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ABSTRACT

In this work, we report the infrared spectrum of pyrene anion, measured using messenger tagging
with up to three Ar atoms. We assign the spectrum using density functional theory and vibrational
perturbation theory. We discuss our results in the context of computed and experimental spectra
from the literature as well as recent observations from astronomical sources, showing that PAH
anions could contribute to the strong infrared emission bands at 3.29 um from carbon rich regions

of space.

https://doi.org/10.26434/chemrxiv-2024-11xbh-v2 ORCID: https://orcid.org/0000-0002-5493-5886 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-11xbh-v2
https://orcid.org/0000-0002-5493-5886
https://creativecommons.org/licenses/by-nc-nd/4.0/

Introduction

Polycyclic aromatic hydrocarbons (PAH) occur in many chemical contexts in nature as well as
in technology. They are commonly found pollutants,'”” from various combustion processes,® and
are models for graphenic materials, such as carbon nanotubes and graphene.’! They are

ubiquitous in astrochemistry, as they are present in astrochemical dust and ices,!'!8

and they have
been widely investigated as emitters of diffuse interstellar bands (DIBs) and unidentified infrared
emissions (UIEs).!*?’ A large body of work has been aimed at identifying PAHs in astrochemical

environments and attribute their contributions to the DIBs and UIEs through experimental®® 304

59-61 need

and computational studies.?® 3 Computational data in current astrochemical databases
to be validated through experimental data, particularly since improvements in observation, e.g.,
from the James Webb Space Telescope (JWST),® yield increased detail of spectroscopic
information. Together with laboratory data, these developments will enable more accurate
modeling of astrochemical processes.

Most previous gas-phase spectroscopy work focused primarily on cationic and neutral
PAHs due to the assumed relative scarcity of anions in interstellar environments. However, despite
their lower abundance, anions are relevant in astrochemistry and have been detected in space.®? In
the absence of intense ultraviolet radiation in dense cold molecular clouds, anionic species
potentially contribute uniquely to the astrochemical environment through electron attachment.>"
6365 In addition, the CH stretching transitions in PAH cations are likely weak compared to netrual
and anionic PAHs,?”3%51:33 Jending additional importance to experimental data on anions. Similar

to other PAHs with four rings, pyrene (Py) has a positive electron affinity (0.406 + 0.010 eV %)

and can thereby form stable anions. While electronic transitions of Py~ are resonances in the
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electron detachment continuum,®’ the CH stretching vibrational transitions in this class of PAHs
are below the detachment limit and can therefore be expected to yield sharp vibrational bands.
Infrared spectra from carbon-rich astrochemical environments in the CH stretching region are
congested and consist of contributions from many different species.'® 27> 3! Moreover, the CH
stretching region of PAHs is challenging to interpret, due to Fermi resonances of the CH stretching
fundamental transitions with overtones and combination bands of CH bending modes. 26 43-4%-52. 55
56,38 In this work, we report the IR spectrum of gas-phase Py anions in the CH stretching region

by IR messenger photodissociation spectroscopy using Ar atoms as messenger tags. We use

anharmonic calculations to assign the dominant vibrational states in the spectrum.

Methods

Experimental. The photodissociation spectrometer used for this work has been described in
detail in earlier work.%®% Cluster ions of the form PyAr, (n = 1 — 3) were generated by
entrainment of Py vapor from an oven at T = (400 + 10) K into a pulsed supersonic expansion of
Ar (Even Lavie valve, stagnation pressure 1.5 bar), where fast electrons (800 eV) created an
electron impact plasma. Target anion formation resulted from the attachment of slow secondary
electrons to neutral precursors in the beam. Figure 1 shows a mass spectrum of the ion source
under typical source conditions. Negative ions in the expansion plume were accelerated into a
custom-built Wiley-McLaren time-of-flight spectrometer, where they were mass selected by an
interleaving comb mass gate and subsequently irradiated with the output of a tunable OPO/OPA
laser system (pulse duration: 5-7 ns, bandwidth: 2-5 cm™, pulse energy: 5-10 mlJ) in a multipass
cell. The wavelength of the light source was calibrated by gathering a photoacoustic spectrum of

water’? in a 3D-printed photoacoustic spectrometer tube, and we estimate the absolute error bars
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of frequencies reported here to be +3 cm™!. Upon photon absorption, the weakly bound argon atoms
dissociate according to
Py~ - Ar, > nAr + Py~ (n=1-3). (1)

