
This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 26363–26369 |  26363

Cite this: Phys. Chem. Chem. Phys.,

2024, 26, 26363

Symmetry reduction induced by argon tagging
gives access to low-lying excited states of
FeH+ in the overtone region of the Fe–H
stretching mode†

Shan Jin, a Marcos Juanes, ab Christian van der Linde, a Milan Ončák *a

and Martin K. Beyer *a

Iron is the most abundant transition metal in the interstellar medium (ISM), and is thought to be involved

in a variety of astrochemical processes. Here, we present the infrared multiple photon dissociation

(IRMPD) spectra of Ar1,2FeH+ and their deuterated isotopologues in the region of 2240–14 000 cm�1.

The Fe–H overtone stretching mode in ArFeH+ and Ar2FeH+ is observed at 3636 � 28 cm�1 and 3659 �
13 cm�1, respectively. Deuteration shifts these bands to 2618 � 31 cm�1 and 2650 � 14 cm�1 in ArFeD+

and Ar2FeD+, respectively. Additionally, the spectra of Ar2FeH+ and Ar2FeD+ feature broad transitions at

B2200–4000 cm�1 and B4500–6500 cm�1. We assign these bands to electronic transitions from the

thermally populated X5A2/X05A1 ground state manifold into the A05B2 and B5A1 states, which we model

with multi-reference quantum chemical calculations including spin–orbit coupling. The calculations

show that these transitions are symmetry forbidden in FeH+ and in the equilibrium geometry of ArFeH+/

ArFeD+, while the zero-point oscillation of the bending mode of the triatomic molecule leads to some

oscillator strength. Upon addition of the second argon atom, the transitions become weakly allowed in

the equilibrium geometry of Ar2FeH+/Ar2FeD+ due to symmetry reduction from CNv to C2v.

Introduction

Iron is the most abundant transition metal on Earth, playing an
important role in proteins and biochemistry in general.1 It has
also attracted attention in astrochemical research, in particular
due to its abundance in the interstellar medium (ISM).2–7

Despite the high abundance of iron, the ISM detection of
molecular species containing iron has so far been limited to
FeO and FeCN.2,3 In the solar system, iron is present in
planetary atmospheres as a meteoric ion, with FeH+ formation
included in the models, e.g., of the ionosphere of Jupiter.8 As
outlined by E. Dwek9 and G. Bilalbegović et al.,10 iron is
potentially a crucial element for understanding interstellar
processes and the evolution of interstellar dust. The high
abundance of iron in our galaxy together with its limited
detection as neutral or ionized gas-phase atom in the ISM is
commonly explained by the incorporation of iron in interstellar

dust.11–13 In support of these arguments, Westphal et al. as well
as Corrales et al. recently reported that ISM X-ray absorption data
closely match laboratory spectra of iron oxide/hydroxide
minerals.14,15 However, although ISM observations show atomic
iron to be severely depleted, the recent detection of FeCN in the
ISM3 or the observed evidence for the presence of FeO in
interstellar molecular clouds2 shows that iron containing gas-
phase molecular species are present in the ISM. Small molecules
or complexes containing iron may thus contribute to the hidden
iron budget. The previously proven presence of iron in the ISM
together with the key role of transition metals in astrophysical
environments16–19 call for more laboratory work on molecular
transition metal compounds.

Since atomic iron is largely ionized in the ISM, and hydrogen
is the by far most abundant element, the diatomic FeH+

molecular ion has been discussed as a potential iron reservoir
species.20 A series of quantum chemical studies focused on the
electronic structure of FeH+ and predicted low-lying electroni-
cally excited states.20–22 As a first experimental characterization
of FeH+, we recently studied the vibrational spectrum of
Ar2FeH+ in the 1600–2200 cm�1 region.23 The Fe–H stretching
mode was observed at 1860 cm�1, significantly blue-shifted by
the argon tag from the 1810.4 cm�1 calculated for bare FeH+ by
Cheng and DeYonker.20 Relatively intense combination bands
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were observed due to the strong anharmonicity of the vibra-
tional modes, which involve argon atoms interacting with the
iron center.

