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Exploring the Scaling Factors for Infrared Modes of PANHs

— A Case Study on Cationic 3-Azafluoranthene** and
Protonated 3-Azafluoranthene**

Domenik Schleier,*™® Jerry Kamer,” Jonathan Martens,”” Giel Berden,” Jos Oomens,

Jordy Bouwman* "9

Infrared (IR) emission bands by interstellar polycyclic aromatic
hydrocarbons (PAHs) and polycyclic aromatic nitrogen hetero-
cycles (PANHs) are observed towards a large variety of
interstellar objects and offer detailed insights into the chemistry
and physics of the interstellar medium. The analysis of the
emission bands, and thus the interpretation of the molecular
characteristics of the carriers, heavily relies on the use of density
functional theory (DFT) calculated IR spectra. However, there
are significant challenges in accurately predicting the exper-
imental IR band positions, particularly for PANH emission
vibrational modes around 6 pm. In this work, we present gas-
phase mid-infrared (mid-IR) spectra of cationic 3-azafluoran-
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thene (3AF**) and protonated 3-azafluoranthene (3AFH™) to
investigate their experimental IR band positions in relation to
DFT calculated bands. The experimental spectra are compared
to DFT simulated spectra, where different approaches were
followed to correct for anharmonicities. The best agreement is
achieved by scaling frequencies of modes with large nitrogen
displacements with a different factor. Even though our findings
might be limited to a small number of PANH structures, they
indicate, that nitrogen atom incorporation needs to be
accounted for by carefully adjusting the corresponding scaling
factors while computing IR spectra of PANHs on DFT level.

Introduction

Emission bands occurring at 3.3, 6.2, 7.7, 8.6, 11.2, 12.7, and
16.4 um are observed towards a large variety of interstellar
objects, ranging from reflection nebulae, HIl regions, and young
stellar objects. It is generally accepted that these mid-infrared
(mid-IR) emission bands are caused by large interstellar
polycyclic aromatic hydrocarbon (PAH) molecules that are
excited by the interstellar radiation field and subsequently
cascade down to the ground state by emitting their character-
istic mid-IR radiation.”™ Large PAHs with more than 50 carbon
atoms are more photostable than small PAHs and exhibit a
better spectral match to the observed interstellar features, but
their emissions at around 6.2 um are consistently redshifted
with respect to the observational data.” The incorporation of
nitrogen atoms into the PAHs honeycomb structure was
proposed as a possible explanation for the spectral
mismatch.®” N-bearing PAH molecules, commonly referred to
as polycyclic aromatic nitrogen heterocycles (PANHs), are
predicted to have emissions that are shifted towards the
observed interstellar bands.®” Knowledge on the exact band
positions of vibrational bands in IR spectra is important for
determining the PAH/PANH ratio and the size distributions of
PA(N)Hs from observational data.”

Experimental studies help benchmark computational results
that are in turn used to model the IR emission bands. In almost
every study, scaling factors are used to improve the agreement
between computed harmonic vibrational frequencies and
experimentally observed band positions. These scaling factors
may subsequently be used to predict spectra of large PAH and
PANH structures that are currently not accessible experimen-

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH


http://orcid.org/0000-0002-5002-265X
http://orcid.org/0000-0001-5326-4251
http://orcid.org/0000-0001-9537-4117
http://orcid.org/0000-0003-1500-922X
http://orcid.org/0000-0002-2717-1278
http://orcid.org/0000-0002-3615-1703
https://doi.org/10.1002/cphc.202300915
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcphc.202300915&domain=pdf&date_stamp=2024-06-28

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemPhysChem doi.org/10.1002/cphc.202300915

tally. Scaling factors have previously been optimized for PAHs,
but so far, the influence of the nitrogen atom on these scaling
factors has largely been neglected. Mattioda etal® used a
frequency dependent scaling approach, but especially in
between 1400 and 1550 cm™, errors appear to be larger. Others
used separate scaling factors for different normal modes,
especially the ones involving nitrogen, which seemed to
improve the agreement between experiment and theory.”

To date, very few PA(N)Hs containing five-membered rings
have been studied by mid-IR spectroscopy.'®"” However, the
detection of fullerenes in the interstellar medium suggests the
presence of five-membered rings in PAHs."®"® Furthermore, the
analysis of the 9.3 um IR emission bands using the NASA Ames
PAH IR spectroscopic database suggested that up to a few % of
the aromatic molecules may contain a pentagonal structure.'”

Fluoranthene is one of the smallest PAH frameworks
containing a five-membered ring that connects two aromatic
structures and its cation has troubled experimentalists and
theoreticians in the past. The first experimental mid-IR spectra
of the fluoranthene cation were recorded by Hudgins et al."¥ in
a matrix isolation study, and by Oomens etal"? in the gas
phase. Both spectra suffered from low signal to noise due to
fluoranthenes inherently low IR absorption cross section. A
theoretical investigation using density functional theory (DFT)
showed huge errors with respect to the experimental data,
which was attributed to the mixing of two low-lying electronic
states."” This resulted in a complete breakdown of hybrid
exchange functionals and the best match between experiment
and theory is found for a lower-level generalized gradient
approximation (GGA). Ultimately, errors of up to 60 cm™" are
noticed when compared to the experimental spectrum, high-
lighting the defects in this approach.

