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The mid-infrared emission spectra of a large variety of astronomical objects are dominated by the aro-
matic infrared bands (AIBs), which are now widely accepted to originate from gaseous polycyclic aro-
matic hydrocarbons (PAHs). It is believed that the astrophysically most relevant molecules are at least
40–50 carbon atoms in size. Still, the large majority of laboratory experiments have been performed
on smaller PAHs, mainly for reasons of experimental limitations and availability. Here, we show that
combination of atmospheric pressure chemical ionization (APCI) with a direct insertion probe (DIP) inlet
gives efficient access to larger, ionic PAHs for action spectroscopy studies. We present the gaseous IR
spectra of two astrophysically relevant large PAHs, hexa-peri-hexabenzocoronene (C42H

þ
19) and dicoro-

nylene (C48H
þ
21) in their protonated form. Compared to their radical cation analogs, the protonated species

have a lower dissociation threshold as they can expel a neutral hydrogen radical leaving behind the
resonance-stabilized radical cation; provided that the mass spectrometer can resolve precursor and pro-
duct ions at one amu difference, this generates good quality spectra under multiple-photon dissociation
conditions. Quantum-chemical computations at the density functional level are used to support experi-
ments. Despite the apparent similarity of different protonation isomers, their IR spectra are predicted to
be remarkably distinct. This facilitates a straightforward identification of the isomers formed experimen-
tally. For both species studied, protonation occurs on the peripheral CH moiety in the ’bay region’ of the
molecules. We compare the spectra of the protonated species with those of their radical cation analogs
reported previously and briefly discuss the astrophysical relevance.
� 2021 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The aromatic infrared bands (AIBs) dominate the mid-infrared
emission spectra of a large variety of astronomical objects [1].
These ubiquitous emission features are detected at main wave-
lengths of 3.3, 6.2, 7.7, 8.6, 11.2, and 12.7 lm and are believed to
be due to infrared radiative cooling of polycyclic aromatic hydro-
cabons (PAHs) [2,3] and their derivatives [4–6,1] after ultraviolet
excitation and fast internal conversion [7]. Although neutral and
radical cation PAHs have most often been suggested as candidates
for the carriers of the AIBs, alternative ionized PAH molecules have
also been suggested as possibly interesting constituents of the
interstellar medium (ISM) [8,9,5], some of which have also been
characterized in the infrared, see e.g. Refs. [10–15]. In contrast to
PAH radical cations, protonated PAHs have a closed-shell electronic
structure, making them an interesting alternative form of ionized
PAHs [9,5]. Their highly reactive radical cation analogs may react
rapidly with H atoms and form the closed-shell configuration [9].
Alternatively, protonation of neutral PAHs is possible as well, due
to the sizable proton affinities especially for larger PAH species
[16].

To possibly identify the PAH family in the ISM or in circumstel-
lar envelopes, laboratory investigations of the molecules are neces-
sary. Various methods have been employed to obtain gas-phase IR
spectra of neutral and ionized PAHs. Schlemmer and Saykally were
among the first to record true emission spectra of hot PAHs in the
fingerprint IR range [17]. Although emission spectra are most rele-
vant for comparison with interstellar spectra, the experimental
methods proved to be technically challenging. Hence, most spectra
reported to date for isolated ionized PAHs have employed matrix
isolation spectroscopy [18,19,14] or IR multiple-photon dissocia-
tion (IRMPD) spectroscopy [20–23].

