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Abstract

Cationic benzylium and tropylium are known to be two competitive isomers for the –H fragment of the
methylbenzene (toluene) cation. Methylated polycyclic aromatic hydrocarbon (PAH) cations are expected
to be abundant in space and their dehydrogenation could lead to the formation of both the benzylium-
and tropylium-like cations, which are expected to be the two lowest-energy isomers. Here, we consid-
ered 1-methylpyrene and two less compact acene-substituted species, namely 2-methylnaphthalene and 2-
methylanthracene, as precursors. The cationic –H fragments, C17H+

11, C11H+
9 , and C15H+

11, were produced
by dissociative ionization, and their neon tagged complexes were formed in the 22-pole cryogenic ion trap in-
strument FELion that is coupled to the FELIX free electron laser. Infrared (IR) predissociation spectroscopy
was performed showing that the strongest depletion band is located at about 1620 cm−1, which reveals the
predominance of the benzylium-like, XCH+

2 , isomers, where X = Pyr, Nap, or Ant. Saturation depletion
measurements showed that only this isomer is present in the case of C17H+

11, whereas for the acene-derived
species at least two are present with a large abundance. Synthetic spectra were generated from the theoret-
ical anharmonic IR spectra of the two lowest-energy isomers, namely XCH+

2 and the tropylium-like isomers,
XC+

7 . Spectral comparison led us to conclude that there is no evidence for PyrC+
7 but clear evidence for

NapC+
7 . No specific spectral features could be identified for AntC+

7 due to a high spectral congestion. These
results support the important role of PAH compactness in preventing the formation of XC+

7 species. They
also reveal the potential of XCH+

2 species to account for the aromatic infrared band observed in emission at
6.2µm in astrophysical environments.

Keywords: Infrared predissociation spectroscopy, Polycyclic aromatic hydrocarbons,

Cryogenic ion trap, Free electron laser, Quantum chemistry, Astrochemistry

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a
major component of matter in interstellar photodis-
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sociation regions (PDRs). In these regions, these
species absorb ultraviolet (UV) photons, which re-
sults in emission in the aromatic infrared bands
(AIBs) (see [1] for a review). Exposure to UV
photons also leads to a photo-chemical evolution
of the emitting populations. From the analysis of
the spatial distribution of the AIB emission at the
surface of dense molecular clouds, the presence of
three main populations was proposed, consisting of
PAH neutrals and cations as well as their precursors
called evaporating very small grains (eVSGs) [2–
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4]. The variation of the PAH charge was rational-
ized by models that describe the competition be-
tween photoionization and recombination with elec-
trons [5–7]. However, the view that we have on
the chemistry in the transition zone between eVSG
and PAH emissions is very limited. Pilleri et al. [8]
have shown that eVSGs have a mixed aromatic and
aliphatic composition and concluded that their in-
teraction with UV photons leads to the production
of gas-phase PAHs with attached aliphatic side-
groups that have a characteristic emission band at
3.4µm [9–12].

Methyl sidegroups attached to aromatics are
also expected to be common in primitive matter
of the Solar System. The Rosetta Orbiter Spec-
trometer for Neutral and Ion Analysis (ROSINA)
detected toluene in comet 67P/Churyumov-
Gerasimenko [13]. Small methylated PAHs are
found to be a major component in primitive
carbonaceous chondrites [14–17]. Their presence
indicates formation conditions at lower temper-
atures compared to regular PAHs [18]. Several
authors also point to a growth chemistry involving
an efficient methyl addition/cyclization mecha-
nism [19–21]. The H abstraction of the methyl
sidegroup followed by addition of a methyl radical
would form an ethyl sidegroup that could even-
tually lead to cyclization into a cyclopentafused
ring.

The main dissociation pathway of methylated
PAHs upon irradiation by vacuum UV photons in-
volves H loss and this occurs independently of the
PAH size [22, 23]. Much earlier, Dunbar [24] dis-
cussed on the nature of the fragment C7H+

7 pro-
duced by photodissociation of the toluene cation.
In experiments, two forms are observed, one which
is reactive and one non-reactive. Dunbar [24] pro-
posed that the former corresponds to the ben-
zylium structure whereas the latter corresponds to
the tropylium structure which are both depicted in
Fig. 1 (a). Using metadynamics simulations, Ra-
pacioli et al. [25] investigated isomerization path-
ways for the –H fragment of the 1-methylpyrene
cation, C17H+

11. They found several pathways with
a barrier of 3.5 − 4 eV between the benzylium-like
methylenepyrene, PyrCH+

2 , and the tropylium-like
PyrC+

7 isomers (see structures in Fig. 1 (b)). They
concluded that both isomers could co-exist in UV-
irradiated astrophysical environments.

When probing such species experimentally in the
gas-phase to obtain information on their structures,
infrared multiple photon dissociation (IRMPD)

spectroscopy is the commonly used technique.
While it was demonstrated that IRMPD is a good
choice for species with low dissociation thresholds,
as for example in the case of the two related C8H+

9

isomers [26], the IRMPD spectra of C7H+
7 isomers

are still lacking, either due to their increased sta-
bility, i.e., higher dissociation thresholds compared
to C8H+

9 , or due to isomerization effects during in-
frared (IR) photon irradiation. In a previous study,
Jusko et al. [27] demonstrated the potential of in-
frared predissociation (IRPD) spectroscopy of Ne-
tagged C7H+

7 together with saturation depletion
measurements in order to quantify the relative pop-
ulations of benzylium and tropylium cations as a
function of their formation conditions. In contrast
to IRMPD, IRPD involves the absorption of only
one single IR photon and, therefore, will never lead
to a significant increase of energy that could alter
(isomerize) the probed species. Accordingly, IRPD
bands are typically much narrower and often only
limited by the laser bandwidth, whereas IRMPD
leads to substantial band-broadening. This is a ma-
jor advantage, when the spectral assignment of in-
dividual stable isomers is searched for.