To improve on our understanding of the mid-IR spectro-
scopy of the fluoranthene framework and to study the effect of
nitrogen incorporation into PAHs, we synthesized 3-azafluoran-
thene (3AF**, m/z 203, see Figure 1 for a schematic molecular
structure). We briefly discuss the dissociation pathways upon IR
irradiation and subsequently present the mid-IR action spectra
of both its radical cation and protonated 3-azafluranthene
(3AFH", m/z 204) recorded in the gas phase using infrared
multiple-photon dissociation (IRMPD) spectroscopy. The exper-
imental spectra are supported by simulations at the DFT level of
theory, identifying the respective vibrations. We show that a
uniform approach to vibrational frequency scaling vyields
unsatisfactory agreement between experiment and theory,
especially for modes involving the nitrogen atom. We further
demonstrate that a central feature of pentagon-containing
PAHs, the absorption near 1100 cm™, is also present in PANHs.
Lastly, we discuss the influence of nitrogen incorporation and
condensation pattern on the mid IR spectra in the context of
astronomical observations.

Results and Discussion

The mass spectra of the parent ions and those resulting from
the IRMPD of 3AF** and 3AFH™ are presented first and the
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Figure 1. Mass spectra of 3AF** and 3AFH" without being exposed to
resonant IR radiation (top) and after being exposed to resonant IR radiation
(bottom). The photon energy was 1476 cm ™' and 1580 cm™' for 3AF** and
3AFH?, respectively.

possible origin of the IR induced dissociation fragments is
discussed. Next, these mass spectra are used to construct the
IRMPD spectra that are presented and analyzed by comparing
them with simulated IR spectra.

Mass Spectrometry

The species were introduced in the ion trap and Figure 1 shows
mass spectra obtained upon resonant IR radiation of the
isolated precursor ions over the most intense IR bands resulting
in partial dissociation. The dissociation products and their
potential origin are discussed in the following sections.

3AF**t Mass Spectrometry

Upon dissociating the ions with resonant infrared radiation,
3AF*" exhibits multiple fragment ions that are much less
intense than the remaining 3AF*" precursor ion peak under our
experimental conditions. Next to the parent ion, two small
peaks are visible at m/z 202 and 201, corresponding to the loss
of a single hydrogen, [3AF-H]", and the loss of molecular
hydrogen, [3AF—H,]**, from the parent, respectively. The latter
is a common dissociation channel for PAHs and PANHs and is
usually among their initial decomposition steps.”>#? The loss of
a single hydrogen atom is uncommon for large PAHs,"®? but
was found to be one of the lowest lying dissociation channels
in dissociative photoionization (DPI) studies of the small PANH
species quinoline and isoquinoline.?® The H-atom losses in the
latter two molecules occur predominantly from the carbon
adjacent to the nitrogen atom, as this hydrogen is most weakly
bound.

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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IRMPD induced signals for 3AF** are also observed at m/
z177 and 176, corresponding to the loss of 26 and 27 amu
from the parent ion, respectively. The latter could constitute
HCN-loss, which was observed for quinoline and isoquinoline
with barriers slightly lower than those for H-loss.”” In our mass
spectra, the loss of a neutral fragment of 26 amu could either
correspond to the elimination of CN*® or the loss of an acetylene
(C,H,) unit. Based on the dissociation mechanisms in cationic
quinoline and isoquinoline the former is less likely, as it would
require that the weakest bound hydrogen to be retained in the
molecule upon fragmentation. It is more likely that 3AF**
expels C,H,, which is commonly observed in the dissociation of
catacondensed PAHs.***?% |ess intense signals are observed at
m/z 150 and 152, corresponding to a loss of a neutral fragment
of 53 and 51 amu, respectively. The larger intensity of m/z 152
compared to the peak at m/z 150 is surprising as it cannot be
explained by a combination of C,H,, HCN or H, losses. It could
potentially originate from the loss of a single HC;N fragment,
whereas the weaker m/z 150 is in agreement with a combined
HCN + C,H, loss from 3AF**,

Some intensity is also noted for ions with a m/z value larger
than the parent ion peak, and, interestingly, this signal only
arises upon IR irradiation of the ion cloud. In the 3AF** case the
signal at m/z 220 corresponds to the addition of 17 amu to the
parent ion mass. If 3AF** is directly involved in its formation,
the reaction should be independent of IR irradiation. Yet, even
after retaining the isolated m/z 203 ion in the ion trap for up to
one second without irradiation the composition in the trap
remains unchanged, indicating that the reactivity of the 3AF*™
radical cation is too low, which has been observed before for
PANHs.?" It is likely that the ion at m/z 220 is formed from the
reaction of [3AF-H]* (generated by IR dissociation of 3AF*Y)
with water, which is present as a background gas in the ion
trap, to form a species of C;sH;,NO composition. The [3AF—H]"
formed upon irradiation with IR can be described as a cationic
o-heteroaryne, which are known to be extremely reactive and
can react efficiently with several closed-shell molecules.”® As a
second option, albeit less likely, m/z 220 could result from the
IR excitation of water and a subsequent reaction with the
parent 3AF** under hydrogen atom elimination.

