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ABSTRACT

In this work, we characterize - for the first time - in the gas phase infrared spectra of three isomeric
Polycyclic Aromatic Hydrocarbon (PAH) cations of C,4Hq4 composition that belong to distinctly different
symmetry groups (Cyu, Cs and C;). Mid-infrared (Mid-IR) spectra are recorded by means of infrared
multiple photon dissociation (IRMPD) spectroscopy at the free electron laser for infrared experiments
(FELIX) laboratory. The measured infrared (IR) band positions compare reasonably well with density
functional theory (DFT) calculated values. The number of IR active bands increases as the symmetry of
the molecule lowers. The IRMPD spectra of irregular PAHs are found to be dense and do not resemble
the sharp signatures typical of astronomical IR bands, but rather look like the broad plateau on which
these are perched. This lends credit to the GrandPAH hypothesis that suggests that small and irregular
PAHs are weeded out by the strong interstellar radiation field and only large regular PAHs remain.

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

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

1. Introduction

Interstellar IR emission bands observed at wavelengths of 3.3,
6.2,7.7,8.6 and 11.2 pm are seen towards a variety of astronomical
objects [1,2]. Photodissociation regions, planetary nebulae, reflec-
tion nebulae, and even entire galaxies are set aglow by the omni-
present IR emission features [3]. It has now widely been
accepted that the IR emission stems from large free-floating PAHs
(typically Nc > 50) that - after being excited by a (vacuum) ultra-
violet (UV) photon - relax back to the ground state by emitting a
cascade of mid-IR photons [4].

Schlemmer et al. [5] were the first to confirm that UV excitation
of PAHs is indeed the driving force for the appearance of the inter-
stellar IR bands. To achieve this, they conducted very sophisticated
laboratory measurements that allowed for sensitive frequency
resolved detection of the IR light emanating from laser excited
neutral PAHs. Based on IR emission measurements of a number
of small neutral PAHs, including a few methyl- and hetero atom
substituted species, Schlemmer and coworkers concluded that
small neutral PAHs can at most be minor contributors to the IR
emission bands and that large PAHs and PAH cations are likely
more relevant contributors [6,7]. They furthermore suggested that
experimentally obtained absorption spectroscopic data and DFT
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computed spectra can serve as a good starting point to simulate
interstellar PAH emission profiles. Indeed, since this pioneering
work, a large PAH IR spectroscopic database has emerged summa-
rizing results from both calculations and extensive experimental IR
studies of (large) PAHs and their cations either isolated in the gas
phase or embedded in a matrix [e.g. 8-14].

Further studies have revealed that the spectroscopic properties
as well as the dissociation characteristics of PAHs are highly
dependent on structure, size and particularly symmetry and edge
topology [14-19]. The more symmetric pericondenced PAHs may
be more photostable and exhibit bands that best resemble the
resolved class A and B type bands as classified by Peeters et al.
[20]. The irregular (catacondensed) PAH species, on the other hand,
are thought to be less photostable [15,16]. They furthermore do not
exhibit resolved IR bands that are condensed by degeneracy, but
more dense spectra with IR activity covering wavelengths corre-
sponding with the class C and D type spectra [14]. It has been sug-
gested that only the very symmetric and most photostable PAHs
can survive the harsh radiation conditions in many astronomical
environments and this would be in line with species giving rise
to the sharp and well-defined IR bands observed towards class A
and B type sources. The irregular and less symmetric PAHs, on
the other hand, can only survive in regions with much weaker
radiation fields and get photodepleted or converted into more
symmetric and stable species. This picture of photoprocessing of
PAHs to the most stable species is known as the GrandPAH hypoth-
esis [21].
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In this study, we present the IR spectroscopic investigation of
three structural isomers of C,4H;4 composition, namely dibenzo
[a,h]pyrene (DBPah, Cp, symmetry), di-benzo[a,e]pyrene (DBPae,
C, symmetry), and di-benzo[a,l|pyrene (DBPal, C; symmetry) (See
Fig. 1 for the chemical structures). These species are interesting
subjects for study as they are PAH species with the same elemental
composition, yet belonging to three different point groups. The lat-
ter is expected to have large bearings on both their IR spectroscopic
appearance and photostability, as will be discussed here. The
manuscript is organized as follows. The experimental technique
and computational method are described first, after which the
results are presented and discussed. Lastly, the data are put in light
of earlier findings by Schlemmer et al. [5] and (astronomically rel-
evant) conclusions are drawn.