Moving to higher photon energies, the next spectral signature
of FeH+ is expected for the overtone of the Fe–H stretching mode.
Due to the small absorption cross sections and difficult quantum
chemical modeling, overtone spectroscopy is less frequently used
for the identification and characterization of small molecules.24

The Metz group observed overtones of ligand bending modes in
ammonia complexes of Cr+,25 while Okumura, Bieske and co-
workers observed such transitions in non-covalent complexes of
bromide and iodide with ammonia.26 Asmis and co-workers
recently identified the overtone of the H–H stretching mode in
Cu+(H2)4.27 Duncan and co-workers reported overtone and combi-
nation bands of H5

+ and D5
+.28,29 The Dopfer group managed to

obtain rotationally resolved overtone spectra of CH3
+–Ar.30 Here,

we focus on the spectroscopy of ArFeH+ and Ar2FeH+ as well as
their deuterated analogues in the 2240–14 000 cm�1 region. While
we only observe the Fe–H overtone in ArFeH+, additional electronic
transitions appear in this region for Ar2FeH+ between the states
correlated to the 5D states of the iron atom. The absorption cross
sections for both vibrational overtone and electronic transitions
are on the order of 10�20 cm2, i.e. relatively weak absorptions.

Experimental and
computational methods

The experiments have been performed on a modified Bruker/
Spectrospin CMS47X Fourier-Transform Ion Cyclotron Resonance
(FT-ICR) mass spectrometer31,32 equipped with an external laser
vaporization ion source.33–35 The title complexes were generated
by laser vaporization (frequency-doubled Quantum Light Q2-D33-
1053 Nd:YLF laser) of an isotopically enriched iron target, 56Fe
(99.93%, U.S. DOE), entrained in a supersonic jet expansion of
helium carrier gas seeded with argon and hydrogen or deuterium,
and guided to the center of the ICR cell, where they are stored and
mass selected in a 4.7 T magnetic field.36 Typical concentrations
are 4% H2/D2 and 12% Ar in He. In the supersonic expansion into
high vacuum, the ionic complexes are cooled to low rotational
temperatures. Additionally, the ICR cell is externally cooled with
liquid nitrogen, reaching temperatures of ca. 80 K, to minimize
the contribution of black-body infrared radiative dissociation
(BIRD).37–44 In our previous work on Ar2FeH+, we observed some
narrowing of the Fe–H stretch in Ar2FeH+ after waiting for 5 s,
which indicates that radiative cooling takes place on a timescale
of several seconds and that the ions coming from the source have
a vibrational temperature Tvib 4 80 K, most likely closer to room
temperature.23

Photodissociation spectroscopy is performed by focusing
light emitted by a tunable OPO laser system into the ICR cell
through a CaF2 window.45 The infrared light is focused by
two lenses with 1.0 m focal length. Tunable monochromatic
infrared radiation is generated by an EKSPLA NT277 optical
parametric oscillator laser system operating at a 1000 Hz pulse
repetition rate, covering the 2240–4000 cm�1 region, with

typical average laser power of 60–200 mW. The wavelength
was calibrated by a HighFinesse Laser Spectrum Analyzer IR-
III, which determined the bandwidth as o 1 cm�1.46 For the
4000–14 000 cm�1 range, we used a tunable ESKPLA NT342B
optical parametric oscillator laser system with 20 Hz pulse
repetition rate, employing the direct output for higher pulse
energies, which bypasses the Pellin-Broca prism that is used for
wavelength separation in the UV. The wavelength was cali-
brated by a Flame-S miniature spectrometer (Ocean Optics).