Py fragment ions were separated from undissociated target ions in a two-stage reflectron, and
their intensity was monitored on a dual microchannel plate detector. The fragment ion intensity
was normalized to the photon fluence to generate IR photodissociation spectra. To ensure
reproducibility and improve the signal to noise ratio, several spectra were taken on different days

and averaged.

ion signal [arb. units]

| 1 | 1 | 1 | 1 | 1 |
200 250 300 350 400 450

m/z [u/e]

Figure 1. Reflectron time-of-flight mass spectrum under typical source conditions. The ion signal
of the untagged Py ion is ca. 50 — 100 times greater than that of Py - Ar. The weaker peaks between

the Py - Ar, progression are due to Py -H>O-Ar, ions.
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Computational. The structure of Py” was optimized employing density functional theory (DFT)
using the B3LYP”!"? functional and 6-311+G basis sets’>”’* for all atoms. Harmonic calculations
are insufficient to describe the CH stretching region of the IR spectrum of PAH molecules, since
many of the CH stretching fundamental transitions are nearly degenerate with overtones and
combination bands of CH bending modes, borrowing intensity through Fermi resonances and

33,38, 7576 We therefore used second order vibrational

resulting in highly congested spectra.
perturbation theory (VPT2)"7-"® calculations to assign the features in the experimental spectrum,
employing the same functional and basis sets as for the structure optimization, consistent with the
typical recommendation’’ that triple-{ basis sets with polarizable (and in the present case also
diffuse) functions is recommended for such calculations. To accelerate the calculations in a system
the size of Py and to ensure that spectroscopic selection rules are obeyed, we enforced Do
symmetry for some of the calculations, with the molecule in the yz plane. All calculations were
carried out using Gaussian 16.”® Note that we use Herzberg notation for the vibrational modes.
Analysis of the results of these calculations, showed some problematic trends. Specifically,
some of the CH stretching fundamental transitions that should be forbidden by symmetry (here: a,
and b3g modes under the D2, point group symmetry) acquired significant intensities in the VPT2
calculations (see Supporting Information). Likewise, the VPT2 calculations predicted that some
of the transitions that have two quanta of excitation in the same vibration (e. g. the v =2
overtones), all of which should be forbidden by symmetry, acquired notable intensities when the
symmetry was not strictly enforced. As described in the Supporting Information, we believe that
the origin of the large intensities of symmetry forbidden transitions predicted by the VPT2

calculations most likely reflects numerical instabilities in the evaluation of the second derivatives

of the potential. These derivatives are obtained through finite difference schemes where the fourth
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derivatives are obtained by numerical evaluation of the elements of the Hessian in terms of the
normal mode coordinates.”®! Analysis of the cubic and quartic contributions shows that there are
a number of such terms, which couple states of different symmetries and have values that are
approaching several cm™'. While these terms will have a negligible effect on the energies, they
will contribute to the second order correction to the wave functions, and through this, lead to the
problematic intensities that are noted above(see Supporting Information). To address this issue,
the transition moments used to obtain the anharmonic intensities were evaluated only through first
order in perturbation theory. Operationally, this is equivalent to using the harmonic intensities for
the Av = 1 transitions and anharmonic intensities for Av = 2 transitions. Because of the change
in the transition moments used to calculate the spectra, we also reevaluated the intensities of
transitions to any state involved in a Fermi resonance, replacing the deperturbed transition
moments for the fundamental transitions with the corresponding harmonic values. A similar
approach was taken in our recent study of host-guest complexes.®> To compare the harmonic and
anharmonic calculated spectra with the experimental spectrum, we applied a scaling factor of 0.96
to the harmonic frequencies. All spectra were broadened by a Lorentzian line shape with 8 cm™!

full width at half maximum.