Although the stable and astrophysically most relevant mole-
cules contain at least 40–50 carbon atoms [7,24], spectroscopic

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jms.2021.111474&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jms.2021.111474
http://creativecommons.org/licenses/by/4.0/
mailto:j.oomens@science.ru.nl
https://doi.org/10.1016/j.jms.2021.111474
http://www.sciencedirect.com/science/journal/00222852
http://www.elsevier.com/locate/jms


J. Palotás, J. Martens, G. Berden et al. Journal of Molecular Spectroscopy 378 (2021) 111474
investigation of molecular ions of that size is challenging. First of
all, the availability of high-purity samples is limited and costly.
Secondly, vaporizing the molecules for gas-phase experiments or
matrix deposition requires increasingly high temperatures as the
molecular size grows. Moreover, sample consumption in a Knud-
sen cell is significant, so that the experimental budget may become
a limiting factor. For mass spectrometry based techniques, the
mass resolution and/or the solubility when using electrospray ion-
ization may become limiting. Theoretical spectroscopic data are
available for larger PAHs [5,25], however a critical evaluation of
the calculations is not possible without experimental data.

Gas-phase laboratory experiments on larger PAH radical cations
have recently become available [22,23,26], but experimental spec-
tra of gaseous protonated PAHs are only available up to the size of
coronene [10,12], with a few larger species being studied in matri-
ces[14]. In the studies by Dopfer and coworkers, protonated PAHs
were produced using an electrospray ionization (ESI) source –
known for its efficient generation of protonated species – from a
solution of the PAH in methanol. The limited solubility of PAHs
in typical ESI solvents, such as methanol and water, restricts the
extension of these experiments to larger PAHs. Although solubility
in organic solvents such as toluene is generally much better, the
ESI ionization efficiency and stability from such solutions is very
poor.

In recent ion spectroscopy investigations of fullerenes, we have
explored the use of an atmospheric pressure chemical ionization
(APCI) source, which efficiently produces C60H+ and C70H+

[27,28]. In the APCI source, a solution of the fullerene in an organic
solvent is nebulized and ionization is achieved with a corona dis-
charge needle at high voltage, producing both the radical cation
as well as the protonated fullerene. Here, we employ a different
assembly to the APCI source that does not require solvation of
the sample at all and that operates at very low sample consump-
tion rates: the direct insertion probe (DIP) [29]. We use it to record
gas-phase IRMPD spectra of two astrophysically relevant large
PAHs in their protonated form.

Hexa-peri-hexabenzocoronene (HBC, C42H18) has a fully ben-
zenoid structure that gives the molecule high photostability
[30,31] and makes it a good candidate to contribute to the AIB
bands. Previous studies have explored the properties of neutral
HBC [32–34] and its cationic and dicationic forms have been stud-
ied in the gas-phase as well[35,36].

The dicoronylene (DC, C48H20) cation is, to our knowledge, the
largest PAH for which a gas-phase IR spectrum has been recorded
to date [22]. It has been studied also in its neutral form [37] and
theoretical investigations in cationic, anionic and neutral forms
[38,39,37] have also been reported. In addition, photo-ionization
and photo-fragmentation – and their branching ratio – at VUV
wavelengths was recently investigated [40].

We present in this contribution the vibrational spectra of these
species in their protonated form and compare the spectra to those
of the corresponding radical cation and neutral species. Protona-
tion breaks the high symmetry of the molecules and its effect on
the IR spectra is explored. Also, protonation may occur at different
sites in the molecule and we use our spectra to nail down the iso-
meric form of the protonated species.
Fig. 1. Sketch of the atmospheric pressure chemical ionization (APCI) source with a
direct insertion probe (DIP) inlet. The DIP is mounted on the vaporizer heater. The
small amount of solid sample is placed at the end of the glass tube that slides into
the heater. In the heater and under the influence of the heated nebulizer gas, the
sample sublimates from the surface of the tube. The gas stream reaches the corona
discharge where the molecules become ionized at atmospheric pressure, forming
both the radical cation as well as protonated species. The ions enter the mass
spectrometer through a metal-coated glass capillary covered by the capillary cap.
2. Methods

2.1. Experimental setup

Gas-phase IR multiple-photon dissociation (IRMPD) spectra are
measured in a 3-D quadrupole ion trap mass spectrometer (Bruker
Amazon Speed ETD). The mass spectrometer is modified to give
optical access to the trapped ion cloud and is connected to the
2

beamline of the Free-Electron Laser for Infrared eXperiments
(FELIX). The measurement setup is described in detail elsewhere
[41].