For all complexes, loss of one argon atom was the only
photofragmentation channel. To account for laser power and
irradiation time, one-photon photodissociation cross sections s
are calculated using the modified Beer–Lambert eqn (1).47

I0 ¼
Xn
i¼0

Ii

 !
exp �slPt

hcA
� k

� �
(1)

Here, I0 represents the intensity of the precursor ion, Ii, i Z 1,
the fragment ion intensity, l the laser wavelength, P the laser
power, t the irradiation time, h Planck’s constant, A the area of
the laser beam and k an empirical factor which corrects for the
small amount of fragmentation observed without laser irradia-
tion. While one photon is sufficient for loss of argon from
Ar2FeH+, the calculated Ar binding energy indicates that two
photons are needed to generate a photodissociation signal in
ArFeH+. The respective two-photon cross sections are derived
with the help of a lookup table as described in detail before.47

The major uncertainty of the cross section calculation is the
photon flux, which is difficult to determine inside the ICR cell,
which is located in the center of the superconducting magnet.
We estimate the uncertainty to be within a factor of 2 of the
actual values. Band positions and full widths at half maximum
(FWHM) are determined by fitting Gaussian line profiles to the
spectra using Origin. Throughout the manuscript, we report
line positions with an uncertainty of 50% FWHM.

Quantum chemical calculations of structure and vibrational
frequencies in the electronic ground state were carried out
previously in our work on the spectroscopy of the Ar2FeH+

fundamental Fe–H stretch.23 For the present work, we repeated
all calculations with fixed symmetry, slightly changing the
calculated vibrational frequencies by 0–3 cm�1 compared to
previously published values. We also add calculations on the
deuterated species. Based on previous benchmarking,23 density
functional theory (DFT) with various functionals and coupled
cluster (CC) approach was used in combination with the aug-cc-
pVTZ basis set. As shown elsewhere, the bare FeH+ molecular
ion has quintet spin multiplicity in the electronic ground
state,20 and the same holds true for Ar1,2FeH+.23 Very tight
convergence criteria were used for geometry optimization. We
employed wave function stabilization prior to each calculation.
The overtone frequencies calculated using second order vibra-
tional perturbation theory as implemented in Gaussian were
again benchmarked using several methods, see ESI,† reusing
our previous calculations23 where appropriate. Based on the
benchmarking and consistent with our previous work,23 we
report the results on the B3LYP-D3/aug-cc-pVTZ level in the
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main text. All single-reference calculations were conducted with
the Gaussian 16 software package.48

Excited electronic states were modeled using the multi-
reference configuration interaction (MRCI) approach on the com-
plete active space self-consistent field (CASSCF) calculations. We
picked the active space of 8 electrons in 7 orbitals including
valence electrons of Fe+ (3d64s) as well as the hydrogen electron,
further denoted as (8,7). Five electronic states correlating with the
5D states of Fe were included in the calculation. Spin–orbit
coupling was computed using the Breit–Pauli operator, leading
to 25 states in total. For H and Fe, the aug-cc-pVQZ basis set was
employed, the ECP10MWB basis set was used for Ar.49 This theory
level is denoted MRCI(8,7)+SO/aug-cc-pVQZ. The electronic spec-
tra were modeled using the reflection principle,50–52 sampling the
ground state through 1000 points within Wigner quasiprobabil-
istic distribution obtained for the vibrational wave function of the
complex within harmonic approximation (B3LYP-D3/aug-cc-
pVTZ). In ArFeH+, we performed two simulations, first with the
two stretching vibrations only and then including the degenerate
bending vibrations of about 50 cm�1 as well. In Ar2FeH+, we
ignored the strongly anharmonic Ar–Fe–Ar bending vibration and,
to keep the system computationally tractable, the out-of-plane
vibration was removed since it breaks Cs symmetry. At each point
of the sampling, the absorption was broadened using a Gaussian
function with the FWHM of 0.03 eV. The modeled spectrum is
obtained as the sum of these 1000 Gaussians per electronic
transition. We note that this approach provides only semi-
quantitative spectra. More advanced methods, e.g. path-integral
Monte Carlo, would be needed for appropriate ground state
sampling. Multi-reference calculations with spin–orbit coupling
were performed with Molpro.53,54