2. Methods
2.1. Experimental

The experiments have been conducted on our instrument for
Photodynamics of PAHs (iPoP) connected to the free electron laser
for infrared experiments (FELIX) at Radboud University. The exper-
imental setup and the used methodology have been described in
much detail in previous publications [13,14,22,23] and a detailed
description of FELIX is also available from the literature [24]. In this
work, we only provide a description of the overall procedure and
the relevant details.

The experimental system consists of a Paul-type quadrupole ion
trap (QIT) that is connected to a reflectron time-of-flight (re-TOF)
mass spectrometer. The QIT is mounted inside of a high-vacuum
system that is pumped down by a turbomolecular pump to a
pressure lower than 10~ mbar. Helium is admitted to the ion trap
assembly through a leak valve resulting in a pressure of
5 x 107® mbar during operation of the ion trap. The addition of
helium to the ion trap helps to reduce the size of the ion cloud,
resulting in a better mass resolution, and increases the ionization
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Fig. 1. Molecular structures of the three C;4H,4 dibenzopyrene isomers discussed in
this work listed together with their abbreviated names, their point groups and the
relative energies calculated at the B3LYP/6-311++G** level.
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efficiency of the PAH species under investigation. The re-TOF tube
is pumped by a separate turbopump resulting in a pressure better

than 10~ mbar while helium is being admitted to the ion trap.

The three dibenzopyrene samples are used as commercially
available from Chiron (DBPah 99,8%, DBPae 99,5%, and DBPal
99,5%). The species of interest is placed in a ceramic oven that is
temperature controlled by means of a K-type thermocouple and
a PID controller. The oven is situated in the main vacuum chamber
just outside of the QIT assembly at the repeller side of the QIT. The
dibenzopyrene isomer is evaporated very gently at a temperature
of about 135 °C and subsequently ionized by collisions with
80 eV electrons that are emitted from the hot filament of an elec-
tron gun that is placed next to the oven’s exit. The formed PAH
cations are steered into the ion trap through a hole in the back of
the repeller endcap of the QIT by means of a set of three electro-
static lenses. Ions are only admitted into the ion trap for a fill time
set to 1.2 s. After the fill time has passed, the ion gate is set high
and ions are deflected, thereby prohibiting them from entering
the trap. Once in the QIT, the ions are trapped in the radiofre-
quency (1 MHz) field of 2200 V,p_.0p that is applied to the ring elec-
trode of the QIT. The ions are subsequently isolated by applying a
140 ms long Stored Waveform Inverse Fourier Transform (SWIFT)
pulse composed following the method described by Doroshenko
and Cotter [25]. The SWIFT pulse filters out all fragment ions
formed by electron ionization as well as other contaminants, while
retaining the m/z = 302 ions that correspond to the PAH cation of
interest. In order to rule out any isomeric pollution, the isomers are
measured sequentially and the oven was cleaned and baked out at
a temperature exceeding 250 °C prior to measuring a new species.

Next, the mass-filtered ions are exposed to the intense IR radi-
ation emitted from FELIX. The IR light is focused onto the ion cloud
by a concave gold mirror that is placed in a nitrogen-purged box
outside of the experimental chamber. The IR laser light enters
the experimental system through a KBr window that acts as the
vacuum seal. The radiation from FELIX is tuned over the 600-
1800 cm~! wavenumber range and has pulse intensities that reach
around 180 m] per pulse at its peak power. FELIX is operated at a
repetition rate of 10 Hz and each emitted macropulse is about
8 us long and consists of a train of micropulses. The ion cloud is
exposed to two IR macropulses and the ions in the trap get effi-
ciently dissociated when resonantly excited. In the range from
1100 to 1700 cm™! the parent DBPah and DBPal ions are found
to dissociate fully upon being exposed to two laser pulses and
therefore scans are also performed with a single IR laser pulse
and the laser power attenuated by 3 dB. The spectrum of the DBPae
cation has only been measured at an attenuation of 5 dB to stay
well away from saturation of absorption bands.

The remaining parent ion as well as fragment ions that form
after being exposed to mid-IR radiation are ejected out of the QIT
and into the re-TOF mass spectrometer. lons are detected onto a
Z-gap configuration microchannel plate detector and the signal is
recorded using a time-binning data acquisition card. The frequency
is scanned from 1800 to 600 cm~! in steps of 3 cm~! and two mass
spectra are averaged to give a measurement at each laser fre-
quency. The spectrum is constructed from the dissociation yield
as a function of wavenumber as is described in Section 3.2. FELIX
provides radiation with a bandwidth of approximately ~ 5 cm~'.
However, the IRMPD method inherently results in absorption
bands that are broadened, resulting in a typical Full-Width-at-
Half-Maximum (FWHM) of ~ 30 cm~'.