An atmospheric pressure chemical ionization ion source (Bruker
APCI II) with a direct insertion probe inlet (Bruker DP) [42], shown
schematically in Fig. 1, is used to produce the protonated species.
The APCI source is particularly suitable for studying apolar sub-
stances such as PAHs [43,44] and fullerenes [27]. The DIP assembly
[42] replaces the spray nebulizer on the standard Bruker APCI ion
source.

The DIP has a high sensitivity that enables the study of very
small amounts of material, or samples with a low ionization effi-
ciency [42]. Moreover, it is very useful for samples with low solu-
bility that cannot be introduced into the mass spectrometer with
the more traditional spray sources, which is particularly useful
for the large PAHs studied here. The extremely low sample con-
sumption rate of the DIP source is especially relevant in the inves-
tigation of precious materials; a stable ion signal can be sustained
for approximately one hour, using less than 0.1 mg of sample.

The dicoronylene sample was purchased from KENTAX GmbH
and the hexa-peri-hexabenzocoronene was synthesized by Hans
Sanders at the University of Amsterdam. Minute amounts of the
solid sample are placed on the single-use glass tube of the direct
insertion probe and then introduced into the APCI source by push-
ing down the slide. In the corona discharge, both the protonated
molecules and radical cations are produced. The yield of ions
strongly depends on the setting of the vaporization temperature.
The heater is set to 370 �C and the sample vapor is carried along
by the N2 nebulizer gas at 3 bar. The corona current is 4 lA. The
offset between the spray shield and capillary cap is set to 500 V
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and the potential of the capillary cap is set to �4500 V, relative to
the grounded heater assembly.

For dicoronylene, the protonated and radical cations are present
at m/z 597 and 596. For hexa-peri-hexabenzocoronene, these
peaks appear at m/z 523 and 522, as shown in Fig. 2b and e. The
m/z of the protonated ion of interest is isolated in the trap using
the MS/MS features of the mass spectrometer, however, the
selected peak is a superposition of the protonated PAH and the
13C-isotopologue of the radical cation. Upon moderately intense
IR irradiation, the protonated species undergo dissociation by loss
of an H-atom; the radical cations typically require much higher
laser powers to dissociate and this does not occur under the exper-
imental conditions set for the protonated species, i.e. typically 5 or
8 dB laser attenuation. Hence, irradiation of the mass-isolated ions
with an increasing number of IR pulses leads to a non-zero plateau
in the precursor ion depletion curve, see Fig. 2c and f; the remain-
ing ion intensity reveals the percentage of radical cations[45]. For
the settings used here, this number is about 15% for dicoronylene
and 10% for hexa-peri-hexabenzocoronene.

2.2. IRMPD spectroscopy

IR spectra of the protonated PAHs are obtained by irradiating
the trapped and mass-isolated ions (m/z 523 for HBC and m/z
597 for DC) with the tunable IR light from FELIX. After irradiation,
a mass spectrum is recorded, where six mass spectra are averaged
at every wavelength. The laser is tuned in steps of 3 cm�1. To gen-
erate an IRMPD spectrum, the wavelength-dependent fragmenta-
tion yield YðkÞ is calculated [46]:

YðkÞ ¼ Ifragment

ð1� xÞ � ½Iparent þ Ifragment� ð1Þ

where x marks the fraction of radical cations. The fragment fluence
(SðkÞ) is then calculated as

SðkÞ ¼ � lnð1� YÞ ð2Þ
and corrected linearly for the laser pulse energy and for the irradi-
ation time (i.e. the number of IR pulses). Spectra are then normal-
ized to one.

