/CC&CNC-Cu stretch/ring ip deform
CNC stretch/CC stretch/CH ip bend/ ring ip deform
CNC-Cu stretch/ CC stretch/CH ip bend/ ring ip deform
CNC stretch/ CC stretch/CH ip bend/ ring ip deform
CC stretch//CH ip bend/ CNC stretch/ ring ip deform
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Table 5.A3: Comparison of observed and computed IR absorption band positions and
intensities of Cu +(quinoline)2 . [a] In cm-1 [b] In km/mol [c] Only bands with intensities > 5
km/mol are listed.
Expt freq[a]

Theory freq[a]

int[b,c]

description

731

731
733
769
780
780
802
802
1121
1135
1222
1296
1343
1343
1384
1450
1494
1495
1560
1571
1600
1600

6
6
7
36
38
44
46
12
6
6
48
31
22
7
13
74
36
63
10
10
8

CH oop bend/ring oop deform
CH oop bend/ring oop deform
CC & CNC-Cu stretch/CH ip bend/ ring ip deform
CH oop bend/ring oop deform
CH oop bend/ring oop deform
CH oop bend
CH oop bend
CH ip bend/CNC-Cu&CCstretch
CH ip bend
CH ip bend/ CNC-Cu&CCstretch/ring ip deform
CNC stretch/CC stretch/ CH ip bend/ring ip deform
CC stretch/CH ip bend/CNC stretch/ring ip deform
CC stretch/CH ip bend/CNC stretch/ring ip deform
CC stretch/ CH ip bend/CNC-Cu stretch/ring ip deform
CC stretch/ CH ip bend/CNC-Cu stretch/ring ip deform
CC & CNC stretch/CH ip bend/ring ip deform
CC & CNC stretch/CH ip bend/ring ip deform
CC stretch/CNC-Cu stretch/CH ip bend/ring ip deform
CC &CNC stretch/CH ip bend/rings ip deform
CC stretch/CH ip bend/CNC stretch/ring ip deform
CC stretch/CH ip bend/CNC stretch /ring ip deform

776

800

1142
1294

1365
1494

1574
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Table 5.A4: Comparison of observed and computed IR absorption band positions and
intensities of neutral isoquinoline. [a] In cm-1 [b] In km/mol [c] Only bands with intensities >
5 km/mol are listed.
Expt freq[a] Theory freq[a] int[b,c] description
634
733
823
859
926
1199
1248
1365
1483
1549
1568
1606

734
822

1014
1266
1378
1498
1582
1626

5
30
46
8
9
5
15
7
10
7
20
21

ring ip deform
CH oop bend
CH oop bend
CH oop bend
ring ip deform
CC&CN stretch/ CH ip bend/ring deform
CC stretch/ CH ip bend/ring deform
CH ip bend/CC stretch /ring deform
CN& CC stretch/ CH ip bend/ring deform
CN& CC stretch/ CH ip bend/ring deform
CN& CC stretch/ CH ip bend/ring deform
CC stretch/ CH ip bend/CN stretch/ring deform

Table 5.A5: Comparison of observed and computed IR absorption band positions and intensities
of Cu+(isoquinoline)1. [a] In cm-1 [b] In km/mol [c] Only bands with intensities > 5 km/mol are
listed.
Expt
freq[a]

Theory
freq[a]

int[b,c]

description

738
815

743
818
868
1032
1170
1262
1362
1378
1430
1448
1484
1580
1599

25
49
11
22
9
12
49
19
6
14
9
25
49

CH oop bend/ring oop deform
CH oop bend
CH oop bend/ring oop deform
CNC-Cu stretch/ CC stretch/CH ip bend/ ring ip deform
CH ip bend/ CC&CNC stretch/ring ip deform
CC stretch/CH ip bend/CNC stretch/ring ip deform
CC&CNC stretch/CH ip bend/ ring ip deform
CH ip bend/ CNC&CC stretch/ ring ip deform
CH ip bend/ CNC&CC stretch/ ring ip deform
CH ip bend/ CNC-Cu &CC stretch/ ring ip deform
CC stretch/CH ip bend/CNC stretch/ring ip deform
CNC-Cu stretch/CC stretch/CH ip bend/ ring ip deform
CC stretch/CH ip bend/ CNC-Cu stretch/ ring ip deform

1032
1282
1374

1490
1597
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Table 5.A6: Comparison of observed and computed IR absorption band positions and intensities
of Cu+(isoquinoline)2. [a] In cm-1 [b] In km/mol [c] Only bands with intensities > 5 km/mol are
listed.
Expt freq[a]

742
818

1035

1269

1372

1494

1596

Theory
freq[a]

int[b,c]

description

636
636
742
742
823
823
866
866
1035
1169
1202
1259
1259
1311
1360
1360
1375
1376
1427
1449
1485
1485
1582
1582
1605

7
6
30
26
45
40
11
10
50
22
17
23
7
6
78
9
18
14
5
20
8
8
12
29
110

Ring oop deform
Ring oop deform
CH oop bend/ ring oop deform
CH oop bend/ ring oop deform
CH oop bend
CH oop bend
CH oop bend/ ring oop deform
CH oop bend/ ring oop deform
CNC-Cu stretch/ CC stretch/CH ip bend/ring ip deform
CH ip bend/ CNC&CC stretch/ring ip deform
CH ip bend/ CNC&CC stretch/ring ip deform
CC stretch/ CH ip bend/ rings ip deform
CC stretch/ CH ip bend/ rings ip deform
CNC&CC stretch/ CH ip bend/ ring ip deform
CC&CNC stretch/ CH ip bend/ ring ip deform
CC&CNC stretch/ CH ip bend/ ring ip deform
CH ip bend/ CC stretch/ ring ip deform
CH ip bend/ CC stretch/ ring ip deform
CC & CNC stretch/CH ip bend/ring ip deform
CC&CNC-Cu stretch/ CH ip bend/ ring ip deform
CC&CNC stretch/ CH ip bend/ ring ip deform
CC&CNC stretch/ CH ip bend/ ring ip deform
CC&CNC-Cu stretch/ CH ip bend/ ring ip deform
CC&CNC-Cu stretch/ CH ip bend/ ring ip deform
CC stretch /CH ip bend//CNC-Cu stretch ring ip deform
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Table 5.A7: Comparison of observed and computed IR absorption band positions and intensities
of neutral acridine. [a] In cm-1 [b] In km/mol [c] Only bands with intensities > 5 km/mol are
listed.
Expt freq[a] Theory freq[a] int[b,c] description
734
784
902

1138
1394
1466
1514
1560
1620
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729
852
853
910
959
987
1127
1370
1502
1532
1562
1595

103
15
6
15
6
7
10
6
46
9
9
19

CH oop bend
CH oop bend
CH oop bend/ring oop deform
CH oop bend/ring oop deform
CH oop bend/ring oop deform
CH ip bend/CC stretch/ring ip deform
CH ip bend
CC& CNC stretch/CH ip bend/ring ip deform
CC& CNC stretch/CH ip bend/ring ip deform
CC& CNC stretch/CH ip bend/ring ip deform
CC& CNC stretch/CH ip bend/ring ip deform
CC& CNC stretch/CH ip bend/ring ip deform
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Table 5.A8: Comparison of observed and computed IR absorption band positions and
intensities of Cu +(acridine)1 . [a] In cm-1 [b] In km/mol [c] Only bands with intensities > 5
km/mol are listed.
Expt
freq[a]

Theory
freq[a]

int[b,c]

description

725
768

729
776
819
934
968
1134
1142
1158
1166
1245
1262
1278
1348
1427
1443
1508
1534
1555
1591

83
32
8
12
6
7
18
7
6
6
25
5
39
8
19
92
13
31
77

CH oop bend
CH oop bend/ring oop deform
CH oop bend/CC stretch/ring oop deform
CH oop bend/ring oop deform
CH oop bend
CH ip bend/CNC stretch
CH ip bend/CNC-Cu stretch
CH ip bend
CH ip bend/ring ip deform
CNC-Cu stretch/CC stretch/CH ip bend/ring ip deform
CH ip bend/ring ip deform/N-Cu stretch
CNC stretch/CH ip bend/ring ip deform
CC stretch/CH ip bend/ ring ip deform/CNC stretch
CH ip bend/ ring ip deform/CC&CNC stretch
CC& CNC stretch/CH ip bend/ ring ip deform
CC& CNC stretch/CH ip bend/ ring ip deform
CC stretch/CNC-Cu stretch/CH ip bend/ring ip deform
CC stretch/CNC-Cu stretch/CH ip bend/ring ip deform
CC stretch/CH ip bend/ CNC stretch/ ring ip deform

1145

1362
1439
1508
1559
1592
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Table 5.A9: Comparison of observed and computed IR absorption band positions and intensities
of Cu+(acridine)2. [a] In cm-1 [b] In km/mol [c] Only bands with intensities > 5 km/mol are
listed.
Expt freq[a] Theory freq[a] int[b,c] description
732
777