2.2. Computational

DFT is employed to compute vibrational normal modes of the
three studied PAH cations and to this end, we use the Gaussian16



J. Bouwman, H. Linnartz and Alexander G.G.M. Tielens

quantum chemical software package [26]. Molecular structures are
optimized at the B3LYP/ 6-311++G** level of theory and the result-
ing vibrational normal modes are energy scaled by applying a uni-
form scaling factor of 0.965 [27]. The resulting stick spectrum is
subsequently convolved with a Gaussian shape with a FWHM of
30 cm! to allow for comparison with the experimental data.

3. Results and discussion

The mid-IR spectra of the three DBP isomers have been investi-
gated by means of IRMPD spectroscopy. First the mass spectromet-
ric results are presented, followed by IR spectra that are
constructed from the wavelength-dependent mass spectra.

3.1. Mass spectrometry

Fig. 2 shows the resulting mass spectra for the three DBP iso-
mers. From the top spectra (shown in black) it is clear that the
SWIFT method cleanly isolates the parent ion and only very small
leftover contributions of fragment ions that form upon dissociative
electron ionization are apparent. Isomerization of the DBP species
upon electron ionization cannot be fully ruled out, but is expected
to play a minor role. Molecules with sufficient energy to overcome
typical barriers for isomerization are expected to dissociate rather
than to equilibrate elsewhere on the potential energy surface. This
is in line with previous work on naphthalene by Solano and Mayer
[28], who showed that the energy barrier for isomerization is close
to the energy required for dissociation via H loss or C;H, loss.
Moreover, a full kinetic treatment led them to conclude that iso-
merization and subsequent stabilization of the isomer is unlikely.

The trapped and isolated DBP parent ions are subsequently
exposed to the focused radiation from the free electron laser. Dis-
sociation is induced when the frequency of the IR radiation is
tuned into resonance with a vibrational normal mode of the molec-
ular ion. This is apparent from the mass spectra that have been
recorded after the ions were excited, as can be seen in the bottom
panels of Fig. 2. These mass spectra have been extracted for each of
the isomers at a frequency that corresponds to the maximum dis-
sociation of the parent ion. A train of mass peaks is visible that cor-
responds to the successive loss of hydrogen atoms with a very
distinct pattern that points to the loss of an even number of hydro-
gen atoms being dominant, as is commonly observed in the pho-
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todissociation of PAHs [29]. In some cases, particularly for the
DBPah and DBPae isomer, signals corresponding to the loss of C,
or C;H, are also apparent. The parent ion is still clearly visible,
indicating that the signal does not saturate. In this work, the disso-
ciation signals are used for recording the IR action spectra only (see
next section). The underlying dissociation characteristics of the
three isomers will be subject of a future study.

3.2. Mid-IR spectroscopy

Mid-IR action spectra of the three DBP isomers are extracted
from the TOF mass spectra recorded as a function of laser wave-
length. To this end, the IRMPD fragment yield (%) is determined
from the mass spectra for each of the IR excitation wavelengths
according to:

Jfrag

~ (fpar + [frag)’ M

n
where frag and par indicate the fragment and parent ion signals,
respectively. The integrated values of the parent and dissociation
fragment ion signals are retrieved from a Pearson IV fitting proce-
dure applied to the TOF signals as observed in Fig. 2. Subsequently,
the fragment yield at each IR frequency is corrected for the fre-
quency dependent power emanating from the free electron laser,
resulting in the spectra observed in Fig. 3. The top and bottom pan-
nel of this figure contain both the spectrum recorded without laser
power attenuation (0 dB, shown in black) as well as the spectrum
recorded at 3 dB attenuation (dark gray). The middle pannel dis-
plays the spectrum recorded at 5 dB laser attenuation. The com-
puted spectra are shown in blue for comparison.