The vibrational spectra were measured between 6 lm and
14 lm. Laser pulse energies reach up to 120 mJ in this region; at
many of the absorption bands in the spectrum, this induces 100%
depletion of the protonated PAH population, which would cause
saturation in the IRMPD spectrum. Spectral scans were therefore
recorded with the laser power attenuated by 5 or 8 dB. The laser
produces 7 ls long IR pulses at a 10 Hz repetition rate, which con-
Fig. 2. a) Structure of hexa-peri-hexabenzocoronene (HBC) C42H18. b)Mass spectrum of H
atom occurs under resonant irradiation with the IR laser. c) Ion depletion curve of HBC +
the DIP-APCI source f) Ion depletion curve of DC + H+.

3

sist of ps micropulses at a 1 GHz repetition rate. The wavelength
was calibrated with a grating spectrometer with an accuracy of
�0.01 lm.

2.3. Computational methods

Quantum-chemical calculations were performed using density
functional theory (DFT) with the B3LYP/6-311++G(d,p) functional
and basis set, which is known to perform reliably in the prediction
of IR spectra of large aromatic molecules. In the geometry opti-
mization, no symmetry was imposed to avoid negative frequencies.
Point groups referred to in the text correspond to the closest sym-
metry group of the structures. All computed structures shown cor-
respond to true minima on the potential energy surface.

Vibrational frequencies were computed within the harmonic
approximation and scaled by a factor of 0.978. The calculated stick
spectra were convoluted using a Gaussian lineshape function with
20 cm�1 full width at half maximum (FWHM) to produce computed
spectra that can bematched against the experimental ones. In addi-
tion, band centersweremanually derived from the convoluted spec-
tra as listed in Tables 2 and 3. A listing of the (unscaled) computed
frequencies and intensities for each of the isomers of DC + H+ and
HBC + H+ is appended in the Supplementary Information.

All energies reported refer to Gibbs free energies. Zero-point
energies as well as enthalpies and entropies at 298 K were derived
from the unscaled harmonic vibrational frequencies from the
B3LYP calculations. At the B3LYP optimized geometry, additional
single-point calculations of the electronic energy were performed
using Moller–Plesset perturbation theory (MP2) with the 6-311+
+G(d,p) basis set; Gibbs free energies were then derived using
the thermal corrections from the B3LYP calculations. These values
were used to further verify the relative energies of the different
protonation isomers for each of the two species investigated.

All calculations used the Gaussian16 Rev. A.03 software package
installed at the Cartesius supercomputer at SURFsara in
Amsterdam.

3. Results and discussion

3.1. Vibrational spectra

Fig. 3 presents the experimental IRMPD spectra of protonated
HBC and DC, compared to the IRMPD spectra of their radical cation
analogs taken from Refs. [36,22] and to spectra for neutral HBC and
DC obtained from the NASA Ames PAH database [47,48]. In general,
we observe narrower bands for the protonated systems as com-
BC as produced in the DIP-APCI source. After isolating them/z 523 peak, loss of an H-
H+. d) Structure of dicoronylene (DC), C48H20. e) Mass spectrum of DC as produced in



Table 1
Relative Gibbs energies in kJ mol�1 of protonated hexa-peri-hexabenzocoronene and dicoronylene, calculated at the B3LYP/6-311++G(d,p) and single-point MP2/6-311++G(d,p)//
B3LYP/6-311++G(d,p) levels of theory. The protonation sites labelled by A through E are indicated in Figs. 3 and 4.

HBC + H+ DC + H+

B3LYP MP2@B3LYP B3LYP MP2@B3LYP

A 0 0 A 37.6 30.0
B 49.4 49.2 B 59.8 57.3

C 59.3 59.2
D 40.6 32.7
E 0 0

Table 2
Experimental band positions for protonated hexa-peri-hexabenzocoronene compared with band centers extracted from the convoluted computed spectra of the two protonation
isomers. The harmonic frequencies are calculated at the B3LYP/6-311++G(d,p) level and scaled by 0.978. The experimental versus theoretical root mean square deviations (RMSD)
are listed on the last row.