Results and discussion

We first measured the infrared photodissociation spectra of mass-
selected ArFeH+, Ar2FeH+, and their deuterated analogues in the
2240–4000 cm�1 region via the loss of one argon atom, shown in
Fig. 1. The spectrum of ArFeH+, Fig. 1a, shows an intense peak at
3636 � 28 cm�1, which is assigned to the overtone of the Fe–H
stretching mode. It is accompanied by weaker bands and an
unspecific background just above the detection limit. Band posi-
tions and widths of the Fe–H/D vibrational overtone transitions are
listed in Table 1, determined by fitting Gaussian line profiles to the
spectra. Further weak resonances that are sufficiently narrow to be
rovibrational transitions are listed in Table S1 (ESI†). ArFeD+

has a resonance barely above the detection limit, centered at
2618 � 31 cm�1, Fig. 1b, in the region where the Fe–D stretch
overtone is expected, again accompanied by unspecific background.
For both species, we report two-photon cross sections, s2hv, since one
photon is not sufficient over most of the studied range to remove the
argon atom from ArFeH+ and ArFeD+, with a calculated binding energy
of 3760 cm�1 on the CCSD/aug-cc-pVTZ level.23 One-photon cross
sections are shown for comparison in the ESI,† Fig. S1.

The spectrum of Ar2FeH+, Fig. 1c, presents an intense band
at 3659 � 13 cm�1 together with weakly structured absorptions

that cover almost the entire spectral range. Here, the Gaussian
fits also yield very broad peaks that are most likely of electronic
origin, summarized in Table S2 (ESI†). The IR spectrum of
Ar2FeD+ in Fig. 1d exhibits an intense band at 2650 � 14 cm�1,
overlapping with five bands indexed in Tables S1 and S2 (ESI†).
Interestingly, the second argon atom leads to a blue shift in the
experiment. The effect is, however, not very pronounced, with a
frequency change on the order of 1%.

To aid the interpretation of the experimental results and
confirm the assignments of the Fe–H/D stretch overtones, we
performed anharmonic vibrational frequency calculations at
several levels of theory, see Table 1 and Tables S3–S10 (ESI†).
In the following, B3LYP-D3/aug-cc-pVTZ values are reported.
The assignment of the most intense band in Fig. 1a at
3636 cm�1 to the overtone of the Fe–H stretching mode in
ArFeH+ is consistent with the calculated frequency of 3725 cm�1.
The two weak resonances at 3690 cm�1 and 3755 cm�1 can be

Fig. 1 Experimental IRMPD spectra of (a) ArFeH+, (b) ArFeD+, (c) Ar2FeH+,
and (d) Ar2FeD+, at T E 80 K. (a) and (b) Are evaluated assuming sequential
absorption of two photons, (c) and (d) as one photon absorption.
The experimental data is presented in red, with cumulative Gauss fits are
shown in blue.

Table 1 Experimental band positions and full-width at half maximum
(FWHM) of Fe–H first overtone for ArFeH+, ArFeD+, Ar2FeH+, and Ar2FeD+,
extracted from Fig. 1, along with theoretical comparison on the B3LYP-D3/
aug-cc-pVTZ level (all in cm�1). For the harmonic value, the fundamental
frequency was multiplied by 2 and an empirical scaling factor of 0.96 was
applied. The anharmonic value is unscaled

Experiment Theory

Position FWHM
D/H
ratio Harmonic

D/H
ratio Anharmonic

D/H
ratio

ArFeH+ 3636 55 0.720 3679 0.714 3725 0.720
ArFeD+ 2618 62 2626 2682
Ar2FeH+ 3659 25 0.724 3659 0.714 3689 0.721
Ar2FeD+ 2650 27 2611 2659
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tentatively assigned to a combination band of the overtone of the
Fe–H stretching mode with the Ar–Fe–H bending modes and the
Fe–Ar stretching mode, respectively. Unfortunately, the anhar-
monic calculation with three vibrational quanta failed to provide
physically reasonable values for these modes, thus we base this
assignment on the addition of the overtone and fundamental
frequencies of the respective modes. The feature at 2618 cm�1 in
ArFeD+ present in Fig. 1b is again the first overtone of the Fe–D
stretching mode, calculated at 2682 cm�1.