The resulting IR spectra of all three species exhibit resolved and
isolated vibrational modes in the 600-1000 cm~! range and a ser-
ies of vibrational bands stretching 1100-1650 cm~'. All DBP iso-
mers exhibit strong IR activity in this range and this becomes
even more clear when looking at the DFT computed vibrational
normal modes that are also displayed in Fig. 3. The vibrational
modes are scaled by a uniform scaling factor of 0.965 and dis-
played as sticks. The spectral profile that results from convolving
the stick spectrum with a Gaussian profile with a FWHM of
30 cm! is also shown. Although the experimental bands above
1100 cm™! appear to be rather unresolved, a comparison of the
measured IR spectrum with the computed IR spectrum clearly
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Fig. 2. Mass spectra of the three DBP isomers after non-resonant IR excitation (top) and after resonant excitation (bottom). Resonant excitations are performed at a frequency
corresponding to the maximum absorption and using significant attenuation of the laser power (see labels) to ensure that the parent signal is not fully depleted.
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Fig. 3. IR spectra of the three DBP isomers as constructed from their IR frequency
dependent dissociation mass spectra. The spectra recorded using unattenuated
(black) as well as 3 dB attenuated (grey) laser radiation are shown in the top and
bottom panel. The spectrum in the middle panel has been obtained at an
attenuation of 5 dB. The sticks and line shown in blue represent the computed
vibrational normal modes and the spectrum resulting from a convolution of these
with a 30 cm~! broad Gaussian profile, respectively.

shows that many bands are quite well reproduced in terms of their
peak position. In terms of intensity, however, there is a clear mis-
match between the experimental and computed spectra as is com-
monly observed for IRMPD spectra.

Gaussian line profile fits were made to the experimental data to
allow for further comparison between the experimental and com-
putational bands. Peak positions and integrated intensities were
left as free parameters and an upper limit of 30 cm~' was given
to the FWHM to match the experimental data. Prior to starting
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Table 1

DBPah: Experimentally measured band positions for DBPah shown together with the
computed IR intensity, symmetry label and difference between experimental and
computed band position.

Experimental Calculated?,”
Pos. Pos. Int. Sym. Apos.
(cm™1) (cm-1) (km/mol) cm-!
747 745 121 A 2
900 888 43 A, 12
1166 1164 184 B, 2
1199
1238 1235 20 B, 4
1278 1279 24 B, -1
1317 1320 543 By -3
1357 1338 52 By 19
1401 1401 69 Ag 0
1438 1431 27 B, 8
1476 1468 161 By 8
1511 1506 47 B, 5
.. 1529 131 Ag .
1547 1533 227 B, 14
1584 1572 98 B, 13

¢ The computed band positions are scaled with a factor of 0.965 to account for
anharmonicities.
® Only modes with intensities > 20 km/mol are listed.

Table 2

DBPae: Experimentally measured band positions for DBPae shown together with the
computed IR intensity, symmetry label and difference between experimental and
computed band position.

Experimental Calculated®,”

Pos. Pos. Int. Sym. Apos
(cm™1) (cm™1) (km/mol) cm!
746 746 126 A 0

.. 818 41 A
1150 1138 32 A 11
1193 1187 63 A 6
.. 1199 23 A
1225 1211 59 A 15
1257 1241 136 A 16
1287 1281 38 A 6
1313 1300 68 A 13
1305 46 A
1321 195 A
.. 1328 26 A
1342 1335 115 A 7
1371 1350 73 A 21
1400 1382 27 A 17
1432
1464 . .. ...
1500 1483 74 A 17
.. 1496 38 A
1539 1529 101 A 10
1534 99 A
.. 1541 28 A
1573 1562 95 A 11
1571 59 A

2 The computed band positions are scaled with a factor of 0.965 to account for
anharmonicities.
> Only modes with intensities > 20 km/mol are listed.

the fit procedure, peaks were defined manually at positions where
a clear peak or wing was observed in the experimental spectrum,
i.e. fully unbiased by the computed positions of the vibrational
bands. The resulting global fit and individual Gaussian profiles
are shown in Appendix A of this manuscript.

The peak positions resulting from the Gaussian fits are summa-
rized in Tables 1-3. Also shown in these tables are the positions of
the DFT computed vibrational bands scaled to account for anhar-
monicities, the intensity of the band, and the symmetry of the
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Table 3
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DBPal: Experimentally measured band positions for DBPal shown together with the computed IR intensity, symmetry label and difference between experimental and computed

band position.

Experimental Calculated?,”

Pos. Pos. Int. Sym. Apos.
(cm1) (cm1) (km/mol) cm-!
751 739 39 A 11
768 763 57 A 5
837 816 21 A 21
911
1151 1137 21 A 14
1183 1171 38 A 12
1218 1231 178 A -13
1248 1248 27 A 1
1279 1269 25 A 10

1290 54 A
1308 1309 54 A -1
1317 76 A
1326 20 A
1335 1329 106 A 6
1366 1361 41 A 4
1382 37 A
1397 1390 43 A 7
1428
1456 1459 91 A -3
1482 1471 25 A 11
1509 1525 77 A -16
1533 1533 39 A 0
1543 18 A
1566 1557 107 A 9
1569 46 A
1596 1583 49 A 13

¢ The computed band positions are scaled with a factor of 0.965 to account for anharmonicities.