918

1152

1374

1449
1509

1560
1602
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661
735
735
769
783
783
931
931
1131
1131
1142
1246
1266
1352
1352
1429
1429
1445
1469
1506
1506
1541
1559
1559
1596
1596

7
74
74
7
20
20
14
14
6
6
20
22
15
25
25
7
7
52
14
76
76
62
17
17
58
58

ring ip deform/ N-Cu-N stretch
CH oop bend
CH oop bend
CH ip bend/ ring ip deform/ N-Cu-N stretch
CH oop bend/ ring oop deform
CH oop bend/ ring oop deform
CH oop bend/ ring oop deform
CH oop bend/ ring oop deform
CH ip bend/ ring ip deform/ C-N-C stretch
CH ip bend/ ring ip deform/ C-N-C stretch
CH ip bend / N-Cu-N stretch
CH ip bend/ ring ip deform/ CNC-Cu stretch
CH ip bend/ ring ip deform
CH ip bend/ ring ip deform/CC&CNC stretch
CH ip bend/ ring ip deform/CC&CNC stretch
CH ip bend/ ring ip deform/ CC stretch
CH ip bend/ ring ip deform/ CC stretch
CH ip bend/ ring ip deform/ CC stretch
CH ip bend/ ring ip deform/ CC stretch
CC & CNC stretch/CH ip bend/ring ip deform
CC & CNC stretch/CH ip bend/ring ip deform
CC & CNC stretch/CH ip bend/ring ip deform
CC & CNC stretch/CH ip bend/ring ip deform
CC & CNC stretch/CH ip bend/ring ip deform
CC & CNC stretch/CH ip bend/ring ip deform
CC & CNC stretch/CH ip bend/ring ip deform
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Table 5.A10: Comparison of observed IR absorption bands of neutral quinoline,
Cu +(quinoline)1 , Cu+(quinoline)2, and Cu+(quinoline)(MeCN).
Exp. freq.

Exp. freq.

Exp. freq.

-1

-1

-1

(cm )/(m)
Neutral quinolinea
786/12.72
802/12.47

a

(cm )/(m)
Cu+(quinoline)1
786/12.72

Exp. freq.

(cm )/(m)
Cu+(quinoline)2

(cm-1)/(m)
Cu+(quinoline)MeCN

776/12.89

776/12.89

800/12.50

800/12.50

1322/7.56

1282/7.80

1294/7.73

1293/7.73

1370/7.30

1354/7.39

1365/7.33

1364/7.33

1502/6.66

1490/6.71

1494/6.69

1496/6.68

1594/6.27

-

1574/6.35

1579/6.33

Frequencies are taken from NIST.
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Table 5.A11: Comparison of observed IR absorption bands of neutral isoquinoline,
Cu+(isoquinoline)1, Cu+(isoquinoline)2, and Cu+(isoquinoline)(MeCN).
Exp.freq.

Exp.freq.

Exp.freq.

Exp.freq.

(cm-1)/(m)
Neutral isoquinolinea

(cm-1)/(m)
Cu+(isoquinoline)1

(cm-1)/(m)
Cu+(isoquinoline)2

(cm-1)/(m)
Cu+(isoquinoline)MeCN

734/13.62

738/13.55

742/13.48

741/13.50

822/12.17

815/12.27

818/12.22

821/12.18

1014/9.86

1032/9.69

1035/9.66

1041/9.61

1266/7.90

-

1269/7.88

1273/7.86

1378/7.26

1374/7.28

1372/7.29

1374/7.28

1498/6.68

1490/6.71

1494/6.69

1496/6.68

1597/6.26

1596/6.27

1615/6.19

1582/6.32
1626/6.15
a

Frequencies are taken from NIST.

Table 5.A12: Comparison of observed IR absorption bands of neutral acridine,
Cu +(acridine)1 , Cu+(acridine)2 , and Cu +(acridine)(MeCN).
Exp.freq.

Exp.freq.

Exp.freq.

Exp.freq.

(cm-1)/(m)
(cm-1)/(m)
(cm-1)/(m)
(cm-1)/(m)
a
+
+
Neutral acridine Cu (acridine)1 Cu (acridine)2 Cu+(acridine)MeCN

a

734/13.62

725/13.79

732/13.66

784/12.76

768/13.02

777/12.87

777/12.87

902/11.09

-

918/10.89

921/10.86

1138/8.79

1145/8.73

1152/8.68

1151/8.69

1394/7.17

1362/7.34

1374/7.28

1368/7.31

1466/6.82

1439/6.95

1449/6.90

1453/6.88

1514/6.61

1508/6.63

1509/6.63

1510/6.22

1560/6.41

1559/6.41

1560/6.41

1558/6.42

1620/6.17

1592/6.28

1602/6.24

1604/6.23

Frequencies are taken from NIST.
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Chapter 6

Interaction of Cu+ with cytosine and
formation of i-motif-like C-M+-C
complexes: alkali versus coinage metals
The Watson-Crick structure of DNA is among the most well-known molecular structures of our
time. However, alternative base-pairing motifs are also known to occur, often depending on
base sequence, pH, or the presence of cations. Pairing of cytosine (C) bases induced by the
sharing of a single proton (C-H+-C) may give rise to the so-called i-motif, which occurs
primarily in expanded trinucleotide repeats and the telomeric region of DNA, particularly at
low pH. At physiological pH, silver cations were recently found to stabilize C dimers in a CAg+-C structure analogous to the hemiprotonated C-dimer. Here we use infrared ion
spectroscopy in combination with density functional theory calculations at the B3LYP/6311G+(2df,2p) level to show that copper in the 1+ oxidation state induces an analogous
formation of C-Cu+-C structures. In contrast to protons and these transition metal ions, alkali
metal ions induce a different dimer structure, where each ligand coordinates the alkali metal
ion in a bidentate fashion in which the N3 and O2 atoms of both cytosine ligands coordinate to
the metal ion, sacrificing hydrogen-bonding interactions between the ligands for improved
chelation of the metal cation.

Chapter 6 is based on: Juehan Gao, Giel Berden, M. T. Rodgers, and Jos Oomens, 2016,
Physical Chemistry Chemical Physics, 18, 7269-7277.

6. Interaction of Cu+ with Cytosine and Formation of i-motif-like C-M+-C Complexes

6.1

Introduction

DNA base pairing in motifs other than the well-known Watson-Crick structure have been under
thorough study in recent years, where in particular the G-quadruplex and i-motif structures have
received considerable attention. The i-motif, occurring frequently in cytosine-rich regions of
telomeric DNA and in extended trinucleotide repeats, is formed by refolding of one of the
strands of double-stranded DNA upon itself (Day et al. 2014; Gehring et al. 1993; Guéron &
Leroy 2000). The structure is stabilized by intercalated pairs of cytosine bases, each pair sharing
an excess proton. Mass spectrometric studies using ion spectroscopy have shown that the
hemiprotonated cytosine dimer forms readily upon electrospray ionization (ESI) of an acidic
solution of cytosine (C). The base pairing energy of the hemiprotonated C dimer was
experimentally determined to be about 170 kJ/mol (Han & Oh 2006; Yang et al. 2013c).
Formation of structures resembling the i-motif under neutral pH conditions, where the
shared proton is replaced by an Ag+ ion, was recently reported (Day et al. 2013). This and other
studies have reported on the fluorescent properties of Ag+-containing solutions of DNA. More
recent ion spectroscopy studies showed that a solution of C with added silver salt indeed leads
to the formation of a C-Ag+-C dimer with a structure reminiscent of that of the hemiprotonated
C dimer, C-H+-C (Berdakin et al. 2014b).
In the protonated C-H+-C dimer, the proton finds itself in a shallow double-well potential
and can be localized on the N3 atom of either of the C nucleobases. The barrier to transfer was
computed at 6.7 kJ/mol (Han & Oh 2006). The hemiprotonated dimer is further stabilized by
two HNH•••O=C hydrogen bonds between the amino and carbonyl groups of each of the
cytosine bases. For the C-Ag+-C dimer, the metal ion localizes at a position symmetric between
the two N3-atoms. However, the larger ionic radius of the Ag+ ion forces the dimer to adopt a
structure in which the two HNH•••O=C hydrogen bonds have clearly unequal bond lengths of
about 3.5 and 5.5 Ǻ (measured from the amino N to carbonyl O atom) (Berdakin et al. 2014a).
The primary question that we address in this study is whether the i-motif like structure of
C-Ag+-C is unique to the silver ion, or whether other 1+ cations induce a similar structure of
the C-dimer. In particular, we employ ion spectroscopy in combination with quantum-chemical
calculations to study the structure of dimeric complexes of C with the Cu+ ion and the alkali
metal ions Li+, Na+ and K+. The copper ion has a 3d10-electronic configuration analogous to the
4d10 configuration of the silver ion, but has a smaller ionic radius than Ag+ such that it may
‘fit’ better within the central cavity formed by the two cytosine residues and thus form a more
symmetric structure with nearly equivalent HNH•••O=C hydrogen bonds in analogy to the
hemi-protonated cytosine base pair. The ionic radii of the alkali metal ions studied here (Li+,
Na+, and K+) span those of the Cu+ and Ag+ ions (Wilson & Brewer 1973). Mass spectrometric
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studies have revealed a high propensity of forming M+C2 complexes from ESI solutions of
cytosine and alkali metal salts (Koch et al. 2002), but the geometries of the complexes were not
investigated in detail.
Gas-phase IR photodissociation spectroscopy of charged species in ion trapping devices
has been applied frequently in recent years to reveal the tautomeric structure of protonated and
metalated nucleobases (Berdakin et al. 2014b; Berdakin et al. 2015b; Crampton et al. 2012;
Gillis et al. 2009; Kaczan et al. 2015; Nei et al. 2010, 2011; Oomens et al. 2010; Power et al.
2012; Salpin et al. 2007; Yang et al. 2013a; Yang et al. 2013b). We present here the first IR
spectra of mass selected C-M+-C complexes, where M = Cu, Li, Na and K, and derive their
coordination geometries by comparison with computed spectra. For Cu+, dimeric complexes
with other N-donor ligands have received ample attention, e.g. in a series of threshold collisioninduced dissociation (TCID) studies by the group of Rodgers (Rannulu & Rodgers 2005, 2007).
Analysis of the TCID data combined with computational investigations established substantial
hybridization of the occupied 3d and empty 4s atomic orbitals of the Cu+ center, giving these
dimeric complexes a typical linear N-Cu+-N bond.
Before discussing the C-M+-C complexes, we will dicuss the spectra and structure of
complexes of Cu+ with a single cytosine ligand. Various studies have addressed the structures
of monomeric cytosine complexed to metal ions. Rodgers and coworkers studied the series of
alkali metal ions establishing the binding energies and coordination structures using TCID
(Yang & Rodgers 2014; Yang et al. 2013c; Yang & Rodgers 2012) and infrared ion
spectroscopy (Yang et al. 2013b) combined with quantum-chemical calculations. The gasphase IR spectrum of monomeric Ag+-C was very recently reported by Pino et al (Berdakin et
al. 2015b).