The experimental transition at 3659 cm�1 in Fig. 1c agrees
well with the predicted anharmonic overtone at 3689 cm�1 of
the Fe–H stretch in Ar2FeH+. The overtone band that corre-
sponds to Ar2FeD+ in Fig. 1d is located at 2650 cm�1, which is
in a good agreement with the calculated value of 2659 cm�1. A
weak band at 3684 cm�1 for Ar2FeH+ hidden in the high
frequency flank of the overtone is tentatively assigned to the
combination band of the Fe–H overtone stretch with the Ar–Fe–
Ar bending mode. A very weak potential combination band for
Ar2FeD+ lies at 2777 cm�1, assignable to the Fe–D stretch
overtone together with the Fe–Ar symmetric stretch. We tried
to assign the equally weak band at 2543 cm�1 for Ar2FeD+,
located 107 cm�1 below the Fe–D overtone, to a vibrational hot
band, i.e. a (0,1) - (2,0) transition from excited Ar–Fe–Ar
bending or stretching modes to the Fe–D stretch overtone, as
indicated in Table S1 (ESI†). However, no convincing match
was found.

For the linear structure of ArFeH+ and ArFeD+, the isotopic
redshift of the overtone is 1018 cm�1, compared to 1009 cm�1

for Ar2FeH+ and Ar2FeD+, which corresponds to D/H wavenum-
ber ratios of 0.720 and 0.724, respectively, consistent with the
calculations, see Table 1. As noted above, the second argon
atom induces an experimental blue shift of 23 cm�1 and
32 cm�1 for the Fe–H and Fe–D stretch overtone, respectively.
While the calculations do not reproduce this blueshift, we note
that the anharmonic calculations have severe difficulty hand-
ling the linear ArFeH+/ArFeD+ system. Since the shift is in the
range of 1% of the vibrational frequencies, this rather seems to
reflect the uncertainties of the calculations in these extremely
anharmonic systems. However, the near-perfect agreement of
the D/H wavenumber ratios, Table 1, underlines that the
assignment of the peaks to the overtone of the Fe–H/D stretch-
ing mode is correct.

An interesting aspect is provided by the unusually large
values for the FWHM of the overtone transitions in the linear
ArFeH/D+ species. We previously rationalized the peak broad-
ening of the Fe–H stretch fundamental in Ar2FeH+ by the shift
of the Fe–H stretch as a function of the Ar–Fe–Ar angle.23 We
repeated this analysis for the Ar–Fe–H bending mode, see ESI,†
Fig. S6. The vibrational levels populated at 80 K extend to v = 3,
and the Fe–H stretching mode shifts from 1916 cm�1 to
B1900 cm�1. This means, the overtone covers a range of
roughly 30 cm�1 due to the Ar–Fe–H bending mode. To account
for rotational broadening, we performed a pGopher55 simula-
tion of the rovibrational overtone spectrum of ArFeH+ at 80 K,
Fig. S7a (ESI†), which we broadened with Gaussians of 30 cm�1,
Fig. S7b (ESI†). The final broadened spectrum has a Gaussian

line shape with FWHM of 32 cm�1, still somewhat narrower
than the experimental spectrum. This means that our ions
leave the ion source with a vibrational excitation closer to room
temperature than to 80 K. We simulated radiative cooling of
ArFeH+ thermalized at 300 K in a black-body radiation environ-
ment of 80 K, using our recently developed master equation
modeling.44,56,57 Indeed, the ions need several seconds to lose a
substantial part of their initial internal energy, see Fig. S8
(ESI†). We therefore attribute the large line width of the ArFeH+

overtone to the thermal energy of the ions, which lies between
80 K and room temperature.