3AFH* Mass Spectrometry

The IR induced fragmentation of 3AFH™ is shown in Figure 1
and exhibits some differences with respect to that of 3AF*".
The most intense peak in the mass spectrum formed upon IR
irradiation of the ion cloud is found at m/z 176. There are two
possible neutral loss fragments that could explain the formation
of this ion, namely CH,N and C,H, which cannot be
distinguished in our experiment. Hydrogen elimination from
protonated PA(N)Hs has been observed previously™ and are
also visible in Figure 1 from m/z 203 to 201 and decrease in
intensity with decreasing mass.

3AFH™ also exhibits signals at higher masses with respect
to the parent ion. In 3AFH* the signal at m/z 220 is significantly
reduced with respect to 3AF*", which can only be consistent
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with a lower propensity in 3AFH® to lose H, and form
[BAF—H]*. For 3AFH", a signal is also detected at m/z 225,
which is caused by an impurity in the trap that could not be
filtered out. To confirm this, we integrated the peaks in this
area with and without IR radiation. In both situations we obtain
the same peak area, showing that no additional fragments are
created.

IR Spectroscopy

Mass spectra such as those displayed in Figure 1 were recorded
in steps of 5cm™' between 1000 cm™" and 1700 cm™' for 3AF**
and between 900 cm™' and 1700 cm™' for 3AFH™. Since we
expect the largest deviation from the harmonic behavior to be
present in the C—N—C stretch modes, we focus only on this
wavelength region.*”

3AF** IR Spectroscopy

The resulting IRMPD spectrum of 3AF** is displayed together
with its simulated IR spectrum in Figure 2. A complete list of
identified vibrations including their assigned characters is
provided in Table 1. The experimental and simulated spectra
show discrepancies in intensity, especially in the region
between 1400 cm™' and 1600 cm™'. These mismatches can be
attributed to the non-linear nature of the IRMPD experiment
and have been observed in many studies in the past.l'02'25263

To investigate the effect of nitrogen incorporation on the
mid-IR spectrum, we need to identify individual vibrations and
their spectral positions, which can be best done by comparing
the experimental spectrum to simulations. First, we use a single
uniform scaling factor of 0.9652 for our simulation, a value

wavelength / ym
10 95 9 85 8 75 7 6.5 6

f-HHH--H f f } f f f
stick spectrum

convolution

—— experiment

—— stick spectrum
—— convolution
experiment

Signal Intensity [arb. u.]

L l|4 sl J,I *||i\

T T T T T T T
1000 1100 1200 1300 1400 1500 1600 1700
wavenumber /cm’

Figure 2. Gas phase IRMPD spectrum of the 3AF** radical cation. The
simulation on uB3LYP/GTBas3 level was scaled uniformly by a factor of
0.9652 (top) and 0.971 (bottom).
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Table 1. Experimental and calculated (uB3LYP/GTBas3) vibrational modes
for 3AF** and their corresponding character. The computed vibrational
energies (in wavenumbers) have been uniformly scaled by 0.9652 and
0.971. Only vibrations with computed intensities of >18 kmmol™" are
provided and all listed modes are of A’ symmetry. Character notation: 3
represents CH in-plane bending, R and p are CC and CN stretching modes,
respectively.

v (exp.)/ 7 (calc)/cm™ Intensity/ Character
cm™’ kmmol™

0.9652 0.971
1034 1021 1027 42 B
1063 1065 1071 119 B

1129 1136 33 s
1137

1120 1127 18 B
1201 1197 1204 54 B+R
1231 1222 1230 41 B
1276 1268 1276 35 B
1320 1313 1321 21 B
1400 1381 1390 28 B
1439 1424 1433 57 B
1473 1462 1472 224 p+R

1517 1527 18 R+p
1536

1550 1560 120 R+p
1563 1578 1587 46 R+p
1593 1590 1599 52 R

often applied to scale computed spectra of PA(N)Hs to allow for
a comparison with experimental data.®" Figure 2 compares the
experimental spectrum of 3AF** to such a uniformly scaled
simulation. In the top trace, the agreement between the two is
decent, but the scaled vibrational frequencies are consistently
red-shifted relative to the experiment. This is especially
pronounced between 1000 cm™ and 1500 cm™', where some
experimental peaks align with minima in the simulation. Since
scaling factors are an empirical construct, small deviations from
the recommended values are possible. By raising the scaling
factor to 0.971 (bottom trace) the agreement between simu-
lation and experiment is maximized, lowering the root-mean-
square (rms) deviation of the peak positions from 6.1 cm™ (for
0.9652) to 2.7 cm™' (for 0.971).