6.2

Experimental Section

6.2.1 Experiment
IRMPD spectra of copper-cytosine complexes were recorded in the electrospray ionization
Fourier-transform ion cyclotron resonance mass spectrometer (ESI-FTICR-MS) (Marshall et al.
1998), coupled to the beam line of the FELIX free electron laser (Oepts et al. 1995; Polfer &
Oomens 2007). General experimental methods have been described in detail previously (Polfer
& Oomens 2007; Valle et al. 2005). The same ESI-FTICR-MS was also used in combination
with a pulsed Nd:YAG pumped optical parametric oscillator (OPO, LaserVision, Bellevue, WA)
to obtain IR spectra in the hydrogen stretching region of the spectrum at wavelengths around 3
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Figure 6.1: Experimental IRMPD spectrum of Cu+Cytosine between 3300 - 3700 cm-1 recorded
with additional CO2-laser irradiation (in red) and without additional irradiation (in black). The
comparison shows that the main IR absorption band is broader and slightly (8 cm-1) red-shifted
when using the CO2 laser as post-excitation after OPO irradiation. Use of the CO2 laser allows us
to observe the NH asymmetric stretching mode around 3528 cm-1, which would otherwise have
been missed.

µm. To enhance the IR induced dissociation, a cw CO2-laser was used to (non-resonantly) postexcite the ions after interaction with the OPO laser (Almasian et al. 2012). While this procedure
enhances the IRMPD efficiency allowing us to also observe weaker transitions (see Figure 6.1),
one also notes an expected slight line-broadening and red-shifting of bands as a result of the
higher total IR fluence (Parneix et al. 2013; Rijs & Oomens 2015).
ESI solutions were prepared in pure acetonitrile (MeCN) containing 0.35-0.5 mM CuCl
and 0.5-1 mM cytosine. Cu+(Cytosine)1,2 and (MeCN)Cu+(Cytosine) complexes were generated
using a modified Waters Z-Spray ESI source and were accumulated in a linear hexapole ion
trap before being injected into the ICR cell via an octopole rf ion guide. The precursor ions
were mass-isolated by a stored-waveform inverse Fourier-Transform (SWIFT (Marshall et al.
1998)) excitation pulse and subsequently irradiated by the FEL radiation (up to 40 mJ pulse
energy, ~5 µs pulse duration, ~0.5% bandwidth). A series of mass spectra were recorded with
the FEL radiation being tuned over the frequency range from 600 to 1800 cm-1 and also with
the IR-OPO being tuned from 3300 to 3700 cm-1 (up to 20 mJ pulse energy, ~6 ns pulse duration,
~3 cm-1 bandwidth). When resonant with an allowed vibrational transition, the ion undergoes
fragmentation as a consequence of IR multiple photon dissociation (IRMPD) (Polfer & Oomens
2007). An IR spectrum of the ion was reconstructed from the mass spectra by plotting the
fragmentation ion yield, defined here as −ln[𝐼𝐼

𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 +𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
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Here, Iprecursor is the sum of the intensities of the precursor ions (for 63Cu and 65Cu) and Ifragments
is the sum of the intensities of all fragment ions. The yield is linearly corrected for frequency
dependent variations in laser pulse energy.
Because the preferred coordination number of Cu+ is two, the Cu+(Cytosine)2 complex at
m/z=285 and 287 and the (MeCN)Cu+(Cytosine) complex at m/z= 215 and 217 are produced
readily from the ESI source. To prepare the singly coordinated complex Cu+(Cytosine), the
Cu+(Cytosine)2 complex was isolated and subsequently irradiated with a 30 W cw CO2 laser for
1.3 seconds, generating the Cu+(Cytosine) complex at m/z 174 and 176. IRMPD of
Cu+(Cytosine)2 and (MeCN)Cu+(Cytosine) induces the neutral losses of 111 mass units (neutral
cytosine) and 43 mass units (corresponding to HNCO); for Cu(Cytosine)+ neutral loss of 43
mass units is the only dissociation channel observed. These fragmentation patterns are
analogous to those observed for the Ag+ complexes of cytosine (Berdakin et al. 2014b; Berdakin
et al. 2015b). IRMPD spectra of three complexes, Cu+(Cytosine), (MeCN)Cu+(Cytosine) and
Cu+(Cytosine)2 are presented in Figures 6.3-6.5, respectively.
Dimeric cytosine alkali metal complexes are produced using solutions of 0.5-1 mM of the
alkali metal chloride salts and 0.5-1 mM cytosine in an approximately 50:50 MeOH/H2O
mixture. IRMPD of Li+(Cytosine)2, Na+(Cytosine)2, and K+(Cytosine)2 results in the loss of a
neutral cytosine monomer. The IRMPD spectra of the three dimeric cytosine alkali metal
complexes are presented in Figures 6.6 and Figure 6.A2 in the Appendix.

6.2.2 Computational
Optimized geometries and harmonic vibrational spectra for the complexes of interest were
computed using density functional theory (DFT) with the B3LYP functional and the 6311+G(2df,2p) basis set as implemented in the Gaussian09 suites of programs. Only singlet
electronic states were considered. Electronic energies were corrected for zero-point energy
(ZPE) and are reported as Gibbs free energies at 298 K. In addition, single-point MP2 energies
have been computed at the B3LYP/6-311+G(2df,2p) optimized structure. For the complexes,
counterpoise corrections have been applied to correct for basis set superposition errors (BSSE).
Partial charges and effects of orbital hybridization were investigated on the basis of natural
population analyses (NPA) of the systems. Dispersion corrections for the B3LYP energies were
computed using Grimme’s D3 empirical correction implemented in Gaussian09.
Harmonic vibrational frequencies were scaled by a factor of 0.98, except for the Hstretching modes, which were scaled by 0.956. The computed stick spectra were convoluted
using a 15 cm-1 full-width-at-half-maximum (FWHM) Gaussian line shape for easy comparison
with experimental spectra.
Numerous studies have reported computed data for complexes of cytosine with metal ions.
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Low-energy tautomeric conformations of cytosine and its complexes with alkali metal ions
were reported among others by Rodgers and coworkers (Yang et al. 2013b; Yang & Rodgers
2012) and Hobza and coworkers (Kabelác & Hobza 2006). Computational investigations of
coordination to coinage metals, especially Cu+ and Ag+, have also been reported (Berdakin et
al. 2014b; Russo et al. 2003; Sponer et al. 1999; Vazquez & Martínez 2008). As far as we are
aware, no computations have been published for dimeric C-M+-C complexes, except for the
silver ion complex, where the B3LYP functional with the 6-311G++(d,p) basis set was
employed for all atoms except Ag, which was described by the SDD effective core potential
(Berdakin et al. 2014b).