Results and Discussion

Figure 2.A shows the photodissociation spectrum of Py-Ar; in the CH stretching region,
monitoring the loss of both Ar atoms. We note that different levels of Ar solvation do not shift the
observed features appreciably, as differences in the observed peak positions for » =1 — 3 do not
exceed 1 cm™! (see Supporting Information). The near-absence of Ar-induced shifts strongly

suggests that the spectrum shown in Figure 2 represents that of bare Py~ within our experimental
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uncertainties. Out of the 72 vibrational modes of Py~, 10 are CH stretching modes, and five of these
are IR active, with b1, or b, character. The experimental spectrum has several prominent features,
all containing several unresolved or partially resolved transitions. Some of these features are
qualitatively recovered by scaled harmonic calculations (Figure 2.C), specifically the peaks at
2982 cm™! (labeled Fa4 in the experimental spectrum, Fas in the scaled harmonic calculation) and
around 3021 cm™ (Fa3, F42). The anharmonic treatment changes the frequencies and intensities of
24 and s significantly, and we ultimately assign the feature at 2982 cm™! to the fundamental CH
stretching transition belonging to the normal mode w24 (see Figure 3 for mode pattern) rather than
o25. The feature at 3021 cm™! has a low-energy shoulder at 3014 cm™ . Based on the calculated
relative intensities, we assign the former to the fundamental transition of w42 and the latter to that

of 23.
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Figure 2. A: Experimental photodissociation spectrum of Py - Ar.. B: Anharmonic spectrum of Py
with Dy, symmetry restriction. C: Harmonic approximation spectrum of Py” with Dy, symmetry
restriction. The labels describe the nature of the transitions: F; = fundamental transition of mode j;
C, « = combination band with Av = 1 each in ®; and m;. The assignment of the feature labeled Cas
in the experimental spectrum is ambiguous regarding the mode coupling to m4s. The positions and

intensities used for the calculated spectra are provided in the Supporting Information.
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05 34 My3 byy

Figure 3. Vibrational normal modes (and their irreducible representations) with the most
significant contributions to the IR spectrum of Py in the CH stretching region, either as
fundamental transitions, or through Fermi interactions with CH stretching modes. Blue arrows
show the normal mode pattern for each mode, while orange arrows represent dipole derivative

vectors (where applicable).

None of the features at higher frequencies can be explained by harmonic calculations.
Anharmonic calculations with Dy, symmetry restrictions (Figure 2.B) agree very well with the
experimental spectrum. They show that these higher frequency features are due to combination
bands of vibrational modes with in-plane CH bending and CC stretching character (see Figure 3

for mode patterns). We assign the narrow peak at 3032 cm™! (Cs7.44) to a combination band of ws7

10
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and ma4. A peak at 3045 cm™! (Cs 26, Cs.44) is due to combination bands of ws with w26 and ma4, and
a partially resolved shoulder at 3056 cm™ (C274) is due to a combination band of @27 and w4, or of
mse and w44. At frequencies below the dominant group of peaks, we observe two broad, weak
features and 2894 cm™! and 2817 cm™!, both of which are assigned to combination bands. All peaks
and assignments are summarized in Table 1. We note that calculations without symmetry
restriction recover the overall spectroscopic pattern with similar overall quality as the D2 restricted
calculations, but show some problematic intensity behavior as described in the Computational

section.
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Table 1. Assigned Transitions in the CH Stretching Spectrum of Py~

observed calculated®  assignment and symmetry® calculated intensity

[cm™] [cm™] (km/mol)

2817¢ 2808 ®47/056; bay @ bzy = byy, 9.6

2893¢ 28454 @s8/04s; b3y @ by = byy, 3.6
2907¢ @45/057; by & b3y = byy, 5.7

2982 2980 (2985) 24 (b1x) 59.0

3014 3000° ©23 (1) 162.2
(3020)

3021 3000° 02 (b2u) 2438
(3011)

3032 3027 ®s7/044; bgg @ by, = byy, 9.4

3045 3053F ®s/026; Ay & byy = by 112.5
3051° ®5/04a; Ay & byy = byy 40.6

3056 30608 ®56/0a4; b3y @ by = byy, 25.5
30738 @27/04; byy ® ag = byy 47.0

# anharmonic frequencies; for fundamental transitions, scaled harmonic frequencies are reported

in parentheses;

b entries with a single vibrational mode are fundamental transitions; entries with two different
modes describe combination bands; the direct products result from the irreducible representations

of each mode;