In the case of the –H fragment of the 1-
methylpyrene cation it was demonstrated that the
more standard IRMPD technique cannot be used to
record a comprehensive spectrum of these species
and discuss band assignment [28]. The latter arti-
cle concluded that the main isomer formed in the
experiments was PyrCH+

2 . However, the reported
spectrum was of low signal-to-noise ratio and a
relevant upper limit for the PyrC+

7 species could
not be derived. A recent study concluded that
PyrC+

7 is not expected to be formed in unimolecu-
lar dissociation of 1-methylpyrene cations because
of steric effects imposed by the compactness of the
molecule [29].

In this work, we extend the IRPD measurements
to small acenes, namely the cationic –H fragments
of 2-methylnaphthalene and 2-methylanthracene,
for which we expect less energy to isomerize com-
pared to the case of the –H fragment of the more
compact 1-methylpyrene cation. We also improve
the measurements on the latter cation relative to
our previous study [28]. In Sect. 2, we describe our
methods. This is followed by the presentation of
the recorded IRPD spectra and saturation deple-
tion measurements in Sect. 3. A spectral analysis
is presented by comparison with calculated anhar-
monic IR spectra. In Sect. 4, we discuss the main
unsolved issues in the spectral analysis, summarize
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our findings, and provide some astrophysical impli-
cations. We conclude in Sect. 5.

NapCH2
+PyrCH2

+ AntCH2
+

NapC7
+PyrC7

+ AntC7
+

C17H11
+ C15H11

+C11H9
+

C7H7
+

Bz+ Tr+

(a)

(b)

Figure 1: (a) Optimized geometries at the B3LYP/cc-pvdz
level of theory of the benzylium, Bz+, and tropylium, Tr+,
cations taken from Jusko et al. [27]. (b) Expected lowest-
energy isomers resulting from H loss of cationic methy-
lated PAHs (1-methylpyrene, 2-methylnaphthalene, and 2-
methylanthracene from left to right): benzylium-like isomers
with a CH2 group attached resulting from direct H loss (top
row) and tropylium-like isomers incorporating the C7 ring
(bottom row) resulting from isomerization prior to H loss.
The reported geometries were optimized at the B3LYP/6-
31G(d,p) level of theory.

2. Methods

2.1. Experimental

IRPD spectra of the Ne-tagged cationic –H
fragments of three different methylated PAH pre-
cursors were recorded using the FELion cryo-
genic ion trap instrument available at the FE-
LIX3 Laboratory. FELion is a custom-built, cryo-
genically cooled 22-pole ion trap which is de-
scribed in detail in Jusko et al. [30] and cou-
pled to the free electron laser FELIX-2 [31].
The precursor species, namely 1-methylpyrene,
C17H12, 2-methylnaphthalene, C11H10, and 2-
methylanthracene, C15H12, are all commercially
available (Sigma-Aldrich, ≥ 97.0 % purity for all
three species) and were vaporized into the FELion
ion source. The cationic –H fragments, i.e., C17H+

11,

3Free Electron Lasers for Infrared eXperiments, https:
//www.ru.nl/felix.

C11H+
9 , and C15H+

11, are directly produced by disso-
ciative ionization of the corresponding neutral pre-
cursor by electron impact in the ion source. Due to
technical reasons and beamtime management, the
C15H+

11 species were efficiently produced in an RF
storage source [32] with an electron impact energy
of 18.0 eV, while we used a non-storage electron im-
pact ionization source [33] for the production of
C17H+

11 and C11H+
9 with electron impact energies

of 56.7 eV and 17.0 eV, respectively. Electron im-
pact ionization of PAHs was found to be in quali-
tative agreement with their respective photoioniza-
tion yields [33]. No significant qualitative differ-
ences in the recorded IRPD spectra with varying
ionization conditions induced by tuning the elec-
tron impact energy were observed. The –H frag-
ments were mass-selected and guided into the 22-
pole cryogenic ion trap which is mounted on a cold
head cooling the trap down to a temperature of
approximately 6 K to ensure efficient noble gas tag-
ging in the trap. Upon ion injection, high quanti-
ties of a 3:1 He:Ne gas mixture were introduced into
the ion trap in order to promote ternary Ne atom
attachment to the cationic –H fragment species.
Proof of efficient Ne tagging was given by record-
ing the mass spectra which show the –H fragments
at their respective mass-to-charge ratio, m/z, to-
gether with their Ne-tagged complexes positioned
at a mass shift of m/z = +20 corresponding to
the mass of one Ne atom with a tagging efficiency
of approximately 10 % (see Fig. S1 in the Supple-
mentary Material (SM)). The Ne-tagged complexes
were stored in the 22-pole cryogenic ion trap for
typically 1.6 s and irradiated by the FELIX-2 laser
in the mid-IR. The depletion of these weakly bound
complexes is then induced by a single photon ab-
sorption process and was recorded as a function
of the FELIX-2 laser wavenumber in the range of
approximately 650 − 1700 cm−1 (15.38 − 5.88µm)
yielding the IRPD spectra. For IRPD measure-
ments, FELIX-2 delivers between 3 and 30 mJ into
the 22-pole ion trap in a single macropulse with a
pulse duration of about 5µs at a 10 Hz repetition
rate. The experimental spectra, so-called depletion
spectra, were normalized to FELIX-2 laser energy
and baseline corrected following the procedure pre-
sented by Brünken et al. [34]. Saturation depletion
measurements were performed on resonance bands
for each of the complexes in order to determine iso-
meric ratios, the amplitude of the decay curve pro-
viding the fraction of the specific isomer(s) associ-
ated with a given resonant band. For this, the laser
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is tuned on resonance and off resonance with the
vibrational band of interest. By applying a large
number of photon pulses on resonance, the optically
active isomer-Ne complex can be dissociated com-
pletely leaving only the optically inactive isomer-Ne
complex in the trap. Recording the ion-Ne deple-
tion

D(Ed) = 1 − Non(Ed)

Noff(Ed)
≈ A

(
1 − e−kEd

)
, (1)

as a function of deposited laser energy, Ed, where
Non(E) and Noff(E) are the number of ion-Ne com-
plexes on and off resonance, respectively, reveals the
relative abundance

A =
Na

Na + Nn
(2)

of active (Na) to inactive (Nn) isomers with k be-
ing the dissociation rate of the active isomer. Care
has to be taken to choose vibrational bands associ-
ated with only one active isomer, i.e., to avoid line
blending, and in the case were more than two active
isomers are present. In these cases, saturation de-
pletion measurements on many different vibrational
bands need to be performed. This technique is dis-
cussed in detail by Jusko et al. [30] and Marimuthu
et al. [35].