6.3

Results and Discussion

6.3.1 Nomenclature
Cytosine can adopt various tautomeric forms, depending on the keto (K) or enol (E) form of the
oxygen atom and the amine (A) or imine (I) form of the N4 substituent (see Figure 6.2 for atom
numbering). Although a nomenclature based on these labels is appealing (Alonso et al. 2013;
Berdakin, et al. 2014b; Szczesniak et al. 1988), it does not uniquely identify the tautomers (e.g.
there are two tautomers of KA type), and we shall adopt the C1 – C6 labels used by Rodgers
and coworkers as well as others (Russo et al. 2003; Yang & Rodgers 2012). The correspondence
is shown in Table 6.1. For each of the tautomeric forms of the nucleobase, coordination of the
metal ion can occur at different sites; we shall identify the anchor(s) as a subscript to the
tautomer label. We only considered σ-bonding of the metal ion to one of the hetero-atoms of
cytosine; π-complexes were not considered.

Figure 6.2: Atom numbering used in this study (structure shown is Cu+ C1N3C1N3).
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In isolated neutral cytosine, the canonical keto-amino C1 tautomer is very close in energy
to the enol-amino tautomer C2; which of the two is lower in energy depends on the level of
theory that is used (Yang et al. 2013b). Experimentally, both tautomers have been shown to coexist (Alonso et al. 2013; Szczesniak et al. 1988). Alkali metal ion binding strongly stabilizes
the C1 tautomer relative to C2 (44 kJ/mol for Na+) (Russo et al. 2001; Yang et al. 2013b; Yang
& Rodgers 2012), and a similar stabilization (53 kJ/mol) was computed for Cu+ coordination
in the C1N3O configuration (Russo et al. 2003).

6.3.2 Cu+-Cytosine
In line with previous computations on Cu+(Cytosine) complexes (Russo et al. 2003; Vazquez
& Martínez 2008), we found the structure with the base in the C1 keto tautomeric form and the
Cu ion coordinating to the N3 and O atoms to be lowest in energy (C1N3O). This structure is
analogous to the minimum energy structures for alkali metal ion complexes of cytosine (Russo
et al. 2001; Yang et al. 2013b; Yang & Rodgers 2012). Only slightly higher in energy, at 4
Table 6.1: Computed relative Gibbs free energies of Cu+Cytosine complexes (in kJ mol-1)

isomer

Isomera

B3LYPb

MP2c

C1N3O

KA N3O

0

(0)

0

C1O

KA

4.0

(6.1)

9.4

C6N1O

KA’ O

14.7

16.8

C3N1O

EA N1O

24.5

19.0

C4N4

KI N4

37.6

40.9

C2N3

EA* N3

51.7

45.9

C4O

KI O

96.0

102.4

C5O

KI* O

113.1

121.8

a

Alternative nomenclature. Note that keto/enol and amine/imine labels do not uniquely define the
molecular structure. KA and KA’ are different tautomers having a proton on either N1 or N3.
Structures labeled with a * have the proton on the enol or imine group in the E/Z isomeric
configuration.
b
Values in brackets: after Grimme’s D3 empirical dispersion correction.
c
Single point calculation on B3LYP optimized structure.
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kJ/mol, we identified an apparently unreported local minimum in which the ion coordinates
predominantly to the O atom of the C1 tautomer (C1O) with a ∠C=O–Cu angle of 114°,
suggestive of covalent rather than electrostatic interaction (Günther et al. 2014). The alternative
keto-amine tautomer C6 allows for Cu+-coordination to the N1 atom (C6N1O), forming a
complex at about 15 kJ/mol from the global minimum C1N3O. Complexes with the nucleobase
in the enol or in the imine tautomer forms are at least 24 kJ/mol higher in energy. Computed
structures, relative energies and scaled harmonic vibrational spectra for representative
structures are shown in Figure 6.3.
The experimental IR spectrum of Cu+(Cytosine) is shown in the top panel of Figure 6.3
along with the computed IR spectra for the structures of Table 6.1. The broad, double-peaked
experimental feature extending from about 1550 to 1700 cm-1 suggests that the spectrum cannot
be explained solely by the global minimum C1N3O structure. This suggestion is further enforced
by the clear observation of two features between 1400 and 1450 cm-1, where only one band is
predicted for C1N3O. Interestingly, the spectrum predicted for the C1O complex, which is only
slightly higher in energy, shows IR activity exactly at the frequencies near 1420 and 1600 cm1
that cannot be explained by C1N3O. The remaining features in the predicted spectra for the two
structures, including the hydrogen stretching region, are virtually identical and match
excellently with the experimental spectrum. A one-to-one sum of the predicted spectra of C1N3O
and C1O is overlaid onto the experimental spectrum in Figure 6.3 to showcase the excellent
agreement.
The colored vertical bars in Figure 6.3 identify the main experimental features. Intense
computed IR activity outside these colored regions can be taken as indication for the nonpresence of particular isomers. Based on this quick test, we can exclude the presence of the next
higher isomers: C6N1O has a fairly intense in-plane N3H bending mode near 1300 cm-1; C3N1O
has an OH stretch near 3600 cm-1; C4N4 has its C=O stretch near 1800 cm-1; C2N3 can also be
excluded based on its high-frequency OH stretch; the imine tautomers C4O and C5O can be
excluded based on their spectrum in the H-stretching region.
Hence, from the IR spectral data we conclude that cytosine adopts a C1 tautomeric
structure upon Cu+ binding, as in the alkali metal (Russo et al. 2001; Yang et al. 2013b; Yang
& Rodgers 2012) and silver (Berdakin et al. 2015a) ion complexes. However, in contrast to the
alkali metal ion complexes, two slightly different Cu+ binding motifs, C1N3O and C1O, appear
to coexist. We speculate that the increased covalent character of the Cu-O bond as compared to
the alkali metal ions, stabilizes the C1O structure with its 114o ∠C=O–Cu angle, sacrificing the
stabilization by coordination to the N3 atom. The co-existence of C1N3O and C1O is not
unreasonable based on the computed energy difference of 4 kJ/mol, although the MP2 singlepoint calculation favors C1N3O more strongly (see Table 6.1). Existence of the C1O motif was
not reported for the Ag+ complex (Berdakin et al. 2015b).
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Figure 6.3: Experimental IRMPD spectrum (red trace) of Cu+(Cytosine) between 600-1800 cm-1
and 3300 - 3700 cm-1 compared with the computational spectra (black traces) for eight structures
ordered by their relative energies at the B3LYP level (see Table 6.1 and text for nomenclature).
The blue trace, which provides a close match to the experimental spectrum, represents a one-toone mixture of the spectra computed for C1N3O and C1O. Colored vertical bars indicate regions of
main IR activity in the experimental spectrum in the top panel.
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Table 6.2: Relative Gibbs free energies of Cu+(Cytosine)(MeCN) complexes in kJ/mol

MeCN - Cu+ - C

B3LYP*

MP2**

C1OMeCN

0

(0)

2.4

C1N3MeCN

6.0

(1.0)

0

C3N1MeCN

15.7

1.2

C4N4MeCN

19.4

14.9

C2N3MeCN

39.5

26.1

*

Values in brackets: after Grimme’s D3 empirical dispersion correction.
Single point calculation on B3LYP optimized structure.

**

6.3.3 MeCN-Cu+-C complex
Abundant formation of Cu+(Cytosine)(MeCN) complexes occurs under our ESI conditions. The
d10-configuration of Cu+ suggests a linear arrangement of the two N-donor ligands around the
copper center (Holloway & Melnik 1995). Computations indeed indicate that the complexes
adopt a structure in which each of the ligands coordinates in a monodentate fashion, with MeCN
coordinating through its N-atom and cytosine through one of its N or O anchors; bidentate
coordination of cytosine, as in the lowest energy C1N3O isomer of Cu+(Cytosine), is not
encountered. With the nucleobase in its keto form, coordination of cytosine through its O-atom
gives the lowest energy isomer; the ∠C=O–Cu bond angle optimizes at 126°, again suggestive
of substantial covalent bond character. Coordination through the N3 atom leads to a structure 6
kJ/mol higher in energy (see Table 6.2). MP2 single point calculations reverse the energetic
ordering of these isomers, favoring C1N3MeCN slightly over C1OMeCN. Computations for
complexes with cytosine in the enol or imine tautomeric forms also lead to monodentate
structures with a linear arrangement around the copper center, but they are higher in energy by
at least 15 kJ/mol, although the MP2 calculation places the C3N1MeCN isomer considerably
closer in energy, at only 1 kJ/mol from the global minimum. Structures are shown in Figure 6.4
along with their relative energies and computed vibrational spectra.
The experimental spectrum of MeCN-Cu+-C is compared with the computed spectra of
five low-energy isomers. Neither the computed spectrum of C1OMeCN alone nor that of
C3N1MeCN alone can explain the three features in the 1600 – 1800 cm-1 region of the observed
spectrum. In contrast, a mixture of the two computed spectra satisfactorily reproduces these
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experimental features, as well as the remainder of the spectrum. An analysis guided by the
colored vertical bars as was done for the Cu+(Cytosine) complex shows that the higher energy

Figure 6.4: Experimental IRMPD spectrum of the MeCN-Cu+-C complex between 600-1800 cm-1
and 3300 - 3700 cm-1 (red trace) compared with the computed spectra of five low-energy isomers
(black traces). Colored vertical bars indicate spectral regions of the most prominent experimental
bands; from these, contributions to the experimental spectrum from the three higher energy
isomers can be readily discarded. The computed spectrum due to a 1:1 mixture of the two lowestenergy isomers is overlaid as the blue trace onto the experimental spectrum in the top panel.
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isomers, C3N1MeCN, C4N4MeCN and C2N3MeCN, can be excluded based on predicted bands
around 3600 cm-1, 1800 cm-1 and 3600 cm-1, respectively. The spectroscopic results therefore
appear to be more in line with the energetic ordering suggested by the B3LYP calculations than
the MP2 single point calculations.