¢ broad and weak;

4 either is a possible assignment for the feature at 2893 cm™;

¢ the anharmonic frequency corrections for fundamental modes w42 and w23 resulted in the same
frequency positions the assignment is based on their calculated relative intensities;

Tboth likely contribute to the feature at 3045 cm’';

¢ either is a possible assignment for the feature at 3056 cm™;

12

https://doi.org/10.26434/chemrxiv-2024-11xbh-v2 ORCID: https://orcid.org/0000-0002-5493-5886 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-11xbh-v2
https://orcid.org/0000-0002-5493-5886
https://creativecommons.org/licenses/by-nc-nd/4.0/

1*7 and anionic Py in this range, together with

Figure 4 shows a comparison of IR data for neutra
the IR emission spectrum of M 17, a star forming region in Sagittarius.?’ The CH stretching region
of the IR spectrum of a PAH is strongly dependent on its charge state.’>* In PAH ions, the excess
charge is delocalized throughout the m system.%® In anions, excess electron density in the 7t system
spills out into net antibonding orbitals of the CH groups, weakening the CH bonds and shifting the
bulk of the CH stretching modes to lower frequencies compared to the neutral molecule,®® which
is observed for Py (Figure 4). In contrast, the cation bands are calculated to shift to higher
frequencies compared to the neutral molecules, with the peak of the envelope of their bands 20-40
cm’! higher than for the neutral molecules in most cases.>! >3

The calculated IR intensities for Py™ are typically 3-10 times stronger than for neutral Py.>!%* In
contrast, the CH stretching modes in PAH cations are predicted to be very weak. While Saykally

and coworkers3’-3#

reported experimental IR emission data on Py cations, their data in the CH
stretching region are not sufficient to pinpoint individual transitions. Computational work on the
different charge states of Py>* predicts the intensities of the strongest CH stretching bands in Py
cations to be ca. 10-200 times weaker than for neutral Py.3! 3

Comparing the infrared photodissociation spectrum of Py - Ar> with astronomical observations
(Figure 4), and taking into account the average frequency positions and intensities calculated for

31,53 it seems quite possible that the CH stretching features of

anionic, neutral, and cationic PAHs,
PAH anions could contribute to the long-wavelength part of the prominent 3.29 pm (ca. 3040 cm™)

feature, particularly in regions with low UV irradiation and high electron density.""
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wavelength [um]
3.57 3.|51 3.|45 3‘.39 3.|33 3.|28 3.|23 3.17

Py anion

Py neutral

intensity [arb. units]

2800 2850 2900 2950 3000 3050 3100 3150
wavenumber [cm™]

Figure 4. Comparison of experimental spectra of Py™ (top) and Py (center) with emission data of

M17 (James Webb Space Telescope).?’ The data on neutral Py was taken from ref. *7.

Conclusions

We report the IR spectrum of Py™ in the CH stretching region, measured using messenger tagging
with Ar atoms, with the Ar induced shift of the bands less than 1 cm™. While the spectrum is
dominated by several CH stretching fundamental bands, it cannot be satisfactorily interpreted with
harmonic calculations. Anharmonic VPT2 calculations recover the experimental spectrum very
well, with an average error of 11 cm™ (0.36% and actual deviations from the experimental values

between -9 cm™ (-0.29%) and 21 cm™ (0.70%), and they do not require the use of an empirical
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scaling factor that needs to be applied to harmonic calculations. However, care must be taken to
avoid problems with numerical instabilities in the evaluation of the second derivatives of the
potential, which can lead to incorrect intensities. We assign several prominent bands to
combination bands of in-plane CH bending vibrational modes, which gain intensity through Fermi
resonances with CH stretching fundamentals. We show that messenger tagging of PAH radical
anions provides an excellent approach to obtain experimental spectra for these species and to
calibrate the quality of computations. Similar to the work by Mackie et al.>® on neutral PAHs, our
results show that VPT2 calculations can be used to significantly improve the predictions in
computational databases.>**! Anharmonic calculations also will give better representations for the

available states leading to possible IR emission upon electron attachment to Py and other PAHs.
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