Protonated hexa-peri-hexabenzocoronene

Exp Computed

A D B D

1590 1594.6 4.6 - -
1575 1579.8 4.8 1578.5 3.5
1529 1541.6 12.6 1526.1 �2.9
1494 1488.6 �5.4 - -
1459 1465.1 6.1 1450.4 �8.6
1371 1368.0 �3.0 1389.2 18.2
1316 1329.7 13.7 1325.1 9.1
1286 1285.6 �0.4 - -
1235 1235.6 0.6 1246.4 11.4
1202 1191.4 �10.6 1217.3 15.3
1154 1156.1 2.1 1115.3 �38.7
1068 1082.6 14.6 1022.1 �45.9
1008 1009.0 1.0 990.1 �17.9
960 961.9 1.9 955.1 �4.9
767 770.7 3.7 777.4 10.4

RMSD 7.37 20.27

Table 3
Experimental band positions for protonated dicoronylene compared with band centers extracted from the convoluted computed spectra of the protonation isomers A through E.
The harmonic frequencies are calculated at the B3LYP/6-311++G(d,p) level and scaled by 0.978. The experimental versus theoretical root mean square deviations (RMSD) are
listed on the last row.

Protonated dicoronylene

Exp Computed

A D B D C D D D E D

1589 1610.1 21.1 1615.4 26.4 1602.2 13.2 1600.9 11.9 1604.0 15.0
1562 1566.5 4.5 1577.6 15.6 1573.1 11.1 1569 7.0 1566.6 4.6
1522 1523.0 1.0 1531.0 9.0 1547.0 25.0 1528.4 6.4 1526.3 4.3
1480 1485.2 5.2 1499.0 19.0 1494.7 14.7 1484.9 4.9 1483.2 3.2
1447 1438.7 -8.3 - - 1436.5 -10.5 1458.8 11.8 1457.3 10.3
1404 - - 1426.2 22.2 - - 1395.0 �9.0 1408.3 4.3
1380 - - 1397.1 17.1 1393.0 13 - - 1382.4 2.4
1332 1348.6 16.6 1341.7 9.7 1366.8 34.8 1342.8 10.8 1345.0 13.0
1296 1302.1 6.1 1295.1 -0.9 1308.7 12.7 1296.4 0.4 1296.1 0.1
1272 - - - - - - - - 1273 1.0
1202 1238.1 36.1 1228.2 26.2 1230.2 28.2 1235.5 33.5 1209.7 7.7
1166 1217.8 51.8 1184.5 18.5 1183.7 17.7 1209.4 43.4 1178.1 12.1
1145 1171.3 26.3 1146.7 1.7 1148.8 3.8 1177.5 32.5 1149.3 4.3
1133 - - 1100.1 -32.9 1102.3 -30.7 1154.2 21.2 - -
1017 994.0 -23.0 989.5 -27.5 994.8 -22.2 994.7 -22.3 1022.6 5.6
880 892.3 12.3 890.5 10.5 904.7 24.7 893.2 13.2 881.6 1.6
848 851.6 3.6 846.8 -1.2 852.4 4.4 855.5 7.5 852.8 4.8

RMSD 21.92 18.69 19.96 19.72 7.32
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pared to the radical cations. The signal-to-noise ratio also appears
to be better for the spectra of the protonated systems. Further-
more, the spectrum for protonated HBC shows strong peaks
between 1400 and 1700 cm�1, which are suppressed and almost
absent in the spectrum of the radical cation. In general, the band
4

positions in the radical cation HBC vibrational spectrum appear
slightly red shifted as compared with the protonated HBC.

For DC, we observe similar differences between the IRMPD
spectra for the protonated and the radical cation species: narrower
peaks, better signal-to-noise and more spectral details. A conspic-



Fig. 3. IRMPD spectra of protonated hexa-peri-hexabenzocoronene (left top) and protonated dicoronylene (right top). The vibrational spectra of the protonated species are
compared to the IRMPD spectra of their radical cation counterparts from Refs. [36,22] and to synthetic spectra derived from experimental band positions for the neutral
molecules, obtained from the NASA Ames PAH IR Spectroscopic Database (convoluted with 20 cm.�1 FWHM).
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uous difference is the suppressed bands between 1400 and 1500
cm�1 in the radical cation spectrum as compared to the significant
bands in the protonated system at these wavenumbers.