6.3.4 C-Cu+-C complex
Computations indicate that the C-Cu+-C complex prefers a structure reminiscent of the i-motif
structure of the hemiprotonated cytosine dimer, C-H+-C, with both cytosine nucleobases in their
keto form, similar to that found for the C-Ag+-C complex (Berdakin et al. 2014b). In contrast
to C-Cu+-MeCN, coordination to the cytosine N atoms, rather than to the O atom, now leads to
the lowest energy structure, C1N3C1N3. In this conformation, presented in Figure 6.5, the
complex enjoys additional stabilization of two NH…O=C hydrogen bonds between the amino
and carbonyl moieties of the two cytosine subunits. The complex is somewhat less symmetric
than the hemiprotonated cytosine dimer, as the larger size of the cation causes the two cytosine
units to “hinge” apart, giving two NH…O=C hydrogen bonds of unequal length. The computed
N – O distances are 3.24 and 4.44 Ǻ, which may be compared with 3.3 and 5.3 Ǻ for the
analogous, but still more asymmetric, C-Ag+-C complex (Berdakin et al. 2014b). These
values are 2.699 and 2.973 Ǻ in the hemiprotonated cytosine dimer.
The next higher-energy structure C1N3C1O is one with both cytosine subunits also in their
keto-amino form, though one of them is now coordinating through its O-atom. As found
consistently for O-coordinated structures, the ∠C–O–Cu+ angle (121o) optimizes to a value
close to that expected for a covalent bond. Based on the structures identified for Cu+-C and
MeCN-Cu+-C above involving coordination through the O-atom, one might have suspected that
O-coordination would have been preferred for C-Cu+-C as well. However, for this dimeric
species it comes at the cost of sacrificing the hydrogen-bond stabilization. The computations
place the C1N3C1O isomer 12 kJ/mol higher in energy than C1N3C1N3. The MP2 computation
consistently places O-coordinated complexes higher in relative energy than B3LYP
computations, and this is also observed here (see Table 6.3). The difference in energies can be
traced back to the neglect of dispersion interactions in the DFT computations; applying an
empirical dispersion correction (Grimme D3) to the B3LYP energies brings the DFT values
closer to the MP2 values for all complexes studied here (see values in brackets for the lowest
energy isomers in Tables 6.1 – 6.3). We note that the C1N3C1O isomer was not considered for
C-Ag+-C by Berdakin et al (2014b).
The other two C-Cu+-C structures explicitly considered here have either one or both
cytosine nucleobases in the C2 enol-amine configuration, while both coordinating to the Cu ion
via the N3 atom. The isomer C1N3C2N3 is further stabilized by an NH•••OH and an NH•••O=C
hydrogen bond, whereas C2N3C2N3 is stabilized by two NH•••OH hydrogen bonds. The relative
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Table 6.3: Relative Gibbs free energies of Cu+(cytosine)2 complexes in kJ/mol.

C - Cu+ - C

B3LYP*

C1N3C1N3

0

(0)

0

C1N3C1O

12.1

(21.2)

33.1

C1N3C2N3

36.2

27.9

C2N3C2N3

76.4

65.6

MP2**

*Values in brackets: after Grimme’s D3 empirical dispersion correction.
**Single point calculation on B3LYP optimized structure.

energies of these isomers, 36 and 76 kJ/mol, respectively, are in the range of those reported for
the analogous C-Ag+-C complexes (32 and 62 kJ/mol) (Berdakin et al. 2014b).
The experimental spectrum of C-Cu+-C is shown in the top panel of Figure 6.5. Unlike the
two complexes discussed above, the experimental bands in the 600 – 1800 cm-1 range of the
spectrum can be rationalized by a single isomer, that of the global minimum C1N3C1N3 “i-motif
like” structure. Note that even fine details of the experimental spectrum are well reproduced by
the theoretical prediction, such as the triple-band structure between 1400 and 1570 cm-1 and the
1206 cm-1 feature with its faint blue shoulder. A contribution from the next higher isomer
C1N3C1O cannot be entirely excluded, but is believed to be minor at most, judging from the
intense predicted bands near 1605 and 1735 cm-1, which overlap only marginally with the broad
partially resolved experimental feature between 1600 and 1740 cm-1. The higher energy isomers
involving enol tautomers cannot be excluded entirely based on their computed spectra in the
600 – 1800 cm-1 range, but the spectrum in the hydrogen stretching range provides more
compelling evidence for their absence. The strong OH stretching modes diagnostic for these
tautomers are predicted around 3590 cm-1 and are clearly not observed.
On the other hand, it may be argued that the intense feature predicted near 3330 cm-1 in
the spectrum of the attributed C1N3C1N3 isomer is clearly not present in the experimental
spectrum. Visual inspection of the normal modes reveals that this band corresponds to the NH
stretching of the hydrogen bonded NH. Severe broadening as well as red-shifting of such
strongly hydrogen-bonded NH (and OH) stretches in IRMPD spectra are a well-known
phenomenon (Gillis et al. 2009; Scuderi et al. 2011; Yang et al. 2013a) and we suspect that the
absence of this band is another manifestation of this effect. Note also that harmonic calculations
may not yield reliable frequencies and intensities for these strongly hydrogen-bonded modes,
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as inferred from comparisons with linear absorption spectra (Abo-Riziq et al. 2005). To verify
our assumption, we recorded the 3 µm IRMPD spectrum for the C-Ag+-C complex (see Figure
6.A1 in the Appendix), which was also assigned to the C1N3C1N3 structure on the basis of its
1100-1800 cm-1 spectrum (Berdakin et al. 2014b). Comparison with the calculated spectrum

Figure 6.5: Experimental IRMPD spectrum of C-Cu+-C between 600 - 1800 cm-1 and 3300 - 3700
cm-1 (red trace) compared with computational spectra of four low-energy isomers. The computed
spectrum for the structure resembling the i-motif, C1N3C1N3, is seen to provide the best agreement
with the experimental spectrum, if one ignores the intense feature predicted near 3330 cm-1, which
is due to the strongly hydrogen-bonded NH stretching mode (see text).
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again shows that the hydrogen-bonded NH stretching mode is not observed in the experimental
spectrum.
We conclude that the C-Cu+-C complex adopts (a slightly asymmetric version of) an imotif structure, analogous to that identified for the C-Ag+-C complex. The IR spectra of the
Cu+-C and MeCN-Cu+-C complexes indicate that Cu+ binding to the carbonyl oxygen and to
the N3-nitrogen provide very similar stabilization, such that both binding motifs occur in
roughly equal abundances. Note that this is consistent with the behavior for the protonated form
of C, dCyd and Cyd (Wu et al. 2015). In the C-Cu+-C complex, coordination to the carbonyl Oatom is given up and traded in for additional stabilization via hydrogen-bonding. In the
remainder of this paper, we investigate whether this structure is generic for C-M+-C complexes,
or whether it is unique for the coinage metals, Cu and Ag.

6.3.5 C-M+-C complexes, where M = Li, Na, K
Various experimental and theoretical studies have established the structure of mono-ligated M+C complexes for the alkali metal ions including Li, Na and K (Yang et al. 2013b; Yang &
Rodgers 2012). These studies have consistently identified the keto-amino tautomer C1 with the
alkali metal ion attached to the O-atom as the lowest energy structure. Alkali metal ion
coordination leads to a considerable stabilization of the C1 tautomer with respect to C2, which
is very close in energy in absence of metal ion coordination. Unlike the coinage metals, the
alkali metals coordinate to the carbonyl in an approximately linear C=O–M+ geometry (Yang
et al. 2013b; Yang & Rodgers 2012) (although alternative structures have also been suggested
(Kabelác & Hobza 2006)). Metal ion binding energies have been reported to be around 235 kJ
mol-1 for Li+ (C3 tautomer) and 210 kJ mol-1 for Na+ (Yang & Rodgers 2014; Yang & Rodgers
2012). Our computations for the dimeric C-Li+-C and C-Na+-C complexes starting from the
optimized structure for C-Cu+-C relax to a planar parallel-displaced structure. In this structure,
the alkali metal ion is 4-fold coordinated, binding to both the N3 and O-atoms of each of the
cytosine nucleobases in an approximately square-planar fashion (see Figure 6.6). The hydrogen
bonds between the two cytosine ligands are sacrificed to allow for bidentate coordination of the
metal ion.
The spherical nature of the alkali metal ions in combination with electron pair repulsion
arguments may suggest tetrahedral coordination, with the planes of the two cytosine
nucleobases being approximately perpendicular. However, a relaxed potential energy surface
scan (shown in Figure 6.7) varying the angle between the planes of the two cytosine residues
(using the N3-C2-N3′-C2′ dihedral angle as the redundant coordinate) indicates that an antiparallel planar geometry with approximately square-planar coordination is favored over
tetrahedral coordination by approximately 5 kJ/mol. Moreover, a planar parallel structure is
further disfavored, lying about 15 kJ mol-1 above the anti-parallel geometry, suggesting that
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despite the lack of formal H-bonding interactions, additional stabilization from interaction
between the two ligands, leading to a highly symmetric structure and cancellation of the local
dipole moments, is still present.