2.2. Computational

In order to investigate the possible isomers that
could form from the methylated cationic PAHs H
loss, we performed molecular dynamics (MD) / den-
sity functional based tight binding (DFTB) simu-
lations using a similar procedure as in a previous
study by Joblin et al. [36]. These simulations were
run with the deMonNano code [37].

Structural and energetic data for the two lowest-
energy isomers determined from these simula-
tions were obtained using density functional theory
(DFT) with the hybrid functional B3LYP as imple-
mented in the Gaussian16 suite of programs [38].
The harmonic spectra of the optimized structures
were obtained by full diagonalization of the Hes-
sian matrix. Anharmonic spectra were computed
using the perturbative approach (VPT2) [39] as
implemented in Gaussian16. Geometry optimiza-
tion followed by harmonic and perturbative anhar-
monic vibrational calculations were also performed
using the large def2TZVPP [40] basis set. Insights
into the dependence of the theoretical spectra on
functionals and basis sets were also undertaken.

The energetics of the reaction paths leading to H
loss from cationic 2-methylnaphthalene was investi-
gated with the B3LYP functional using the double-
ζ basis set 6-31G(d,p) with further confirmation
of the energetics by single point CCSD(T)/6-
311G(d,p)//B3LYP/6-31G(d,p) calculations. The
nature of the transition states was confirmed by in-
trinsic reaction coordinate (IRC) calculations. En-
ergetic data for the relevant intermediates were also
computed for cationic 2-methylanthracene and 1-
methylpyrene.

2.3. Spectral analysis

Identification of the possible isomers in the ion
trap is performed by comparing the experimentally
obtained IRPD spectra to the theoretically calcu-
lated anharmonic IR spectra of the selected iso-
meric structures. The latter were convolved with
a Gaussian function of width of σ = 0.3 % repre-
senting the approximate laser line profile. By this
comparison, we aim at assigning bands present in
the IRPD spectra to resonance bands of one or more
specific isomers.

Fundamental and combination bands calculated
for each considered isomer structure have the
strongest intensity contribution (see Tables S1, S2,
and S3 in the SM) and are therefore included in
the anharmonic IR spectra. All these bands over-
lap and blend with each other, resulting into con-
gested spectra. The experimental spectra present
a similar complexity making a detailed analysis of
the band characteristics (positions, intensities, and
widths) quite challenging. In order to derive band
characteristics without a multi-component analy-
sis, we are following the procedure introduced by
Chakraborty et al. [41]. The authors determined
intensity-weighted band positions and widths by
selecting an interval [νmin

i , νmax
i ] around each ob-

served band, i. The mean band positions and
widths, ν̄i and σi, respectively, are defined in the
following equations as

ν̄i =

∫ νmax
i

νmin
i

νI(ν) dν∫ νmax
i

νmin
i

I(ν) dν
=

1

Ii

∫ νmax
i

νmin
i

νI(ν) dν, (3)

where I(ν) is the band intensity as a function of
wavenumber, ν, Ii is the integrated intensity of
band i, and

σi =

√
1

Ii

∫ νmax
i

νmin
i

(ν − ν̄i)2I(ν) dν. (4)
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This method can be applied to the experimental
IRPD spectra and the calculated anharmonic IR
spectra in the same way. To quantify the compari-
son between both types of spectra, we introduce the
difference between their weighted band positions as

∆ν̄i = ν̄exi − ν̄thi , (5)

where ν̄exi denotes the experimental and ν̄thi the
theoretical anharmonic weighted band position for
band i.

3. Results

3.1. IRPD spectra

The recorded IRPD spectra of the cationic –H
fragments, C17H+

11, C11H+
9 , and C15H+

11, are pre-
sented in Fig. 2. After correction for FELIX-2 laser
power and baseline subtraction, the IRPD spectra
are in relative units (∼ m2/photon, see Brünken
et al. [34]) and comparable with each other. In
these relative units, the peak intensity of the most
prominent band is the strongest for C17H+

11; it de-
creases by approximately 30 % for C11H+

9 and by
another approximately 20 % for C15H+

11. In the fol-
lowing, the IRPD spectra presented in Figs. 4, 5,
and 6 were normalized to unity at the maximum
peak, which is observed in the 1600 cm−1 range for
all species. Comparing our spectra to the IRPD
spectra of benzylium and tropylium, C7H+

7 [27], we
allocate this band to be dominated by the contri-
bution of the benzylium-like methylene structures.

While the IRPD spectrum of the compact pyrene-
like C17H+

11 is dominated by a set of narrow and
well-defined depletion bands, a higher spectral con-
gestion is observed for the acene-derived structures,
C11H+

9 and C15H+
11. This may indicate a larger iso-

mer diversity for these ions. Band overlaps are es-
pecially prominent in the 1320− 1480 cm−1 region.

The lower frequency region below 1100 cm−1 is
dominated by a single band due to overlapping CH
out-of-plane bending modes for C17H+

11. The acene-
derived structures, however, depict more bands that
are better resolved for the C11H+

9 case. For C15H+
11,

the main band is broadened, suggesting the contri-
bution of at least two components.

3.2. Saturation depletion measurements

Two resonance bands per cationic –H fragment
were selected to perform saturation depletion mea-
surements. The corresponding band positions are

indicated in Fig. 2 with band numbers (1) − (6).
Background measurements were performed off res-
onance for each species. The depletion data can be
fitted with an exponential decay as a function of
deposited laser energy, D(Ed), following the proce-
dure discussed in [30, 35] with

D(Ed) = 1 − S

B
≈ A

(
1 − e−kEd

)
, (6)

where S denotes the signal on a resonance band and
B off resonance (background position), k is the de-
cay rate of the active isomer, i.e., the isomer that
absorbs in the selected resonance band, and A is
the relative abundance of this active isomer in the
trap. The saturation depletion time scans and fit-
ted depletion for bands (1)−(6) are shown in Fig. 3.