Yet, in the 1500 cm™ to 1600 cm™' region this larger scaling
factor leads to a worse agreement. In particular the experimen-
tal peak centered around 1536 cm™' now matches better with a
low intensity transition. Even though IRMPD can cause changes
in the spectral appearance due to its nonlinear nature,
attributions resulting in such a large discrepancy should be
critically evaluated. Consequently, using a uniform scaling
factor, even in a relatively small energy region, can lead to
ambiguities and exacerbate agreements between experiment
and simulation.

In order to resolve this issue, we applied the established
wavenumber-dependent scaling factors that were recently
optimized for the B3LYP functional and various basis sets.*?
This approach is used as a gold standard in the NASA AMES
PAH database and has been used in many computational

ChemPhysChem 2024, 25, e202300915 (4 of 10)

studies in the past”*¥ In addition to the basis set we also
computed the IR spectrum using the 6-31G(d) basis set, which
has been extensively used in the past. Bauschlicher et al.*?
separated the scaling factors in three energy regions
<111 em™, 1M1 em™' <9¥<2500cm™, and ¥>2500 cm™),
to allow for more flexibility when accounting for anharmonicity
of different modes like C—H stretch, stretch and C—H in- or out-
of-plane bending. Simply adapting this approach would be
trivial, since our investigated region aligns almost entirely with
the second energy region, and thus does not improve the
situation between 1500 cm™ to 1600 cm™'. Consequently, we
decided to split the region from 1111 cm™' to 2500 cm™’, at
1550 cm™'. The result of this approach is displayed in Figure 3
and the used scaling factors are summarized in Table 2. Scaling
the vibrations above 1550 cm™' with a smaller factor, improves
the agreement in this energy region drastically. Upon character-
izing the normal modes from 1550 to 1650 cm™', we find that
two out of the four modes have significant contribution from a
nitrogen-based vibration, illustrated in Figure 4. They can be
described as C—N—C stretch modes and we assume that their
scaling factors do not necessarily align with the other C—C
stretch vibrations. A similar approach was followed by other

wavelength / pm
10 95 9 85 8 75 7 6.5 6

- f f f f f f
stick spectrum

convolution

experiment

—— stick spectrum
—— convolution
—— experiment

m ,,
| ’l i hml

T T T T T T
1000 1100 1200 1300 1400 1500 1600 1700

Signal Intensity [arb. u.]

~a,

wavenumber /cm™’

Figure 3. IRMPD Spectrum of cationic 3AF** compared to the simulations
following a frequency dependent scaling. For the uB3LYP/GTBas3 method
scaling factors of 0.979 (7 <1111 cm™), 0.971 (1111 cm ™' < ¥ < 1650 cm™")
and 0.955 (7> 1650 cm™") were used. For uB3LYP/6-31G(d) values are 0.979,
0.965, and 0.950, respectively.

Table 2. Optimized scaling factors for the simulation of the 3AF**
spectrum in different energy regions.

Basis set Scaling factors
0- 1111- 1550-
1111 cm™’ 1550 cm™' 2500 cm™
6-31G(d) 0.970 0.965 0.950
GTBas3 0.978 0.971 0.955

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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— .
Figure 4. Visualization of the two vibrational modes in 3AF** computed at
1535 cm™' (left) and 1561 cm™' (right). The threshold for visualization of
displacement vectors was set to 0.15.
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Figure 5. Gas phase IRMPD spectrum of the 3AF** radical cation. The
simulation uses the uB3LYP/GTBas3 method and the frequency dependent
scaling approach was chosen. In addition two C—N—C stretch modes were
scaled by 0.955.
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Figure 6. IRMPD spectrum of cationic 3AFH". The simulation is based on the
uB3LYP/GTBas3 method and was scaled uniformly by 0.971.
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groups in the past and should better reflect the reality in
PANHs.

For the sake of completeness we also tried to scale only the
stretch modes in this energy region differently. For this we used
the optimized scaling factor for the 1550-2500 cm™' region
(0.955 for GTBas3) and exclusively applied it to the two C—N—C
stretch modes. At the same time we scaled all other modes
above 1550 cm™ by 0.971. The results is displayed in Figure 5
for the GTBas3 basis set and leads to a excellent agreement
between experiment and simulation. The previously ambiguous
experimental peak at 1536 cm™' can now be better assigned to
the more intense transition that is listed in Table 1.

3AFH* IR Spectroscopy

The IR spectrum of 3AFH® is displayed in Figure 6. The
experimental trace exhibits one major band centered around
1574 cm™', containing visible shoulders on the low energy side.
Some less intense transitions are observed between 1450 cm™'
and 1350 cm™". A complete list of identified transitions includ-
ing their respective characters is given in Table 3.