Figure 6.6: Experimental IRMPD spectra of C-Li+-C and C-Na+-C in the 600 - 1800 cm-1 and
hydrogen stretching regions (black trace), compared with the computed spectra for the C1N3OC1N3O
isomers (red trace) of these complexes.
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Figure 6.7: Relaxed potential energy surface scan for the C-Na+-C complex connecting the planar
anti-parallel global minimum structure, C1N3OC1N3O, with the planar parallel structure (both
exhibiting approximately square-planar metal ion coordination), traversing the perpendicular
structure with an approximate tetrahedral coordination geometry.

Figure 6.6 shows the experimental spectra of the C-Li+-C and C-Na+-C complexes with
their computed counterparts for the parallel-displaced planar anti-parallel structure overlaid.
The spectrum for C-K+-C is of slighly lower quality in terms of the signal to noise ratio, but is
otherwise analogous and shown in Figure 6.A2 in the Appendix. The spectra of the Na+ and Li+
complexes are almost identical, and moreover match the computed spectra very closely. All
predicted bands are observed in the experimental spectra, with band positions coinciding within
about 10 cm-1 and relative intensities in good qualitative agreement. Both experimental spectra
consistently show two weak features, at 850 and 3540 cm-1, that are not accounted for in the
computed spectra.
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The very symmetric geometry of the Na+ and Li+ complexes has interesting implications
for their computed vibrational spectra. Most of the vibrational modes appear in near-degenerate
pairs, corresponding to symmetric and antisymmetric combinations of the same normal mode
on each of the cytosine nucleobases. The vibrationally induced dipole moments of the two
subunits can then either cancel or add, such that the computed intensity of one of the degenerate
modes is zero.

6.3.6 Structure properties
The IR spectra in combination with the computational investigations clearly point out that the
structure of the C-M+-C complex is different for M = Ag and Cu than for M = Li, Na and K. In
all complexes, the metal ion is coordinated to the N3 atoms of both cytosine ligands.
Additional coordination of the metal ion to the O atom competes with hydrogen bonding
between the two cytosine ligands. Our experiments clearly show that the alkali metal ions
compete more strongly for oxygen coordination than the coinage metal ions. The formation of
two inter-ligand hydrogen bonds instead of metal-ion-oxygen coordination gives the coinage
metal complexes a structure reminiscent of the hemiprotonated cytosine dimer.
Qualitatively, the differences in bonding can be explained as a manifestation of sdhybridization occurring in the coinage metal ions having a d10 electron configuration, but not
in the alkali metal ions. In the Cu+ ion, sd-hybridization can be qualitatively understood as the

Figure 6.8: Valence Bond picture of sd hybridization explaining n-donor ligand binding at 180o.
A filled 3d atomic orbital and the empty 4s orbital form linear combinations resulting in two sdhybrid atomic orbitals, one being doubly occupied and hence repulsive, and one being empty and
accepting electron density from n-donor ligands.
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mixing of the empty 4s-orbital with an occupied 3d-orbital, as depicted in Figure 6.8. Each of
the two sd hybrid atomic orbitals that are formed has two main lobes at 180o (of the same phase).
The two sd-hybrids are mutually perpendicular. One of the hybrid orbitals is empty and accepts
electron density from ligand based n-orbitals at 180o. The other sd-hybrid orbital – as well as
the other unhybridized 3d-orbitals – is filled and is strongly repulsive to filled n-orbitals on the
ligands. For Ag+, an analogous hybridization of the occupied 4d and empty 5s-orbitals occurs.
Ligand arrangement around the coinage metal thus occurs at 180o with no ligand binding in the
orthogonal directions. No hybridization occurs on the alkali metal ions, with s0 electron
configurations, which are therefore spherical and the bonding is merely electrostatic in nature.
A natural population analysis (NPA) supports the sd-hybridization and gives for the Cu+-ion in
the C-Cu+-C complex an electron configuration of 3d9.804s0.484p0.10, close to that found for other
bis-ligated N-donor complexes of Cu+ (Rannulu & Rodgers 2007). The NPA analyses suggest
negligible hybridization in the C-M+-C alkali metal complexes, giving valence s-orbital
occupancies of 0.11, 0.08 and 0.05 for Li+, Na+ and K+, respectively.
Table 6.4: Computed properties of C-M+-C complexes

C-M+-C

Ionic radius (Ǻ)f M+ partial charge

∆(N…O)a

∆Eb

∆Ec

Li+

0.70

+0.731

0.000

203

199

Na+

0.98

+0.867

0.000

171

167

K+

1.33

+0.886

0.142

149

132d

Cu+

0.96

+0.710

1.188

285

281

Ag+

1.26

H+

-

197

194

2.0g
+0.494

0.277e

Difference in distance between pairs of the amino N and carbonyl O atoms (in Ǻ) as a measure of
the asymmetry of the complex
b
Computed dissociation energy (in kJ/mol) for the loss of a neutral ligand: C-M+-C  M+-C + C
c
Computed dissociation energy after counterpoise correction.
d
Note that the computation for the potassium complex was carried out using a smaller basis set,
resulting in a larger BSSE correction.
e
Note that the proton resides asymmetrically between the two cytosine molecules, in contrast to
the metal ions.
f
Cited from Wilson & Brewer 1973.
g
Cited from Berdakin, et al. 2014b.
a
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Siu and coworkers studied the binding energy of Ag+ to a range of small oxygen and
nitrogen containing ligands and compared these energies with those of Na+ (El Aribi et al. 2002a;
El Aribi et al. 2002b). These studies established that the coinage metal ion prefers binding at
nitrogen over oxygen, in contrast to the alkali metal ion. Qualitatively, this was explained within
the framework of the hard and soft acids and bases (HSAB) hypothesis, where the coinage
metal ions and nitrogen are the softer Lewis acid/base pair and the alkali metal ions and oxygen
are considered as hard Lewis acids/bases. These findings are in qualitative agreement with our
observations that the Cu+ and Ag+ ions coordinate to the ligand nitrogen atoms rather than to
the oxygen atoms.
Having spectroscopically determined the structures of the C-M+-C complexes, we review
some of the salient structural features that the computations provide (Table 6.4). As to the
electronic structure, the bonding between the C ligands and the Cu+ ion exhibits partial covalent
character, as is for instance shown by the mixing of metal d-orbitals with ligand based AOs in
many of the valence molecular orbitals (see Figure 6.9). Visualization of the MOs for the alkali
metal ion complexes shows no mixing between metal and ligand AOs, suggesting
predominantly electrostatic binding. More quantitatively, this effect is shown by the partial
charges on the metal ion in each of the complexes. The natural population analysis gives the
lowest partial charge to the Cu+ ion (+0.710 e), whereas those for the alkali metal ions range
between +0.731 e for Li+ to +0.886 e for K+. Only for the hemiprotonated cytosine dimer, where
the proton is covalently bound to one of the ligands, does the NPA analysis give a lower partial
charge on the proton.
Regarding the geometric structure of the dimeric coinage metal complexes, the structures
become more asymmetric as the ionic radius of the metal ion increases. The cavity formed by
the two C-ligands is too small to truly fit the Cu+ and Ag+ metal ions, so that the dimer tends to
“hinge” open. The degree of asymmetry can be expressed as the difference in N∙∙∙O distance
for the two pairs of hydrogen-bonded amino and carbonyl groups, ∆(N∙∙∙O). The difference
increases from 1.2 to 2.0 Ǻ going from Cu+ to Ag+ (Berdakin et al. 2014b), whereas the cage is
approximately symmetric for H+ (which itself sits in a more asymmetric position within the
dimer than the metal ions do). For the alkali metal ions, the asymmetry can also be expressed
in terms of this difference ∆(N…O), although values are not easily comparable with those for
the coinage metal ions due to the different structures.
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Figure 6.9: Comparison of a selection of computed MO’s for C-Cu+-C (left) and C-Na+-C (right),
suggestive of a more covalent interaction of the cytosine nucleobases with Cu+ versus a more
electrostatic interaction with Na+.