To understand the electronic contributions to the Ar2FeH+/
Ar2FeD+ spectra, we analyze the symmetry breaking along the
Fe–FeH+–ArFeH+–Ar2FeH+ series, Scheme 1, considering only
the electronic states correlated with the 5D term in the Fe atom
(the second lowest-lying term, 5F, lies at B7000 cm�1). When a
proton is attached to the Fe ion, symmetry is reduced from Kh

to CNv, splitting the 5D term into X5D, A5P and B5S+ molecular
terms, with only one symmetry-allowed transition from the
ground state (5D - 5P). Upon addition of an argon atom, the
system keeps its CNv symmetry, and only the relative energy of
the terms changes somewhat. However, the second argon atom
in Ar2FeH+ reduces symmetry further to C2v, producing X5A2,
X05A1, A5B1, A05B2, and B5A1 molecular terms. Due to the low
symmetry and the extensive mixing of X5A2 and X05A1 terms,
several allowed transitions arise. Note that spin–orbit effects
are not shown for clarity, since their inclusion would overcrowd
the scheme.

To analyze the origin of the broad bands in the overtone
spectra, the spectral shape of electronic transitions to low-lying
excited states of FeH+, ArFeH+ and Ar2FeH+ were modeled
through reflection principle and MRCI(8,7)+SO/aug-cc-pVQZ
calculations. To give an idea of the complexity of the spin–orbit
states included in these calculations, we show potential curves
along the Fe–H coordinate of the low-lying electronic states in
Ar2FeH+ including spin–orbit coupling in Fig. S3 (ESI†).

In the ArFeH+ complex, the electronic transition from X5D
ground state to A5P is predicted at around 1300 cm�1, with a
calculated absorption cross section of B1 � 10�20 cm2, Fig. 2a.
In the harmonic approximation sampling considering only two
stretch vibrations (‘‘2 vibrations’’), this is the only peak of
considerable intensity originating from electronic transitions
below 5000 cm�1. When the linearity of the molecule is broken

Scheme 1 Splitting of the 5D term in iron upon addition of H+

and complexation with Ar. Symmetry allowed transitions from the
lowest-lying states are shown with arrows. Spin–orbit coupling is not
shown for clarity.
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by including the bending modes in the modeling (‘‘4 vibrations’’),
a second band appears at approximately 2000 cm�1 with cross
section below 10�21 cm2. As the bending vibrations are strongly
anharmonic, the actual spectrum is probably even broader.

In Ar2FeH+, Fig. 2b, the X5A2/X05A1 - A5B1 band at 1300 cm�1

has virtually the same structure as in ArFeH+. Two additional
bands appear in the experimentally studied range due to the
lower symmetry. Their intensity is considerably higher compared
to the second band in ArFeH+. The broad bands centered at
2635 cm�1 and 3088 cm�1 for Ar2FeH+ in Fig. 1c can be assigned
to the X5A2/X05A1 - A05B2 transitions. The corresponding bands
for Ar2FeD+ are observed at 2483 cm�1 and 3038 cm�1, respec-
tively. However, no significant change in the structure of the
electronic spectrum was observed for the deuterated species.

The cross sections for the electronic absorption in the
simulated Ar2FeH+ and Ar2FeD+ spectra, Fig. 2b, are very
similar to the values calculated for the Fe–H/D overtone transi-
tions v = 0 - 2, consistent with the experimental spectra shown
in Fig. 1c and d. In Fig. 2a, the weak broad bands emerging due
to breaking of the linearity of ArFeH+/ArFeD+ may explain the
unspecific background observed experimentally. Our results
thus experimentally confirm the predictions of low-lying elec-
tronic states in FeH+ by Sodupe et al., Langhoff et al. and Cheng
and DeYonker.20–22

The additional band in the electronic spectrum of Ar2FeH+

predicted beyond 4000 cm�1, X05A1 - B5A1, lies outside
the range covered by Fig. 1. To validate the prediction, we
performed further spectral measurements up to 14 000 cm�1,
see Fig. 3 and Fig. S4 (ESI†). The predicted band is indeed
there, with a cross section close to the value predicted in Fig. 2.
While the main band is predicted by theory at 3500–5000 cm�1,
we observe it shifted to the blue by about 1000 cm�1 (0.12 eV),
within the expected accuracy of the electronically excited state

calculations. With the reduced symmetry in Ar2FeH+, transi-
tions to low-lying electronically excited states thus become
spectroscopically accessible.