Since many IR transitions in the investigated energy region
are significantly lower in intensity for protonated PANHs, we
can best judge the agreement between experiment and
simulation based on the signal between 1500 and 1650 cm™'.
Similar to 3AF**, we followed the different scaling procedures,
starting by applying a uniform scaling factor of 0.971 on the
uB3LYP/GTBas3 simulation. The simulation in Figure 6 matches
the experimental spectrum well, with one exception being the
mode with the highest computed frequency being slightly
blue-shifted relative to the experiment. The well-separated
transition around 1630 cm™' predicted by the simulation, is only
visible as an unresolved shoulder in the experimental spectrum.
It is separated by 50 cm™' from the most intense transition, a
comparable value to the transition at 1524 cm™', which is

Table 3. Experimental and calculated vibrational modes for 3AFH" and
their corresponding character. The computed vibrational energies have
been scaled using the mode-dependent method. Only vibrations with
computed intensities of 20 kmmol™' are listed. All listed modes are of A’
symmetry. Character notation: 5 represents CH in-plane bending, R and p
are CC and CNC stretching modes, respectively.

v (exp.)/ v (calc.)/ Intensity/ Character
cm™’ cm™! kmmol™'
1102 1093 26 B
1270 1265 34 B
1362 1365 29 B
1406 1407 47 B+R
1435 1426 58 B
1460 1462 26 B
1534 1524 39 B
1579 1567 56 B
1578 217 B
1625 120 p+B

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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separated by 55 cm™'. The latter can be clearly distinguished in
the experimental spectrum. This suggests that, similar to 3AF*",
more than one scaling factor needs to be applied to describe
the experimental spectrum accurately.

Using the same frequency-dependent scaling method
established for 3AF** would not be helpful, since the majority
of intense transitions in 3AFH™ are above 1550 cm™". By raising
the divide from 1550 cm™ to 1650 cm™', this issue could be
resolved. This affects only the highest-frequency band and the
resulting simulation is presented in Figure 7.

wavelength /um
11 10 9 8 7 6

stick spectrum Q
—— convolution

experiment O‘ \

B3LYP/GTBas3

—— stick spectrum
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Signal Intensity [arb. u.]
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T T T — T T T T A
900 1000 1100 1200 1300 1400 1500 1600 1700
wavenumber /cm™’

Figure 7. IRMPD spectrum of cationic 3AFH" compared to the simulations
following a freqency dependent scaling. For the uB3LYP/GTBas3 method
scaling factors of 0.979 (7 <1111 cm™), 0.971 (1111 cm ™' <7< 1650 cm™")
and 0.955 (¥ > 1650 cm™') were used. For uB3LYP/6-31G(d) values are 0.979,
0.965, and 0.950, respectively.

wavelength /um
11 10 9 8 7 6
} } t t }
—— stick spectrum
—— convolution

experiment

B3LYP/GTBas3

Signal Intensity [arb. u.]

1000 1 100 1200 1300 1400 1500 1600 1700

wavenumber /cm™

Figure 8. IRMPD spectrum of cationic 3AFH". The simulation using the
uB3LYP/GTBas3 method is shown. Computed frequencies were scaled by
0.979 <1111 cm™") and 0.971 (1111 cm ™' <#). In addition, two C—N—-C
stretch modes were scaled by 0.955.
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While this method increases the agreement between theory
and experiment, the arbitrary nature of the applied threshold
values is obvious. This prompted us to investigate the mode-
depended scaling for 3AFH™. This has been shown to achieve
good agreement in the 3AF*" case, without relying exclusively
on energy-dependent scaling factors.

Analyzing the vibrations, we find two bands that represent
C—N—C stretch modes with unscaled frequencies of 1644 cm™
and 1673 cm™'. By scaling these two modes independently with
a factor of 0.955 as depicted in Figure 8, a similar result to the
energy-dependent scaling is obtained. Yet, we note that higher
resolution gas-phase spectra are required to resolve the issue of
mode-dependent scaling factors unambiguously.

Frequency-Dependent vs. Mode-Dependent Scaling

The introduction of multiple scaling factors was originally
motivated to better account for different anharmonicities in
various groups of normal modes. In PAHs, these groups are
usually energetically separated, and thus coupling the scaling
factor to a certain energy range is possible. In this study, we
demonstrate that nitrogen-based vibrations in PANHs may not
scale entirely identical to other comparable carbon-based
vibrations. Mismatches of experimental observations and theo-
retical predictions can already be seen in previous PANH
studies,®? and some are listed in Table 4.