In the case of C17H+
11, depletion saturation

measurements were carried out on band (1) at
1379 cm−1 and on band (2) at 1620 cm−1 relative
to the background positioned at 1668 cm−1. Com-
paring the relative abundances with each other, we
seem to have picked resonance bands of the same
active isomer, as A yields (96 ± 2) % on band (1)
and (95 ± 1) % on band (2).

For the smaller C11H+
9 , distinct narrow bands

that did not seem to have major overlaps with oth-
ers were observed mostly in the 750 − 850 cm−1

range. The saturation depletion time scans were
performed on the resonance bands (3) at 791 cm−1

and (4) at 818 cm−1 relative to off resonance at
850 cm−1, yielding isomer abundances of (40±8) %
and (74±5) %, respectively. These percentages only
agree on the lower limit of the error with each other
and therefore give only a rough estimate of the iso-
mer mixture, perhaps due to partial overlap of one
or both bands with others.

The C15H+
11 spectrum exhibits only two some-

what narrow bands that are located in two dif-
ferent regions of the spectrum (see Fig. 2, bot-
tom panel), band (5) at 756 cm−1 and band (6)
at 1519 cm−1. Due to the large spectral difference
of these bands, two different background off reso-
nance time scans were recorded at 738 cm−1 and
1540 cm−1 for band (5) and (6), respectively. The
depletion fits resulted in abundances of the active
isomer of (74±3) % and (67±5) % on band (5) and
band (6), respectively. The similar abundance val-
ues of the depletion saturation measurements could
account for selecting resonance bands of the same
isomer, or for a mixture of isomers with blended
bands.

5



681012141618
Wavelength [ m]

0.0

0.5

1.0

1.5

2.0

(1)

(2)C17H +
11

0.00

0.25

0.50

0.75

1.00

1.25

(3)
(4)

C11H +
9

600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700
Wavenumber [cm 1]

0.0

0.2

0.4

0.6

0.8

(5)

(6)C15H +
11Re

la
tiv

e 
In

te
ns

ity
 [~

 m
2 /p

ho
to

n]

Figure 2: Experimental IRPD spectra of Ne-tagged C17H
+
11 (top), C11H

+
9 (middle), and C15H

+
11 (bottom). Saturation depletion

measurements performed on specific resonance bands are marked with numbers, i.e., (1)− (6).

3.3. Spectral and structural assignment

MD/DFTB simulations allowed the identification
of several isomers that could form after H loss from
2-methylnaphthalene, NapCH+

3 (see Sect. ‘Explo-
ration of isomer diversity by MD simulations’ in the
SM). The structures of all obtained isomers were
further reoptimized at the B3LYP/6-31G(d,p) level
of theory, confirming the energetic order provided
by DFTB (see Fig. S2 in the SM). In particular,
we confirmed that the two lowest-energy isomers
were indeed the benzylium-like NapCH+

2 and the
tropylium-like NapC+

7 structures (see Fig. 1 (b) for
their structures), to the precision of the calcula-
tions. At the DFT level, NapC+

7
1A1 (C2v group)

was found to be more stable than NapCH+
2

1A′

(Cs group) by 0.31 eV (0.25 eV at the CCSD(T)
level). Similarly, we assumed that two equivalent

structures were formed in the case of both the 1-
methylpyrene and the 2-methylanthracene precur-
sor species as invoked in previous studies [25, 28,
29]. All structures were found to belong to the
Cs symmetry group and have 1A′ electronic ground
states except AntC+

7 which, similarly to NapC+
7 ,

belongs to the C2v symmetry group and has a 1A1

electronic ground state. We found that AntC+
7 was

0.23 eV below AntCH+
2 (0.17 eV at the CCSD(T)

level) while PyrCH+
2 and PyrC+

7 were found quasi-
degenerate in previous work [25]. All resulting op-
timized geometries are reported in Fig. 1 (b).

Theoretical anharmonic IR spectra for these six
structures were calculated using the B3LYP func-
tional in combination with the 6-311G(d,p) and the
def2TZVPP basis sets. Comparing these spectra
with each other illustrates the impact of the basis
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Figure 3: Saturation depletion, D, measured as a function of deposited laser energy, Ed, on the six recorded band positions,
(1)− (6), as marked in the respective experimental IRPD spectra presented in Fig 2. The colors represent the assigned isomer,
blue for the XCH+

2 species, pink for the XC+
7 species and, gray unassigned (see Sect. 3.3 for details).

set on the anharmonic spectra (see Sect. ‘Com-
parison of basis sets def2TZVPP and 6-311G(d,p)’
and Figs. S3, S4, and S5 in the SM). Interestingly,
comparing the positions of the fundamental anhar-
monic vs. harmonic resonant modes, the former are
shifted towards lower energy with respect to the lat-
ter and the values of the shifts (typically −40 cm−1

for the bands at 1600 cm−1) correspond to the com-
mon scaling factors used for harmonic spectra of
PAHs (0.975 in this case). In the following, we use
the anharmonic spectra obtained with the largest
basis set, i.e., def2TZVPP.