The vibrational spectra for the neutral species have their stron-
gest bands in the CH out-of-plane bending range. This difference in
relative intensities between bands in the long and short wave-
length region is a well known characteristic of PAH infrared spec-
tra.[49,18].

The apparent better quality of the IRMPD spectra for the proto-
nated species compared to the radical cations is striking. This may
in part be a consequence of the different MS instrumentation used
to perform these experiments, but from a methodological view-
point, we note that the experiments on the protonated species
can to some extent be regarded as messenger spectroscopy, where
the additional H-atom acts as the messenger tag. The better spec-
tral resolution is attributed to the relatively facile detachment of
this tag as a hydrogen radical. Moreover, since this is the only dis-
sociation channel observed under our experimental conditions
(Fig. 2e) and and since the mass spectrometer can baseline-
resolve a mass difference of one in this mass range, a clean, zero-
background IRMPD spectrum is obtained. Although counter to
the even-electron rule in mass spectrometry, H-atom detachment
is a favorable process with a low dissociation threshold as com-
pared to other dissociation pathways, especially those involving
CC bond cleavages, which would reduce the size of the aromatic
system. The ionic fragment produced is the radical cation PAH,
which is a relatively stable radical due to efficient electron delocal-
ization. Overall, this results in a clean IRMPD spectrum with dis-
tinct and fairly well resolved bands, as seen in Fig. 3, which is
remarkable given the size of these molecules.

For protonated DC, similar to HBC + H+, the strongest peaks are
present in the shorter wavelength region, where CC stretching with
CH bending modes dominate. Weaker bands are visible at 848 and
880 cm�1, corresponding to out-of-plane CH bending modes, and
at 1017 cm�1.
5

3.2. Vibrational spectra and isomer identification

Upon protonation of the two highly symmetric PAH molecules,
one or more of several possible isomers may be formed. We
assume that protonation occurs through the formation of a CH r-
bond at one of the peripheral CH sites, as was found for smaller
protonated PAHs and benzene [50,11,51,12]. Typical barriers for
proton migration along the periphery of the PAH molecule have
been reported roughly in the range between 50 and 120 kJ mol�1

[5,52]. We use quantum-chemical calculations to predict which
of the isomers are actually produced in the ion source by matching
the IRMPD spectra with computed ones.

The symmetry breaking induced by the added proton gives rise
to a very rich vibrational spectrum in case of the large molecules
under study. A direct comparison of bands in the observed spec-
trum with individual computed frequencies is not particularly use-
ful and instead we compare with band centers derived from the
convoluted scaled harmonic spectra (see Figs. 4 and 5). Tables 2
and 3 show the band centers in the convoluted computational
spectra for each of the protonation isomers of the two molecules,
contrasted against the band centers in the experimental IRMPD
spectra.

HBC belongs to the D6h point group and upon protonation two
isomers are likely to be formed, either having near-C2v (B) or
near-Cs (A) symmetry, as indicated in Fig. 4. The computed vibra-
tional spectra for isomers A and B are plotted, with the shaded
spectrum representing the spectrum convoluted with a 20 cm�1

FWHM Gaussian lineshape. By comparing the computed results
with the experimental spectrum, it is apparent that the best match
is with the lowest-energy configuration, A. Although intensities
may deviate somewhat between IRMPD and theoretical spectra,
the computed band centers reproduce those of the experimental
spectrum, which is also clearly confirmed by comparison of the
root-mean-square deviation between experimental and theoretical
band centers shown in Table 2. The band computed at 1642 cm�1



Fig. 4. Experimental spectrum of protonated hexa-peri-hexabenzocoronene (black)
compared to computationally predicted spectra for the two isomers obtained by
protonation (red), labelled by A and B. The shaded spectrum represents a 20 cm�1

FWHM Gaussian convolution of the stick spectrum. Harmonic frequencies are
calculated at the B3LYP/6-311++G(d,p) level and scaled by 0.978. Relative Gibbs
energies at the DFT level are shown.