The experimental spectra of these PANHs were recorded in
a low-temperature matrix, which potentially shifts the observed
transition frequency. Yet, this shift has been determined to be
small (<20 cm™").2Y The computed values consistently under-
estimate the experimental values, pointing towards a systematic
error in all four PANH cations. For example, the spectrum of 2-
azapyrene (2AP*) only shows one band between 1500 and
1600 cm ™' at 1548.7 cm™', which can be attributed to a C—C/
C-N—C vibration. The uB3LYP/GTBas3 method vyields an
unscaled harmonic vibrational energy of 1573 cm™. Applying a
scaling factor of 0.971 to this vibration shifts its frequency to
1527 cm™', approximately 20 cm™' below the experimental
value. This value is better than the available computed value in
the literature (1523.0 cm™', B3LYP/4-31G), but still unsatisfac-
tory. Applying larger scaling factors within the established

Table 4. Observed major discrepancies in the frequencies of selected
PANH cations. The values for the computed frequencies have been scaled
(0.9523) and were taken from the NASA PAH database.*” Experimental
values were taken from Ref. [29].

Cations 7 (exp.)/cm™' 7 (calc.)/cm™ Error/cm™
1-azachrysene 1487.1 1470.8 16.3
1558.7 1534.9 238
2-azachrysene 1553.0 15194 33.6
1575.5 1541.9 336
4-azachrysene 1564.4 1533.0 314
1579.3 15413 38.0
2-azapyrene 1548.7 1523.0 25.7
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frequency-dependent method, would compromise the agree-
ment with other transitions in the spectrum. Similar arguments
can be made for the other three species listed in Table 4.

The simulations of these spectra thus requires more
flexibility to yield a good match with the experimental
spectrum and applying scaling factors based on predetermined
frequency ranges are arguably not be the best. Identifying
nitrogen-based modes and adjusting their scaling factors
individually is an easy and chemically plausible way to
introduce more flexibility to match experimental spectra with-
out fundamentally interfering with the well-established fre-
quency-dependent scaling routine.

As a comparison we also performed anharmonic calcula-
tions using the same methods, which were not scaled. The
results can be seen in the Supporting Information Figures S1
and S2 for 3AF*" and Figures S3 and S4 for 3AFH*. The
frequencies of the most intense modes are also listed in
Tables S1 and S2. We also included the respective computa-
tional time, which is significantly longer for the anharmonic
calculations, with little to no effect on the overall accuracy of
the results.®”

Discussion

To expand our discussion beyond our initial motivation, we will
also compare the experimental spectra of 3AF** and 3AFH" to
each other as well as to other literature known compounds.
This allows us to gain insights how different parameters like
hydrogen addition, structure, and nitrogen-incorporation affect
the resulting IR emission.

Comparing the Spectra of 3AF°* to 3AFH™

We now compare the two IR spectra in Figures 5 and 8. The
strongest band in 3AF*" is found at 1473 cm™', which shifts to
1579 cm~ ' in 3AFH™, a difference of more than 100 cm™". This is
in line with observations by Alvaro-Galue et al,” who inves-
tigated six pairs of radical cation PANHs and protonated PANHs
and found that hydrogen addition shifts the resonance in the
6.2 um region to higher energies. They found shifts of 40 to
50 cm™' that are independent of the PANH size, which is
significantly smaller than the shift observed going from 3AF**
to 3AFH". The main difference between the previously
investigated PANHs and our 3AF**/3AFH" pair is the five-
membered ring, which contributes significantly in these normal
modes. This suggests that protonated PANH species containing
a five-membered ring shift towards astronomically observed
6.2 um band.

Besides inducing a spectral shift, hydrogen addition also
increases the intensities of transitions around 6.2 um, whereas
the CH in-plane bending vibrations exhibit a significantly
reduced intensity. While the former observation originates from
the oscillator strengths from our computations and cannot be
confirmed for the experimental spectra of 3AF*"/3AFH", the
latter is clearly visible from the spectrum.

ChemPhysChem 2024, 25, e202300915 (7 of 10)

Effect of PANH Structure on the IR Spectrum

In this section we investigate the effects of the structure of N-
bearing species on the mid-IR bands in the astrophysically
relevant 6.2 um region. To this end, we compare the species
measured in this work with spectra of isomeric ions taken from
the literature. Specifically, we compare 3AFH" to hydrogenated
1-azapyrene cation (1APH") and 3AF** to 2-azapyrene (2AP*").

The 3AFH" and 1APH™ spectra in the ~6.2 um range are
displayed in Figure 9 together with their simulations (uB3LYP/
GTBas3). Like 3AFH™, the experimental spectrum of TAPH* was
recorded in the gas-phase using IRMPD spectroscopy. The
simulation coincides best with the experimental data when a
single scaling factor of 0.973 is used. Vala et al.” state that they
scaled all CN stretch modes in their paper by a smaller scaling
factor of 0.955 instead of their usual one (0.98), but closer
inspection of their data indicates that this might be a typo. In
fact only their NH stretch mode differs from the computed and
scaled spectrum at the same level of theory.