The IRPD spectra of the Ne-tagged C17H+
11,

C11H+
9 , and C15H+

11 are reported in the top pan-
els of Figs. 4, 5, and 6, respectively. They are
displayed together with the computed anharmonic
IR spectra corresponding to their respective XCH+

2

(middle panel) and XC+
7 (bottom panel) isomers,

where X = Pyr, Nap, and Ant. It is obvious from
the comparison of the theoretical spectra with the
experimental ones that the dominant isomer is in
all cases XCH+

2 , whereas XC+
7 has a more minor

contribution. To compare further the experimental
and theoretical spectra, we used the saturation de-
pletion values that were determined in Sect. 3.2. At
a first glance, we can consider these values as repre-
sentatives of isomer abundance ratios, with a typi-
cal value of 5 % for PyrC+

7 and 30 % for the other
XC+

7 species. Multiplying the theoretical anhar-
monic IR spectrum of each isomer with its respec-
tive relative abundance factor and summing them
yields one synthetic IR spectrum per –H fragment
species. To facilitate the comparison of the syn-
thetic spectra with the experimental spectra, we
scaled the former to the latter by using the inte-
grated intensity in the 650− 1700 cm−1 range. The
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resulting synthetic anharmonic IR spectra are de-
picted in the top panels of Figs. 4, 5, and 6 and
can now be directly compared to our experimental
IRPD spectra.

Due to the spectral congestion, we will use, in or-
der to quantify the match between the experimental
and synthetic spectra, the intensity-weighted band
positions and widths and the corresponding band
integrated intensities as defined in Eqs. (3) and (4)
of Sect. 2.3. The results are summarized in Table 1
for all considered species together with the band
position difference, ∆ν̄i, defined by Eq. (5).

We note a good agreement in band positions
between the experimental and synthetic spectra
as |∆ν̄i| < 10 cm−1 for all but one major band
of C17H+

11. After the scaling procedure discussed
above, the integrated intensities, Ii, are also compa-
rable within a factor of approximately 2 for a large
number of the bands. Significant discrepancies are
noted though for the bands at 723 and 1581 cm−1

for C17H+
11, 770, 1243, 1336, 1603, and 1633 cm−1

for C11H+
9 , and 1285 and 1551 cm−1 for C15H+

11.
In the case of C17H+

11, the strongest band ob-
served at 1622 cm−1 only shows a −1 cm−1 shift to
its theoretical counterpart and the integrated inten-
sities match well with each other. This is also one of
the resonance bands on which saturation depletion
measurements were performed, band (2), and which
we assigned to PyrCH+

2 . The other resonance band,
band (1), is the one with the largest ∆ν̄i = 12 cm−1

reported, but due to the similarity in the satura-
tion depletion measurement abundance value (see
Sect. 3.2), we assign also this band to PyrCH+

2 .
This becomes especially clear when comparing to
the intensities of the anharmonic IR spectrum of
PyrC+

7 (see Fig. 4 (bottom panel) and Table S1 in
the SM) which are too low to explain the strong
bands observed in the IRPD spectrum of C17H+

11,
whereas the strongest bands of the IR spectrum of
PyrC+

7 cannot be observed in the measured spec-
trum. However, from the reported band position
difference and the saturation depletion measure-
ments, we cannot exclude a contribution of PyrC+

7

to the IRPD spectrum, with a 5 % upper limit for
the relative abundance.

For the smallest investigated species, C11H+
9 , we

concentrate on the low frequency region in which
narrow, distinct bands can be observed in the IRPD
spectrum reported in Fig. 5 and on which sat-
uration depletion measurements were performed.
From these, we deduce that in order to explain
the depletion abundance values, a mixture consist-

ing of at least two abundant isomers is present in
the ion trap. Due to the ∆ν̄i = 5 cm−1 and the
excellent agreement between the Ii values of the
IRPD and the synthetic spectra, we attribute the
band (3) at 791 cm−1 to NapC+

7 . The saturation
depletion measurement yielded a value of about
40 %, which would correspond to a maximum rel-
ative abundance of 40 % for NapC+

7 . For band (4)
at 816 cm−1, the band position shift is of 7 cm−1,
but the integrated intensity differs by a factor of 2.
Here we cannot clearly assign this band to one or
the other isomer and it might result from a blend-
ing of bands of both. The situation is different for
the higher wavenumber region around and above
1600 cm−1. As previously mentioned, we assign the
strongest observed IRPD band at 1633 cm−1 to be
dominated by the benzylium-like isomer, NapCH+

2 .
However, we also observe a shoulder on the red
side of this band which we found to be centered
at 1603 cm−1 and that could be associated with the
NapC+

7 . We thus conclude that both stable isomers
are abundant.

In the case of C15H+
11, none of the observed bands

in the IRPD spectrum can be assigned clearly to
one isomer or the other. This is because both an-
harmonic IR spectra of AntCH+

2 and AntC+
7 de-

pict features in the same regions and these all seem
to overlap in the recorded IRPD spectrum. Even
the strong band at 1606 cm−1 has an anharmonic
fundamental band counterpart in the IR spectrum
of AntC+

7 (see Table S3 in the SM). Isomer mix-
ing is also present for the two bands on which
we performed saturation depletion measurements,
band (5) and (6) at 756 cm−1 and 1519 cm−1, re-
spectively. In this context, it is difficult to as-
sign the approximately 70 % abundance deduced for
both resonance bands. It is related to AntCH+

2 or
a mixture of AntCH+

2 and AntC+
7 , but in this case,

it means that we are missing one or several other
isomers at the level of 30 % abundance.

4. Discussion

4.1. Spectral assignment discussion

As discussed in Sect. 1, IRPD is expected to be
the technique of choice to probe a mixture of iso-
mers. In the case of C17H+

11, the recorded IRPD
spectrum can be explained by a largely dominant
contribution of the PyrCH+

2 isomer. In the case of
the acene-derived species, the spectra exhibit more
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Figure 4: Experimental IRPD spectrum of the Ne-tagged C17H
+
11 (top) compared to the calculated anharmonic IR spectra

of the two considered isomers, PyrCH+
2 (middle), and PyrC+

7 (bottom) as computed using B3LYP/def2TZVPP. The cyan
spectrum in the top panel corresponds to the synthetic spectrum that was generated from the two anharmonic spectra using
the abundance ratio 0.95:0.05, as determined in Sect. 3.2.

complexity, which indicates the contribution of sev-
eral isomers. On the basis of theoretical calcula-
tions, we could provide spectral evidence for XCH+

2

in both cases, and evidence for XC+
7 only in the case

of X = Nap (see Sect. 3.3). This led us to consider
other causes to account for the observed spectral
complexity.