Conclusion

In this study, we present a detailed theoretical and experimental
investigation on the vibrational overtone transition of argon-
tagged FeH+ and FeD+ and electronic transitions to low-lying
excited states using IRMPD spectroscopy coupled with high-level
quantum chemical calculations. We observed the overtone transi-
tion (n = 0 - 2) of Fe–H stretching in Ar2FeH+, ArFeH+, and their
deuterated isotopologues. According to the comparison between
experiment and theory, the Fe–H fundamental stretching and its
first overtone in bare FeH+ is expected in the 1790–1840 cm�1 and
3525–3619 cm�1 region, respectively.

Electronic transitions to the low-lying B5S+ state in FeH+ are
symmetry forbidden. The second argon atom permanently
reduces the CNv symmetry of FeH+ and ArFeH+ to C2v in
Ar2FeH+. This enhances the intensity of the transitions to
low-lying excited states to about 10�20 cm2, making them fully
accessible for IRMPD spectroscopy.
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Mon. Not. R. Astron. Soc: Lett., 2017, 466, L14–L18.

11 B. D. Savage and R. C. Bohlin, Astrophys. J., 1979, 229, 136.
12 E. B. Jenkins, Astrophys. J., 2009, 700, 1299.
13 G. Delgado-Inglada, M. Rodrı́guez, A. Mampaso and

K. Viironen, Astrophys. J., 2009, 694, 1335.
14 L. Corrales, E. V. Gotthelf, E. Gatuzz, T. R. Kallman,

J. C. Lee, M. Martins, F. Paerels, I. Psaradaki, S. Schippers
and D. W. Savin, Astrophys. J., 2024, 965, 172.

15 A. J. Westphal, A. L. Butterworth, J. A. Tomsick and
Z. Gainsforth, Astrophys. J., 2019, 872, 66.

16 G. Serra, B. Chaudret, Y. Saillard, A. Le Beuze, H. Rabaa,
I. Ristorcelli and A. Klotz, Astron. Astrophys., 1992, 260, 489.

17 W. W. Duley, Astrophys. J., 1979, 227, 824.
18 K. Nomoto, C. Kobayashi and N. Tominaga, Annu. Rev.

Astron. Astrophys., 2013, 51, 457.
19 K. Lodders, Astrophys. J., 2003, 591, 1220.
20 Q. Cheng and N. J. DeYonker, J. Chem. Phys., 2019,

150, 234304.
21 M. Sodupe, J. M. Lluch, A. Oliva, F. Illas and J. Rubio,

J. Chem. Phys., 1989, 90, 6436.
22 S. R. Langhoff and C. W. Bauschlicher, Astrophys. J., 1991,

375, 843.
23 S. Jin, J. Heller, C. van der Linde, M. Ončák and M. K. Beyer,
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47 J. Heller, M. Ončák, N. K. Bersenkowitsch, C. van der Linde

and M. K. Beyer, Eur. J. Mass Spectrom., 2019, 25, 122.
48 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,

M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato,
A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini,
F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson,
D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng,
W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr.,
J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd,
E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith,
R. Kobayashi, J. Normand, K. Raghavachari, A. P. Rendell,
J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam,
M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin,
K. Morokuma, O. Farkas, J. B. Foresman and D. J. Fox,
Gaussian 16 Revision A.03, 2016.

49 A. Nicklass, M. Dolg, H. Stoll and H. Preuss, J. Chem. Phys.,
1995, 102, 8942.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
O

nk
ol

ol
ee

ss
a 

20
24

. D
ow

nl
oa

de
d 

on
 0

9/
06

/2
02

6 
8:

38
:0

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp03270e


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 26363–26369 |  26369

50 S. Y. Lee, R. C. Brown and E. J. Heller, J. Phys. Chem., 1983, 87, 2045.
51 M. K. Prakash, J. D. Weibel and R. A. Marcus, J. Geophys.

Res.-Atmos., 2005, 110, 380.
52 M. Ončák, L. Šištı́k and P. Slavı́ček, J. Chem. Phys., 2010,

133, 174303.
53 H.-J. Werner, P. J. Knowles, G. Knizia, F. R. Manby and
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