The most striking difference in both spectra is seen in the
width. While the higher energy sides appear almost identical,
the lower energy side of 3AF** shows a intense tail, that is
caused by multiple transitions. In addition, the experimental
trace for TAPH™ exhibits its central absorption maximum at
slightly higher energies compared to 3AF**. The first observa-
tion is expected since 3AFH" has a more irregular structure,
giving rise to the appearance of more transitions, which
increases the width of the band. It is also interesting to
contextualize this finding on basis of the simulations. Using the
established frequency-dependent scaling, the highest energy
transition should be exhibited by 3AF**, which contradicts the
experimental data but is in complete agreement with Ricca
et al” The latter predict that more irregular PAHs experience a
blueshift in the 6.2 um region, even when compared to larger
ones. However, it has to be noted that they only compared

Normalized Signal Intensity [arb. u.]

T T T T T T T T T
1500 1520 1540 1560 1580 1600 1620 1640 1660 1680 1700
wavenumber /cm™

Figure 9. Comparison of IR spectra of 1APH* (top) and 3AFH* (bottom)
between 1500 and 1700 cm™". The simulations are based on the uB3LYP/
GTBas3 computations and the stick spectrum of 3AFH* has been uniformly
scaled by 0.971. Vibrations that were scaled differently in Figure 8 were
marked with an asterisk.
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different condensation patterns containing exclusively six-
membered rings. The good match for simulation and experi-
ment in TAPH*' without accounting for modes indicates that
these effects are maybe smaller in protonated or in more
symmetrical PANHs.

We now compare the spectra of 3AF*" and 2AP**. The
spectrum of 2AP** was recorded in an argon matrix at 14K,
and is thus potentially influenced by matrix effects.””

Similar to 3AFH™, the more irregular shape of 3AF** leads
to the presence of more transitions in this energy range.
Although two bands at 1563 cm™' and 1593 cm™ exist in 3AF* "
that are blueshifted relative to 2AP**, the most intense
transitions are redshifted. This leads to a similar result as in the
3AFH*/1APH™" case, underlining the importance of validating
theoretical spectra by experimental data. These comparisons
also point to our key finding that nitrogen incorporation into
the PAH framework needs to be reflected in the applied scaling
factors to maximize the agreement between simulation and
experiment.

Comparing the Spectra of 3AF** to Fluoranthene **

The experimental spectrum of 3AF*" can also be used to draw
parallels to the non-nitrogen bearing species, cationic fluoran-
thene, since the expected influence of the nitrogen atom on
the vibrational frequencies of the PAH and PANH cations is
almost negligible.” The best resolved spectrum for fluoran-
thene was recorded by Hudgins et al."™® using a matrix isolation
experiment. In the region between 1000 cm™" and 1500 cm™
only nine bands for fluoranthene are observed, whereas our
3AF*" IRMPD spectrum exhibits twelve bands. This increase in
allowed transitions is caused symmetry breaking by the nitro-
gen atom.

Most of the observed IR bands in fluoranthene have a
corresponding counterpart within 20cm™ in 3AF**. One
notable exception occurs near 1100 cm™', where 3AF*™ exhibits
bands at 1063 cm™', while no absorption is observed in this
region in the fluoranthene spectrum. Bouwman et al."” studied
IR spectra of PAHs containing five-membered rings and
attributed this band to a deformation mode of the five-
membered ring combined with in-plane bending motions of
the bay hydrogen atoms. They argue that this feature could be
universal for five-membered PAHs and possibly contribute to
the emission that is observed at 9.3 um. The corresponding
vibration in 3AF** also shows a significant deformation of the
central five-membered ring, in line with this assignment.
Although the simulations of the fluoranthene cation using BP86
and B3LYP functionals both predict transitions around
1100 cm™', modeling the complete spectrum is challenging,
because the two lowest-lying electronic states, the ?A, and B,
state, may both contribute to the equilibrium geometry.
Because of this state mixing, its ground state structure and
symmetry have not yet been adequately characterized.

The presence of the 1063 cm™' band in 3AF*" provides
further evidence that the fluoranthene framework is no
exception and a similar band should exist. Its absence can only
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be explained by a poor understanding of the electronic
structure in the fluoranthene cation, or by a strong influence of
the matrix environment. It is worth noting that a gas-phase
spectrum of the fluoranthene cation was recorded using
IRMPD.'" Yet, because of its low IR cross section, the spectrum
suffers from a poor signal/noise ratio so that individual
transitions could hardly be resolved.

Conclusions

We presented the gas-phase infrared spectra of the radical
cation of 3-azafluoranthene (3AF**) and protonated 3-azaflur-
anthene (3AFH™), both obtained via IRMPD spectroscopy at the
free electron laser FELIX. 3AF** exhibits a broad absorption
between 1400 cm™' and 1600 cm™' with multiple lower-inten-
sity vibrations visible between 1000 cm™" and 1400 cm™". In
3AFH" the latter region exhibits a significant reduction in
oscillator strengths and only one strong unresolved band
centered around 1580 cm™' is visible. To simulate the exper-
imental spectrum, we used harmonic frequency calculations
with multiple approaches towards applying scaling factors.