One might question the effect of Ne tagging on
the spectra. To our knowledge no strong effect
on the spectra of aromatic molecules has been re-
ported. Some examples of calculated anharmonic
spectra of the Ne tagged species using the same
level of theory as for the bare ions are reported in
Figs. S6 – S9 in the SM. These calculations indi-
cate that there might be an effect of Ne tagging

especially in the case of XCH+
2 species in which the

Ne atom is preferentially found in the molecular
plane in interaction with the H atoms compared
with XC+

7 species for which the Ne atom is more
often found out-of the molecular plane in interac-
tion with the π electrons, which is a typical config-
uration for complexes of aromatic rings with rare
gases [42, 43]. In the absence of experimental data
on related reference systems, we cannot conclude on
the accuracy of these calculations. This limits our
ability to conclude on the presence of additional
bare isomers than those that can be identified by
specific spectral features.

A common spectral feature of our measurements
is the strongest band of the IRPD spectra whose
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Figure 5: Experimental IRPD spectrum of the Ne-tagged C11H
+
9 (top) compared to the calculated anharmonic IR spectra

of the two considered isomers, NapCH+
2 (middle), and NapC+

7 (bottom) as computed using B3LYP/def2TZVPP. The cyan
spectrum in the top panel corresponds to the synthetic spectrum that was generated from the two anharmonic spectra using
the abundance ratio 0.7:0.3, as determined in Sect. 3.2.

intensity-weighted band position is at 1622, 1633,
and 1606 cm−1 for C17H+

11, C11H+
9 , and C15H+

11,
respectively. We mainly attributed this band to
the benzylium-like isomer, based on the theoreti-
cal spectra, but also in line with the IRPD spec-
trum of the benzylium cation presented in Jusko
et al. [27]. These positions are found to be signif-
icantly blueshifted relative to the bare PAHs and
PAH+ [44]. This can be assigned to the pertur-
bation of the aromatic ring by the −CH2 group,
as mentioned similarly in the case of protonated
PAHs [45]. On the opposite, the aromaticity is
maintained in the case of the tropylium-like iso-
mers.

More detailed assignments based on the the-

oretical spectra of the non-tagged ions are pro-
vided in Tables S1 to S3 in the SM. As can be
noted in these tables, the bands in the 1150 −
1650 cm−1 region are due to concerted in-plane CH
bending (δCH) and CC stretching (νCC) modes,
named δCH + νCC hereafter. For the benzylium-
like isomers, the main component of the lowest-
energy δCH + νCC intense modes involves the δCH

of the −CH2 group. Its position is calculated
at 1582 cm−1 (6.32µm), 1569 cm−1 (6.37µm), and
1558 cm−1 (6.42µm) for PyrCH+

2 , NapCH+
2 , and

AntCH+
2 , respectively. The more delocalized and

intense δCH + νCC modes involve all the CH bonds
of the molecules and are shifted towards higher en-
ergy. They can be found at 1624 cm−1 (6.16µm),
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Figure 6: Experimental IRPD spectrum of the Ne-tagged C15H
+
11 (top) compared to the calculated anharmonic IR spectra

of the two considered isomers, AntCH+
2 (middle), and AntC+

7 (bottom) as computed using B3LYP/def2TZVPP. The cyan
spectrum in the top panel corresponds to the synthetic spectrum that was generated from the two anharmonic spectra using
the abundance ratio 0.7:0.3, as determined in Sect. 3.2.

1632 cm−1 (6.13µm), and 1625 cm−1 (6.15µm) in
the cases of PyrCH+

2 , NapCH+
2 , and AntCH+

2 , re-
spectively. Furthermore, some intense combination
bands, that involve in particular some modes as-
signed to the −CH2 group, are calculated above
1610 cm−1, i.e., 1623 cm−1 (6.16µm) in the case of
PyrCH+

2 , 1638 and 1647 cm−1 (6.11 and 6.07µm) in
the case of NapCH+

2 , and 1616 to 1634 cm−1 (6.19
to 6.12µm) in the case of AntCH+

2 . We note that
these combination bands tend to be too intense in
the calculations, which is a known problem of per-
turbative methods such as VPT2 [46]. A clear ex-
ample of this effect is seen in the case of PyrCH+

2

for which there is a strong combination band at
1580 cm−1 (see Table S1 in the SM), that has no

counterpart in the IRPD spectrum of C17H+
11. Still,

it is very likely that these combination bands pro-
vide a significant contribution to the total inten-
sities of the characteristic band of benzylium-like
species at around 1600 cm−1. The IRMPD spec-
trum of C17H+

11 was found to have no counterpart
for the most intense band observed at 1622 cm−1

in the IRPD spectrum [28]. If combination bands
are strongly involved, this might indeed account for
this observation.

4.2. Considerations on chemical pathways

West et al. [29] computed the energetic pro-
files for the H loss from cationic 1-methylpyrene,
PyrCH+

3 , leading to PyrCH+
2 and PyrC+

7 . They
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Table 1: Intensity-weighted band positions, ν̄exi , for each major band, i, observed in the IRPD spectra together with their
respective integrated intensity, Iexi , and bandwidth, σex

i , as determined by Eqs. (3) and (4). For comparison to the anharmonic

IR spectra, the corresponding values for the synthetic spectra, ν̄thi , Ithi , and σth
i , and the difference between experimental and

theoretical band positions, ∆ν̄i according to Eq. (5), are also reported (see text for details).