6.4

Conclusions

In summary, we have spectroscopically compared the binding modes of alkali and coinage
metal monocations to cytosine. For the Cu+- C monomer complex, cytosine adopts the C1
tautomeric form as in alkali metal ion coordination. In contrast to the alkali metal ion, however,
our spectra clearly show that a bidentate (N3 and O atoms) and a monodentate (O-atom)
coordination motif occur in coexistence for copper. Concurrent coordination of an ancillary
MeCN ligand induces solely monodentate coordination of the cytosine ligand; our spectra again
show that two motifs – one with coordination to the O-atom and with coordination to the Natom – coexist in roughly equal abundances.
For C-M+-C dimeric structures, different structures are established for complexes bound
by coinage versus alkali metal ions. The copper ion in the 1+ oxidation state, analogous to the
previously investigated Ag+ ion, forms a structure reminiscent of the hemiprotonated cytosinedimer, referred to as the i-motif structure. The strong preference for this structure can be
explained by sd-hybridization of the metal ion atomic orbitals, inducing bis-coordination of the
metal ion at 180o. In contrast, alkali metal ions induce a parallel displaced structure, where the
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alkali ion is tetra-coordinated to the N3 and O atoms of both cytosine ligands, sacrificing the
two hydrogen bonds between the ligands for improved chelation of the metal ion.

6.5
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Figure 6.A1: Comparison of the experimental IRMPD spectra of C-Cu+-C and C-Ag+-C in the
hydrogen-stretching region shows that in both cases no band is observed around 3330 cm-1, where
the strong absorption due to the hydrogen-bonded NH-stretching mode is predicted (see Figure
6.5 in the main text). We speculate that strong anharmonic effects cause the non-observation
and/or mis-calculation of this mode.
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Figure 6.A2: Experimental IRMPD spectrum of C-K+-C (black trace), compared with the
computed spectrum for the C1N3OC1N3O isomer of this complex (red trace).
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Chapter 7

Summary
The large amount of spectral data generated by modern telescopes has inspired many
researchers to supply laboratory astrophysics data for comparison to explore the chemical
composition of the universe. Various investigations, including many spectroscopic studies, are
therefore carried out in laboratories to provide data that can be compared with astronomy
observations. Several issues regarding the constituents of the interstellar medium are of great
current interst, for instance the nature, composition, formation, and destruction of dust grains.
Which molecules contribute to the observed extinction of radiation in various regions of the
electromagnetic spectrum from the IR to the UV? What species cause the emission features
generated in the near- and mid-infrared? Polycyclic aromatic hydrocarbon (PAH) species likely
provide an answer to some of these unsolved puzzles. One of the challenges is to find
convincing candidates within the families of PAHs to explain the IR emission features (3.3, 6.2,
7.7, 8.6, 11.3, and 12.7 m UIR bands) which are also responsible for the 220-nm absorption.
The identification of the UIR features is generally related to neutral and ionized PAHs. For
the ionized PAHs, many papers have addressed the spectral properties of cationic species. In
contrast, virtually no laboratory spectral measurements have been reported for negatively
charged PAHs. An experimental investigation on the gas-phase spectroscopy of PAH anions is
presented in Chapter 3, including naphthalene, anthracene and pyrene in their deprotonated
forms. It is the first laboratory infrared spectroscopic study on gaseous anionic PAHs. This
study was inspired by the hypothesis that PAHs might exist largely as negatively charged ions
in dense clouds where UV penetration is low. Calculations addressing the intensity distributions
of absorption bans in the 6 – 16 m range for a series of PAHs in different charge states in this
work shows an agreement with the theoretical modeling studies by Bakes et al. The DFT
theoretical spectra are compared with experimental PAH ion spectra obtained at the FELIX
Laboratory, which now include radical cation, protonated and deprotonated species. The

laboratory spectra verify many astrophysically relevant points, including the issue of relative
band intensities in the various ranges of the IR spectrum, which are indeed significantly
different for neutral and charged PAHs. We also observe that the charge is strongly localized in
the deprotonated PAHs, in contrast to the charge being delocalized over the entire π-system in
protonated as well as radical anion and cation PAHs. As a result, the electric dipole moments
of deprotonated PAHs are found to be extremely large.
The challenge of matching the spectra of the proposed PAH carriers with the 6.2 m UIR
has been addressed extensively in the astrochemical literature and in addition to regular PAHs,
nitrogen containing PAHs (PANHs) as well as other PAH derivatives hve often been invoked
to match the CC-stretching frequencies with the interstellar 6.2 m emission band. Chapter 4
and Chapter 5 address two of these systems and we experimentally investigate the precise
position of CC-stretches and gauge whether they could explain the 6.2 m UIR band. In
particular, we investigate cationic endoskeletal PANHs, containing a quaternary nitrogen atom,
in Chapter 4 and metal ion (Cu+) complexation to PANHs in Chapter 5.
Chapter 4 presents IRMPD spectra of cationic endoskeletal PANHs possessing aclosedshell electronic configuration, which were obtained via simple organic synthesis mixing 1- and
2-ring nitrogen heterocycles with benzylchloride. IR spectra are obtained to investigate the
effect of the quaternary nitrogen in the PANH on the peak position of the CC (and CNC) stretch
modes and their band intensities. The experimental spectra suggest that this band shifts closer
to the astronomically observed frequency, as predicted earlier bon the basis of DFT
computations. The work then focuses on whether the charge state or the electronic configuration
(open shell or closed-shell) determines the shifting of 6.2 μm band. The CC modes in the
endoskeletal PANH cations are experimentally observed to be comparable in intensity to what
is observed for exoskeletal PANH cations. Based on these observations, we tentatively conclude
that the peak position are affected by the electronic configuration rather than charge state for
those endo- and exoskeletal PANHs.
Chapter 5 presents an experimental study of PANH molecules complexed with a Cu+ ion
to experimentally establish the effect of metal ion complexation on the position the CC and
CNC stretch vibrations. The experiments reveal that this feature near 6.2 μm generally redshifts
compared to the band in the uncomplexed PANH, and compared to the band observed in the
ISM.
The effects of metal ion binding on the characteristic vibrational frequencies of PAHs have
been studied, but not for PANHs so far. A report on a spectroscopic study of gaseous complexes
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of Cu(I) bound to a selection of small PANH molecules is presented in this chapter. The
comparison between the experimental spectra and the calculated spectra suggests a planar σbound complex structure. The Cu+ ion binds to the lone-pair electrons on the N-atom and
significant charge transfer from the PANH ligands to the Cu cation occurs, as established from
NPA calculations, giving the ligand more cationic character. The Cu+PANH complex structures
differs from that of regular PAHs complexed with Ag+, which were found to be π-bound in an
earlier study.
The observed IRMPD spectra and generally compare well to theoretically computed band
positions. The spectra resemble more those of the cationic PANH species, but they can probably
not explain interstellar 6.2 µm UIR emissions, since the dominant CNC-stretching band in these
systems clearly shifts to lower frequencies upon Cu+ binding to the PANH molecules.
Not related to astrochemistry but based on similar experimental methods and related to the
+

Cu PANH coordination studies of Chapter 5, it was interesting to explore the binding of Cu+
to the nucleobase cytosine (Gao et al. 2016a). In this study presented in Chapter 6, we
investigate monomeric and dimeric metal ion complexes of cytosine, M+-C and C-M+-C,
respectively. Structures were assigned by comparison of computed spectra with IRMPD
experimental spectra. The structures of the dimeric complexes C-M+-C are found to be different
depending on whether the metal ion belongs to the group of coinage or alkali metals. The
dimeric structures of complexes of coinage metals with cytosine are analogous to the widely
studied hemi-protonated cytosine dimer, C-H+-C, occurring in the i-motif base-pairing motif.
This shows that Cu+ can also stabilize the i-motif structure of DNA, as was also established for
Ag+. Silver and copper were found to prefer to coordinate to the cytosine N-atoms, whereas
alkali metals prefer binding to both N and O-atoms. The coinage metal dimeric cytosine
complexes show additional stabilization from C=O∙∙∙H-N hydrogen bonds between the two
cytosine sub-units. Hydrogen bonding is thus competitive with Cu+ coordination, but not for
alkali ions. Finally, the calculations of the molecular orbitals (MO’s) and partial charges suggest
a strong charge transfer in coinage metals, suggestive of a more covalent interaction of the
cytosine nucleobases with Cu+ versus a more electrostatic interaction with Na+. Thus, despite
the equal charge and similar size of the coinage and alkali metals, the subtly distinct structures
formed in the complexation with cytosine are clearly identified by the combination of IR ion
spectroscopy and DFT computations.
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Samenvatting
Moderne telescopen genereren een grote hoeveelheid aan spectrale data. Om hieruit nuttige
informatie over bijvoorbeeld de chemische samenstelling van interstellaire omgevingen af te
leiden, is spectroscopische data uit het laboratorium als vergelijkingsmateriaal nodig. Dit heeft
geleid tot een stevige inzet op het vakgebied dat nu “laboratorium astrofysica” of “astrochemie”
genoemd wordt. Niet alleen de spectroscopische eigenschappen maar ook de chemische
samenstelling en evolutie van bestanddelen van de interstellaire materie staan sterk in de
belangstelling. Waaruit bestaan interstellaire stofdeeltjes (Freivogel et al. 1994; Güthe et al.
2001), hoe worden zij gevormd en hoe vallen ze weer uit elkaar? Welke verbindingen
veroorzaken waargenomen absorptiebanden in het electromagnetische spectrum van microgolf
tot ultraviolet? Welke moleculen geven aanleiding tot emissiebanden in het infrarood? Er zijn
steeds sterkere aanwijzingen dat polycyclische aromatische koolwaterstoffen (PAKs, of PAHs
in het Engels) het antwoord vormen op sommige van deze astronomische raadselen (Tielens
2008). Het vinden van overtuigende kandidaten voor de IR emissiebanden (de zogenaamde
“Unidentified IR bands” bij 3.3, 6.2, 7.7, 8.6, 11.3 en 12.7 m) binnen de enorme familie van
PAKs en PAK-achtige moleculen vormt een belangrijke uitdaging binnen de astrochemie.
Mogelijk veroorzaken dezelfde verbindingen ook de “bump” bij 220 nm in de UV
extinctiecurve (Tielens 2008).
Er wordt nu vrij algemeen aangenomen dat neutrale en geioniseerde PAKs de de veroorzakers
zijn van de Unidentified InfraRed bands (UIRs). Veel studies hebben derhalve de infrarood
spectroscopische eigenschappen van deze klasse van moleculen onderzocht, eerst als neutraal
en later ook als positief geladen ionen. In schril contrast hiermee staan negatief geladen PAKionen, waarvoor vrijwel geen laboratoriumspectra gemeten zijn. Deze anionische PAKs zijn
niettemin astrofysisch interessant omdat gespeculeerd wordt dat PAKs vooral als negatieve
ionen voorkomen in dichte interstellaire wolken waar de UV penetratie laag is en de
electrondichtheid hoog is. Een van de eerste experimentele studies naar de IR spectra van
negatief geladen gasvormige PAKs wordt gepresenteerd in Hoofdstuk 3, waarin naftaleen,
anthraceen en pyreen in hun gedeprotoneerde toestand onder de loep worden genomen.
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Experimenteel en theoretisch onderzoek naar de relatieve intensiteiten van de IR banden in het
golflengtebereik van 6 tot 16 m komt goed overeen met eerdere modeleringsstudies van Bakes
et al. (2001a, 2001b). Met behulp van de FELIX vrije-electronenlaser zijn inmiddels spectra
opgenomen voor geprotoneerde, gedeprotoneerde en radicaal-kation PAKs en deze worden
goed gemodelleerd door IR spectra berekend met dichtheidsfuntionaal theorie (DFT). De
experimentele