> Only modes with intensities > 20 km/mol are listed.

mode. Only theoretical band positions with calculated IR intensi-
ties exceeding 20 km/mol are listed in the tables. It is interesting
to note here that the DBPal isomer is in fact a chiral molecule,
but that this is obviously not reflected in the IR spectra, where
no distinction between the two stereo isomers can be made.

The experimentally measured (fitted) band positions are
matched in the table to the computed band that lies closest in fre-
quency. The last column of the table displays the difference
between the experimental (fitted) band position and the computed
(scaled) value. Generally, there is a reasonable match between the
computed and fitted band positions and only in a few cases the
shift between the fit and the computed band is larger than
15 cm~'. The peak positions for the DBPae isomer show the largest
deviations, which is caused by the fairly unstructured spectrum
that made it hard to find initial fit parameters. For all isomers, a
few of the detected experimental bands do not have a correspond-
ing computed band. This is caused by the fact that small computed
bands with low intensities (i.e. not listed in the table) add up to
give an observable experimental band. Other effects such as the
non-linear laser power response of IRMPD may also cause some
bands to show up stronger than predicted by computations. In a
few other cases, computed bands with significant intensity have
no experimental counterpart. This is a result of the applied
methodology where fit parameters were selected by an unbiased
visual inspection of the experimental data, rather than guided by
the computed peak positions.

4. Conclusion

The work presented here connects beautifully to the sophisti-
cated pioneering studies performed by Schlemmer et al. [5], who
were the first to report laboratory measured IR bands emitted from

Intensity / a.u.

800 1000 1200 1400
Wavenumber / cm™!

1600

1800

Fig. 4. The Class A type IR emission spectrum as seen towards IRAS 23133+6050
from ISO/SWS [30,31] calibrated by Sloan et al. [32] (in red) compared with the
simulated IR spectra of the three isomeric PAH species discussed in this work (in
blue). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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hot UV excited neutral PAHs. From this study, they concluded that
the IR bands are likely caused by larger PAHs and PAH cations and
that small PAHs do not contribute significantly. The mass spectro-
metric data hint to small and irregular molecules being highly sus-
ceptible to decomposition by breaking down the carbon skeleton,
as is apparent from the ease with which these molecules dissoci-
ated in our experiments and the high laser attenuation needed to
not fully dissociate our parent cations. This is very different from
pericondensed PAHs, for example the C,4H;, molecule coronene,
that has a comparable size and appears to be much more resilient
to breaking down of the carbon backbone [19].
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Fig. 5. IR spectra of the three DBP isomers (black) shown together with the multi
component Gaussian fit (blue) as well as the individual Gaussian components (red).

(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Our findings further show that the IR spectra of the lower sym-
metry PAHs of C;4H,4 composition, i.e. the species with the highest
relative energy (see Fig. 1), exhibit denser IR spectra that do not
match the typical isolated and well-defined IR emission bands seen
towards many interstellar objects. This is exemplified in Fig. 4,
where the class A type IR emission spectrum observed towards
the photodissociation region associated with IRAS 23133 + 6050
[30,31] is compared with the computed and convolved IR (absorp-
tion) spectra of our three studied DBP isomers. From this compar-
ison it is clear that, although the absolute positions of the bands do
not match, the appearance of isolated bands in the observational
data matches best with the DBP isomer of highest symmetry. The
molecules with lower symmetry, on the other hand, have
enhanced IR activity that contradicts the observational data.
Hence, this work lends credit to the GrandPAH hypothesis that
suggests that small and irregular PAHs are more efficiently pho-
todissociated in heavily irradiated regions in space, leaving behind
only a subset of remaining chemically stable and highly symmetric
molecules that give rise to the sharp IR emission features.
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Appendix A

The results of the Gaussian fit procedure are presented in Fig. 5.
These fits are made by initially selecting peak positions in an unbi-
ased manner and subsequently allowing for free fitting of the mea-
sured spectra. Only the upper limit of the Gaussian profiles FWHM
was restricted and set to 30 cm~! to resemble the experimental
data. Individual Gaussian profiles are shown in red, while the over-
all fit to the experimental data is shown in blue.
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