Fig. 5. Experimental spectrum of protonated dicoronylene (black) compared to
computationally predicted spectra of its five protonation isomers (blue) labelled A
through E. The shaded spectrum represents a 20 cm�1 FWHM Gaussian convolution
of the stick spectrum. Harmonic frequencies are calculated at the B3LYP/6-311++G
(d,p) level and scaled by 0.978. Relative Gibbs energies at the DFT level are shown
for each isomer.
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appears absent in the experimental spectrum, although it is a pro-
nounced band in the computed spectrum with an intensity of
120 km/mol (see Supplementary Table 8). The corresponding nor-
mal mode is an unusually localized CC-stretch of the peripheral
CH–CH bond adjacent to the protonation site. We speculate that
the predicted frequency is slightly too high, so that the barely
resolved shoulder just above 1600 cm�1 in the IRMPD spectrum
may correspond to this band. As shown also in Table 1, isomer B
is computed to be nearly 50 kJ mol�1 less stable and would there-
fore not be expected to be populated at room temperature, in line
with our conclusion based on the IR spectrum.

At first glance, the overall IRMPD spectrum of protonated HBC
appears fairly typical for (large) cationic PAHs. A strong peak at
767 cm�1 is due to the out-of-plane CH vibrations of the trio
hydrogen atoms [36] and at shorter wavelengths, roughly 1150 –
1650 cm�1, a series of strong bands is observed, which can be clas-
sified as modes with mixed CC stretching and in-plane CH bending
character. However, deviations from typical PAH cation spectra are
observed upon closer inspection. In the range between 950 and
1100 cm�1, three low-intensity bands are observed, well repro-
duced by the calculation for isomer A. These bands are due to in-
plane ring deformation modes with particular contribution from
CC stretching of the C–C single bonds to the left and right of the
protonated C-atom. Furthermore, a particularly strong band is
observed near 1360 cm�1, which according to the calculations is
due to a number of unresolved vibrational modes having strong
CH2 scissoring character at the protonation site.

Dicoronylene belongs to the D2h point group and the protona-
tion sites A through E considered here are shown in Fig. 5. Protona-
tion lowers the symmetry of all isomers to Cs. The computed
6

spectra for the five isomers are remarkably distinct and the best
spectral match is clearly obtained with the spectrum computed
for isomer E, as also confirmed by the more detailed comparison
in Table 3. This isomer indeed corresponds to the lowest-energy
protonated species, with the alternative isomers A through D lying
at least 30 kJ mol�1 higher in energy (see Table 1).

Also here, the spectrum appears roughly typical of that of catio-
nic PAHs. In the long wavelength range, two bands are observed
which can be attributed to CH out-of-plane modes of the duo-CH
moieties (848 cm�1) and the mono-CH moieties (880 cm�1). Some
broadening of these bands is due to the slightly different frequen-
cies of these modes on each of the coronene-like subunits of the
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molecule, one being perturbed by the protonation and the other
not. The band just above 1000 cm�1, due to in-plane CC-stretch
and CH-bending, is interesting because it is reproduced correctly
only by the calculation for isomer E; note a similar band in the
spectrum of HBC + H+. Somewhat in contrast to HBC + H+, signifi-
cant bands are observed between 1100 and 1200 cm�1, which have
predominantly CH in-plane bending character with varying
degrees of CH2 wagging at the protonation site mixed in. As we
move to higher frequencies, we encounter the strongest bands of
this system, roughly between 1250 and 1350 cm�1, having mixed
CH in-plane bending and CC-stretching character, as is typical for
cationic PAH systems. What follows is a series of weaker features,
where especially the band at 1380 cm�1 has strong CH2-scissoring
character. The absolute computed intensity of these bands is sim-
ilar to the analog CH2 scissoring modes in HBC + H+, although they
are much less pronounced in DC + H+ due to the much higher
intensities of the nearby features in DC + H+. A large number of
modes with predominant CC-stretching character is observed
between 1400 and 1620 cm�1, whose convoluted contour matches
the experimental spectrum fairly closely. Qualitatively, we notice
that the normal mode displacements are often larger on the proto-
nated coronene unit and smaller on the unprotonated unit, or vice
versa, which may induce significantly larger dipole derivatives and
explain the larger band intensities for DC + H+ as compared to
HBC + H+ (see Supplementary Tables 8–14).
4. Astrophysical considerations and conclusions