spectra

bevestigen

onder

andere

de

verschillende

relatieve

intensiteitsverhoudingen in deze verschillende ladingstoestanden. De berekeningen tonen ook
aan dat de lading in gedeprotoneerde PAKs sterk gelokaliseerd is, in tegenstelling tot een zeer
gedelokaliseerde lading in geprotoneerde en radicaal kationische en anionische PAKs. Dit
resulteert in zeer grote permanente dipoolmomenten in de gedeprotoneerde PAKs (Gao et al.
2014).
Het vinden van een nauwkeurige overeensteming tussen de interstellaire emissieband bij 6.2
m en laboratoriumspectra van PAKs en PAK-gerelateerde verbindingen vormt een uitdaging
die uitgebreid beschreven is in de astrochemische literatuur. Naast reguliere PAKs zijn PAKs
waarin een koolstofatoom vervangen is door een stikstofatoom (PANHs) en ook andere
gemodificeerde PAKs daarom vaak bestudeerd. Hun CC- en CN-strekvibraties liggen mogelijk
dichter bij de interstellaire 6.2 m band. Hoofdstuk 4 en 5 richten zich op twee van deze
systemen en we onderzoeken experimenteel de precieze verschuiving van de CC-strekvibraties
en beoordelen of deze systemen al dan niet de interstellaire 6.2 m band kunnen veroorzaken.
In Hoofdstuk 4 onderzoeken we PAKs die een quaternair stikstofatoom bevatten en in
Hoofdstuk 5 onderzoeken we frequentieverschuivingen ten gevolge van het binden van een
metaal-ion (Cu+) aan stikstofhoudende PAKs.
Hoofdstuk 4 presenteert experimentele IR spectra van geïoniseerde gasvormige stikstofgesubstitueerde PAKs die een model vormen voor zogenaamde endoskeletal PANHs; dit zijn
PAKs waarin het N-atoom een C-atoom binnen in het koolstofskelet van het PAK-molecuul
vervangt (in plaats van een CH groep aan de rand van de PAK). Deze endoskeletal PANHs
hebben in hun ionische vorm een even aantal electronen (en zouden dus radicaal zijn als
neutraal). Deze verbindingen werden verkregen door exoskeletal PANHs (waarin het N-atoom
dus een CH groep aan de periferie vervangt) te mengen met benzylchloride. IR spectra werden
gemeten voor deze ionische endoskeletal PANHs om het effect van het quaternaire
stikstofatoom op de precieze positie van van de CC en CNC strekvibraties te onderzoeken. Deze
spectra suggereren dat deze banden inderdaad dichter richting de positie van de interstellaire
6.2 m band verschuiven, zoals eerder gesuggereerd op basis van berekende spectra. Onze
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studie gaat vervolgens in op de vraag of de frequentieverschuiving veroorzaakt wordt door de
endo- of exoskeletal positie van het N-atoom, of door de electronische configuratie (open of
gesloten schil) van het ion.
Hoofdstuk 5 presenteert een studie aan PANH moleculen gecoördineerd aan een Cu+ ion om
experimenteel de invloed van het metaal-ion op de precieze frequentie van de CC- en CNCstrekvibraties rond 6.2 m vast te stellen. Deze experimenten laten zien dat deze banden over
het algemeen lichtelijk naar het rood verschuiven ten opzichte van dezelfde banden in de nietgecomplexeerde PANHs, en dat ze daarmee iets verder weg komen te liggen van de
atronomische 6.2 m band.
De invloed van metaal-ion binding op de karakteristieke vibrationele frequenties van PAKs zijn
al regelmatig bestudeerd, maar dit is niet het geval voor PANHs. Een belangrijk verschil hierbij
is het feit dat het metaalion in het geval van PANHs een -binding vormt met de lone-pair
electronen van het N-atoom, zodat het metaalion in het vlak van het molecuul ligt. Een
vergelijking van experimentele spectra die hier gepresenteerd worden met berekende spectra
bevestigen deze coördinatie geometrie. Reguliere PAKs vormen in tegenstelling hiermee complexen, zodat het metaalion juist uit het vlak van het molecuul ligt; spectroscopisch bewijs
voor deze structuur is bijvoorbeeld gerapporteerd voor complexen van PAKs met Ag+ door
Savoca et al. (2011). Onze berekeningen aan de Cu+-PANH complexen geven verder aan dat er
een significante ladingsverschuiving plaatsvindt van het koperion naar de PANH ligand, zodat
deze laatste een meer ionisch karakter verwerft. De verhoudingen van relatieve intensiteiten in
de spectra van de Cu+PANH complexen lijken inderdaad meer op die van ionische PAKs dan
op die van neutrale PAKs.
Los staand van de astrochemische studies in dit proefschrift, maar gerelateerd aan de Cu+PANH
coördinatiecomplexen uit Hoofdstuk 5, onderzoeken we in Hoofdstuk 6 de coördinatie van Cu+
aan de nucleobase cytosine (Gao et al. 2016), zowel in monomere (M+−C) als in dimere
(C−M+−C) complexen. Door vergelijking van de experimentele IR fotodissociatiespectra met
DFT-berekende spectra konden de structuren van deze complexen worden vastgesteld. De
coördinatiestructuur van het dimere complex is afhankelijk van het type metaal-ion: alkaliionen induceren een andere structuur dan muntmetaal-ionen (groep 11 uit het periodiek
systeem). De structuur van C−M+−C complexen waarin M+ een van de muntmetaal-ionen is
(Cu+, Ag+) lijkt sterk op de structuur van het veel bestudeerde hemigeprotoneerde cytosine
dimeer, C−H+−C, dat voorkomt in zogenaamde i-motief base-paren. Dit toont aan dat Cu+
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dezelfde i-motief-achtige structuur induceert als eerder was vastgesteld voor Ag+. Zowel zilver
als koper ionen coördineren aan de N-atomen van de cytosine moleculen en het C−M+−C
complex wordt verder gestabiliseerd door twee C=O∙∙∙H-N waterstofbruggen. Alkali ionen (Li+,
Na+ en K+) coördineren daarentegen aan zowel de N- als de O-atomen van de cytosine
nucleobasen. Vorming van watertofbruggen aan de carbonyl O-atomen is dus sterker dan
coördinatie aan Cu+, maar niet aan de alkali ionen. Berekeningen van de moleculaire orbitalen
en van de partiële ladingen suggereren een hoge mate van ladingsoverdracht van het koperion
naar de cytosine liganden hetgeen duidt op een sterker covalent karakter van de binding. De
interactie met de alkali ionen is juist meer electrostatisch van aard. Ondanks de vergelijkbare
grootte en lading van de munt- en alkali-ionen, vormen beide dus een verschillende complexstructuur, die met behulp van IR spectroscopie in combinatie met theoretische berekeningen
duidelijk vastgesteld kon worden.
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