IRPD Spectrum B3LYP / def2TZVPP

C17H
+
11 0.95 PyrCH+

2 + 0.05 PyrC+
7

Interval ν̄ex
i [cm−1] Iexi σex

i [cm−1] ν̄th
i [cm−1] Ithi σth

i [cm−1] ∆ν̄i [cm
−1] Notes

[715− 730] 723 1.1 2.1 726 0.1 2.2 -3
[860− 880] 869 2.7 2.4 867 2.1 3.2 1

[1200− 1215] 1207 2.0 3.0 1209 1.6 3.4 -2
[1220− 1245] 1234 5.7 6.0 1234 7.5 6.0 0
[1295− 1320] 1310 3.5 5.5 1310 3.2 5.1 0
[1335− 1395] 1371 14.5 13.2 1358 8.7 12.3 12 Band (1)
[1400− 1425] 1412 4.7 5.2 1409 2.2 6.3 3
[1525− 1555] 1538 4.6 6.4 1541 1.9 8.8 -3
[1555− 1600] 1580 9.9 10.8 1580 26.3 6.9 1
[1600− 1655] 1622 17.0 10.9 1623 14.6 8.0 -1 Band (2)

C11H
+
9 0.7 NapCH+

2 + 0.3 NapC+
7

Interval ν̄ex
i [cm−1] Iexi σex

i [cm−1] ν̄th
i [cm−1] Ithi σth

i [cm−1] ∆ν̄i [cm
−1] Notes

[760− 780] 770 4.8 3.7 765 0.0 5.7 5
[780− 800] 791 3.0 4.1 795 3.1 2.1 -5 Band (3)
[800− 825] 816 4.1 3.6 809 1.9 5.4 7 Band (4)

[1230− 1255] 1243 7.0 5.8 1245 1.6 6.6 -2
[1270− 1295] 1281 5.9 6.2 1285 3.1 5.7 -4
[1325− 1345] 1336 5.3 4.4 1339 0.3 4.0 -3
[1365− 1385] 1376 9.3 4.8 1372 11.1 4.7 4
[1390− 1425] 1408 15.4 8.8 1403 10.9 8.2 5
[1430− 1445] 1437 4.7 3.6 1434 2.0 3.2 3
[1445− 1485] 1462 10.4 10.2 1466 15.2 8.6 -5
[1500− 1550] 1525 13.5 12.0 1523 10.7 10.3 1
[1585− 1615] 1603 11.7 7.1 1603 4.1 7.8 0
[1615− 1660] 1633 21.8 9.6 1638 71.5 9.2 -6

C15H
+
11 0.7 AntCH+

2 + 0.3 AntC+
7

Interval ν̄ex
i [cm−1] Iexi σex

i [cm−1] ν̄th
i [cm−1] Ithi σth

i [cm−1] ∆ν̄i [cm
−1] Notes

[745− 770] 758 7.3 5.1 754 4.9 5.5 4 Band (5)
[1160− 1210] 1189 17.7 12.8 1197 11.3 9.9 -8
[1210− 1250] 1230 10.5 10.1 1235 7.7 10.0 -5
[1265− 1310] 1285 10.4 10.3 1289 2.7 8.5 -3
[1325− 1460] 1393 63.7 37.1 1384 55.1 24.5 9
[1485− 1505] 1494 5.4 4.6 1495 10.0 6.3 -2
[1505− 1535] 1520 15.2 6.7 1520 15.7 9.1 0 Band (6)
[1535− 1570] 1551 9.4 8.4 1555 27.4 8.9 -4
[1575− 1640] 1606 29.1 13.7 1614 58.9 13.5 -8
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found that the transition state (TS) of the rate de-
termining step leading to the formation of PyrC+

7

was 0.66 eV higher than the threshold for dissocia-
tion to PyrCH+

2 [29]. In the present work, we con-
sidered similar mechanisms for the H loss for the
three PAHs (see Fig. 7). They consist in -(i)- direct
loss of H, for which we found no barrier on the dou-
ble spin state surface leading to the benzylium-like
isomer and -(ii)- a mechanism consisting of several
steps inspired by West et al. [29] for the formation of
the tropylium-like isomer. The first step is an H mi-
gration from the methyl group toward the closest C
atom, followed by the migration of a CH2 group to-
ward the adjacent C atoms to form a kind of three-
carbon ring. Finally, the C7 ring is formed, and the
H loss process leads to the tropylium-like isomer.
For this last step, a TS was obtained (confirmed
by IRC calculations) where the H atom leaves out-

of-plane of the PAH (see TS
( ,′,′′)
4−trop in Fig. 7). In

the case of 1-methylpyrene, we computed a simi-
lar TS as that published by West et al. [29] but
with the H atom leaving orthogonally to the PAH
plane. This TS was found 0.11 eV higher in energy
than PyrCH+

2 + H at the DFT level of theory, and
0.30 eV at the CCSD(T) level.

For acene species, we expect a lower isomeriza-
tion energy barrier leading to the tropylium-like iso-
mer due to less geometrical constraint as compared
to the pericondensed species. This is indeed illus-
trated by the calculated path presented in Fig. 7.
In the case of naphthalene, the energy of the high-
est energy transition state leading to NapC+

7 was
found 2.74 eV above NapCH+

3 , which is 0.15 eV be-
low the energy of NapCH+

2 + H at the B3LYP/6-
31G(d,p) level of theory, and 0.13 eV higher after
CCSD(T) single point calculations. This transition
state involves a C7 ring slightly distorted from pla-
narity (with an angle for the CC bond involving
the C atom that loses an H of 1.5 ◦ with respect
to the PAH plane). The CCC internal angles of
the C7 ring lie in the range of 125.9 to 128.5 ◦,
the smallest involving the common CC bond with
the C6 ring cycle. The transition state is less con-
strained than in the case of pyrene as the C7 ring is
only adjacent with one C6 cycle against two in the
case of pyrene. Similar results were obtained in the
case of anthracene as the highest energy TS lead-
ing to AntC+

7 was found 0.07 eV below the energy
of AntCH+

2 + H at the DFT level, and +0.17 eV
at the CCSD(T) level. Therefore, from a purely
energetic point of view, the formation of both

benzylium- and tropylium-like isomers are more fa-
vorable in the –H loss of 2-methylnaphthalene and
2-methylanthracene cations compared to the case
of the 1-methylpyrene cation. This could be con-
firmed in our measurements for the naphthalene-
derived species but not for the anthracene-derived
species due to the observed spectral complexity as
discussed in Sect. 4.1.