The best agreement between our experimental spectra and
computed spectra is obtained by applying a different frequency
scaling factor to vibrational modes exhibiting large displace-
ments of the nitrogen atom. This demonstrates the need to
treat IR spectra of PANHs differently than their PAH analogues.
Further work is required to evaluate whether this effect might
be limited to the 3AF**/3AFH™ system or possibly to PANHs
that have an irregular structure, or those containing five-
membered rings. We provide new insights into the scaling
factors for PANHs containing five-membered rings that may be
critical in the spectral analysis of observed aromatic IR emission
bands using the NASA Ames PAH Database.%”

We furthermore used 3AF** and 3AFH™ to study the effects
of hydrogen addition, nitrogen incorporation, and condensation
pattern on the IR spectrum. Like in many other PANH*/PANH +
H* pairs, hydrogen addition reduces the intensity of the CH in-
plane vibrations significantly.”” The influence of the nitrogen
atom is more severe for the pair fluoranthene/3AF** compared
to other PAH/PANH pairs. The latter can be attributed to the
unique electronic structure of the fluoranthene cation itself,
which to date has remained elusive. The hydrogen addition
introduces a blueshift of the most intense band, whose
magnitude is significantly larger in 3AF**/ 3AFH* compared to
the similar sized PANHs containing only six-membered rings,
suggesting the importance of the five-membered ring in
PANHs. The C—C or C—N—C stretch features of 3AFH™ are very
close to the astronomically observed band at 6.2 um.=®

Experimental

Experimental Methods

IRMPD spectra were recorded on a modified commercial 3-dimen-
sional quadrupole ion trap mass spectrometer (Bruker Amazon-
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Speed ETD) equipped with an atmospheric pressure chemical
ionization source. The instrument is connected to the beamline of
the Free-Electron Laser for Infrared eXperiments (FELIX) so that
trapped ions can be irradiated with the IR laser beam. The
modifications have been described in detail in a previous
publication.®** A brief description of the experimental system and
measurement procedure is provided here.

3AF was synthesized following procedures from“"” and was

deposited on a glass direct insertion probe (DIP) and introduced
into an atmospheric pressure chemical ionization source (Bruker
APCI 1l) that was connected to the Bruker mass spectrometer. The
DIP is heated, and the deposited molecules are gently desorbed
from the probe head over the duration of the measurement,
creating a stable ion signal for up to one hour. The high sensitivity
of the DIP requires only very small quantities of sample, and is ideal
for non-commercial or other precious substances.

The molecules are carried by an N, flow and are subsequently
ionized by a corona discharge. The ions pass a spray shield and are
subsequently guided into the 3D quadrupole ion-trap mass
spectrometer through a glass capillary. The capillary voltage used
was 4500 V and the end cap offset was 600 V. lons in the trap can
be mass selected using the MS? capabilities of the mass
spectrometer.

Infrared radiation provided by the free electron laser FELIX interacts
with the mass-selected ions inside the trap. The macro pulse
duration is about 6 us with a maximum pulse energy of 75 mJ per
pulse and a spectral width of 5-10 cm™' (FWHM) over the scan
range employed here. Upon exciting a vibrational resonance, the
ionized molecule absorbs multiple photons, increasing its internal
energy until fragmentation occurs. A mass spectrum of the
contents of the trap is then recorded. The fragment ion signals are
summed and normalized to the total integrated ion signal (parent
ion+fragments), resulting in an IRMPD yield at each measured
mid-IR photon energy. Next, mid-IR spectra are constructed from
the wavelength dependent IRMPD yield, which are corrected for
power through dividing it by the laser pulse energy at the
respective wavelength.

Computational Methods

Quantum-chemical calculations on ground state 3AF** (X* 2A") and
3AFH* (Xt 'A’) were carried out using the Gaussian16 suite of
programs and the uB3LYP/ GTBas3 method.*? The latter is
implemented in the G4 routine, which is a cost-effective way to
calculate accurate thermodynamic parameters.*” The added polar-
ization functions give the wavefunction more flexibility and lead to
more accurate results, as demonstrated previously.*” The GTBas3
(6-31G(2df,p)) basis set has been demonstrated to give accurate
results, while maintaining a low-cost approach.®" The resulting
harmonic vibrational frequencies were scaled using three different
scaling approaches. First, all computed vibrational energies were
multiplied with a uniform scaling factor, as recommended for the
uB3LYP/GTBas3 method by Merrick et al.*" Second, energy-depend-
ent scaling factors were used, as suggested by Bauschlicher et al.*?
For this, the optimized scaling factor from the first method was
used as a starting value. The third approach followed the same
energy dependent method, but in addition we introduced separate
scaling factors for stretch modes. We refer to this method as mode-
dependent.

To check the validity of this approach, we computed additional IR
spectra using the B3LYP/6-31G(d) method, which is extensively
used in the prediction of IR absorption spectra.”?? After scaling, the
vibrational stick spectrum was convolved with a Gaussian function

ChemPhysChem 2024, 25, e202300915 (9 of 10)

with a Full-Width-at-Half-Maximum (FWHM) of 20 cm™' to facilitate
comparison with the experimental IRMPD data.
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