The IR spectra presented in this contribution represent, to our
knowledge, the first gaseous IR spectra of protonated PAHs signif-
icantly larger in size than coronene, approaching the size range rel-
evant in the PAH hypothesis.[1] Therefore, we show in Fig. 6 the
two experimental spectra compared with the emission spectrum
from the Iris nebula (NGC 7023), which clearly exhibits the typical
aromatic emission features.

In line with earlier predictions by Hudgins et al.[5] and with
experimental spectra for smaller protonated PAHs recorded in
Fig. 6. The vibrational spectra of protonated HBC (red) and DC (blue) compared to
the emission spectrum from the Iris nebula (NGC 7023). Dashed lines indicate the
aromatic features of the emission spectrum [53].
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our laboratory[12], we observe that the highest frequency CC-
stretching bands are close to the 6.2 lm peak in the interstellar
spectrum, indeed closer than what is typically observed in IRMPD
spectra for radical cation PAHs. On the other hand, the CC-
stretching modes appear to be more dispersed over the 6 to 7
lm range, in contrast to spectra of radical cation PAHs and inter-
stellar emission spectra; compare for instance the spectra of DC+

and DC + H+ in Fig. 3. This additional intensity that falls in between
the main interstellar bands at 6.2 and 7.6 lm, is also prominently
observable in the IRMPD spectra of protonated acenes and coro-
nene[12]. Detailed analyses of astronomical spectra of a variety
of objects have revealed many weaker emission features and
shoulders in this wavelength range, see e.g. Ref. [6].

In the IRMPD spectra, modes with significant CH2-scissoring
character give rise to an observable band near 1380 cm�1 that is
at best in the wings of the strong 7.6 lm interstellar emission fea-
ture. One might have expected that this band would be of rela-
tively low intensity because of the single CH2 oscillator versus
many CH oscillators in large, singly protonated PAHs; this appears
to be indeed the case for DC + H+, but not for HBC + H+, calling for
further studies involving a larger set of systems. The out-of-plane
CH-bending modes remain in their typical wavelength ranges of
approximately 850–950 cm�1 for solo, 800–870 cm�1 for duet
and 750–810 cm�1 for trio moieties[19].

We have presented what we believe are the first gas-phase
experimental IR spectra of protonated PAHs in the size range rele-
vant to the PAH hypothesis. The employed action spectroscopy
technique involves monitoring the IR-induced dissociation into a
single and relatively low-threshold channel (H radical loss), giving
remarkably well-resolved vibrational spectra for species of this
size.

The added proton has significant influence on the observed
spectra, which has been reflected upon in the light of a typical
interstellar aromatic emission spectrum. Very interestingly,
quantum-chemical computations predict drastically distinct spec-
tra depending on the site of protonation. This allows for an unam-
biguous assignment of the protonation isomer formed in the
experiment, which indeed corresponds to the isomer of lowest
energy for both systems investigated. In both cases, protonation
occurs on the peripheral CH site in the ’bay region’ of the mole-
cules; other protonation isomers are found to be at least 30 kJmol�1

higher in energy.
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