4.3. Astrophysical implications

Experiments under relevant astrophysical condi-
tions have shown that methylated PAH cations are
relatively easy to photodissociate but the formed
–H fragments are almost as stable as the non-
substituted parent species [23]. These species might
therefore contribute to the AIB spectra, which calls
for a better knowledge of their spectral signatures.

The most intense feature in our IRPD spectra
is located around 1620 cm−1 (6.17µm). Peeters
et al. [47] made a detailed study of this AIB fea-
ture from observations by the Infrared Space Ob-
servatory. They determined that, in the majority
of objects, the 6.2µm AIB peaks between 6.19 and
6.23µm (called class A feature). It appeared clearly
that this position is significantly blueshifted com-
pared to the corresponding band in the IR spec-
tra of bare PAHs [44, 48]. This led the authors
to propose polycyclic aromatic nitrogen heterocy-
cles (PANHs) as being the main carriers for this
band. Other proposed carriers based on DFT cal-
culations included PAH-metal ion complexes such
as [SiPAH]+ π-complexes [49].

Recent progress in the assignment of the AIB
at 6.2µm came with a number of experiments
on the IR spectroscopy of protonated PAHs using
IRPD [50, 51] and IRMPD spectroscopy [52, 53],
and more recently absorption spectroscopy in solid
para-hydrogen matrices [45, 54, 55]. At the cold
temperature of these matrices, bands are observed
in the 1620 cm−1 range, which is very comparable to
the values we obtained for XCH+

2 species in IRPD
spectroscopy. In the case of protonated ovalene,
the largest protonated PAH studied so far, Tsuge
et al. [45] pointed also to strong combination bands
at 1650 and 1643 cm−1 (6.06 and 6.09µm). These
could contribute to the satellite band observed on
the blue side of the 6.2µm AIB. All these exper-
iments point to protonated PAHs being attractive
candidates to account for the AIB spectra. Our
work shows that this is also the case of XCH+

2 . As
discussed in Sect. 4.1, this can be accounted for in
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Figure 7: Computed energy profile (doublet spin state surface) for the H loss from NapCH+
3 leading to NapCH+

2 and NapC+
7 .

The relative enthalpies at 0K of the intermediates are indicated in eV in parentheses. Both B3LYP/6-31G(d,p) and CCSD(T)/6-
311G(d,p)//B3LYP/6-31G(d,p) values are given, the latter in bold characters. The values for the intermediates of interest
for the pyrene- and anthracene-like isomers are also indicated. Additionally, the corresponding B3LYP/6-31G(d,p) optimized
geometries of the intermediates are reported for the NapCH+

3 case. For transition states (TS), the norm of the negative
wavenumber is indicated in square brackets.

both cases by the perturbation of the aromaticity
of the substituted/protonated 6-carbon ring.

We expect that the conditions in PDRs where
eVSGs of mixed aromatic and aliphatic composi-
tion interact with UV photons [8] are favorable for
the formation of XCH+

2 species. The latter can
be produced upon the absorption of one or two
UV photons starting from methylated or ethylated
PAHs. Jochims et al. [22] demonstrated that for
methylnaphthalene and methylanthracene, this can
happen upon the absorption of a single UV photon
of energy less than 13.6 eV. Marciniak et al. [23]
observed the formation of the –H fragment start-
ing from the parent cations for larger PAHs (up to
24 carbon atoms) using a single photon energy of
10.5 eV. This is not sufficient to derive a dissocia-
tion threshold but demonstrates that the two-step
process to form XCH+

2 is feasible as well.

5. Conclusions

We have performed IRPD spectroscopy in order
to characterize the species produced in the –H dis-
sociative ionization of methylated PAHs, as well as
their spectral signatures. The recorded IRPD spec-
tra show that the strongest band is located at about
1620 cm−1, which points to a dominant contribu-
tion of the benzylium-like isomer, XCH+

2 . From
depletion measurements, we concluded that at least
two isomers are present in significant fraction in the
case of acene-derived species, whereas essentially
one is present for the more compact PAH, C17H+

11.
A second expected isomer based on energetic con-
sideration is the tropylium-like isomer, XC+

7 . Its
presence in the acene-derived species but not in the
more compact pyrene-derived species could be pre-
dicted due to a lower isomerization energy barrier in
the formation of tropylium-like isomers with respect
to the energy necessary to form the benzylium-like
isomer. The relative abundances derived from sat-
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uration depletion measurements were used to gen-
erate a synthetic spectrum using theoretical anhar-
monic IR spectra of the two lowest-energy isomers,
XCH+

2 and XC+
7 . Direct spectral evidence for the

tropylium-like isomer was found only for the small-
est investigated species, NapC+

7 , with a maximum
relative abundance of approximately 40 % derived
from depletion measurements.

We found that the synthetic spectra were not
able to account for the full observed spectral com-
plexity, which is especially true in the case of the
acene-derived species. This suggests the presence
of additional isomers at higher energy compared to
XCH+

2 and XC+
7 . However, we could not reveal the

presence of additional isomers from spectral anal-
ysis. This is due to the lack of validation for the
calculated anharmonic spectra. The same applies
to elaborating on a possible contribution of Ne tag-
ging to the molecular complexity. Further investi-
gations are needed both from the theoretical and
experimental sides to conclude on this point.

From an astrophysical perspective, our study
suggests that XCH+

2 species are attractive candi-
dates to account for the 6.2µm AIB. It also shows
that a significant fraction of tropylium-like isomers
are not expected to be found in astrophysical envi-
ronments where methylated PAHs are submitted to
UV photons. These could only be formed at a max-
imum relative abundance of about 40 % for (small)
catacondensed PAHs. Further isomerization upon
UV irradiation is, however, not excluded which
could lead to a fraction of species of tropylium-
like isomers even for more compact PAHs. Indeed,
in their theoretical investigations, Rapacioli et al.
[25] found four pathways with barrier heights of
3.5 − 4 eV for the isomerization process between
PyrCH+

2 and PyrC+
7 . This barrier could be over-

come in astrophysical environments where PAHs
are continuously photoprocessed. However, this
possibility remains yet to be tested in the labora-
tory.
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