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a b s t r a c t
Cold ion action spectroscopy is applied to record the gas phase infrared fingerprint spectra of massselected C5H5N+ and C5H5NH+ cations using an infrared free electron laser. The structures of the cations
are deduced from the experimental spectra using anharmonic vibrational frequencies from density functional theory calculations. A very good agreement between experimental and theoretical infrared frequencies is observed. The dominant structure of the C5H5N+ cation is assigned to the aromatic
pyridine radical cation form. Additionally, a minor contribution of the lower energetic a-distonic isomer
is observed. The C5H5NH+ cation is ascribed to the aromatic pyridinium cation where protonation has
taken place on the nitrogen atom. The rare-gas tag used in the action spectroscopic method has a negligible effect on the vibrational frequencies. The observed species, with now accurately determined vibrational frequencies, are good candidates for future rotational spectroscopic studies and infrared
observations in astronomical sources such as interstellar clouds or Titan’s atmosphere.
Ó 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
Many organic molecules have been observed in various astronomical environments such as the circumstellar medium, interstellar medium (ISM), planetary atmospheres and in meteorites
[1–5]. Some of these smaller species are considered to function
as building blocks for larger molecules such as (functionalized)
polycyclic aromatic hydrocarbons (PAHs). This group of aromatic
molecules and their ionized and functionalized forms are hypothesized to contribute to the widely observed astronomical infrared
emission bands, which are, therefore, called the aromatic infrared
bands (AIBs) [6–10]. Whereas the family of PAHs has been assigned
to be the carrier of the AIBs, no individual species have been identified in the ISM yet [4,10–12]. However, the aromatic molecule
benzene has been observed in circumstellar environments
[13,14] and is considered as a building block for PAH formation.
Spectral searches for other small aromatic building blocks, such
as pyridine and pyrimidine have been unsuccessful up to this
day [15,16]. Recently, the radio-astronomical detection of the aromatic molecule benzonitrile in the interstellar medium rekindled
the interest in a possible link between small nitrogen containing
organic molecules and larger nitrogen containing (polycyclic) aro⇑ Corresponding author.
E-mail addresses: daniel.rap@ru.nl (D.B. Rap), sandra.bruenken@ru.nl (S. Brünken).

matic hydrocarbons (N-PAHs) [17]. Theoretical models also predict
possible reaction mechanisms in which small nitrogen containing
molecules, such as pyridine, play a role in the first steps of
N-PAH formation [18,19]. Mass spectrometric studies of the
methane and nitrogen rich atmosphere of Saturn’s moon Titan
have also shown the importance of nitrogen containing molecules
in the chemical pathways leading to the formation of complex
organics in planetary atmospheres [20]. Furthermore, the presence
of hetero-atom containing PAHs, in particular those incorporating
nitrogen (N-PAHs) has been speculated, and been linked to the formation of prebiotic molecules such as nucleobases [21–23]. Laboratory simulations and on board measurements of the Cassini
spacecraft in the upper atmosphere of Titan confirm the existence
of (ionic) N-heterocycles among which the protonated pyridine has
been assigned [24–26].
To be able to investigate the formation mechanisms of (N)-PAHs
in space in more detail, a good understanding of the molecular
structure of the species that take part in the reaction is crucial.
Microwave spectroscopy in combination with an electrical discharge has been performed to identify benzonitrile as the major
reaction product from reactions of benzene with acetonitrile [27].
A different experimental approach to elucidate the molecular
structure involves both mass spectrometry and infrared spectroscopy. IR-UV spectroscopy has been performed to structurally
characterize possible reaction intermediates of neutral-radical
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reactions leading to PAHs [28]. IR-PD (infrared-predissociation)
spectroscopy has been used in our group previously to distinguish
between different isomers of hydrocarbon cations [29,30]. Both
methods are used to determine gas phase infrared spectra of mass
selected, isolated and cold molecules/ions. With the help of quantum chemical calculations that include anharmonic effects, infrared spectra can be predicted very accurately, and thus allow
structural assignment based on the measured vibrational bands
[31–33].
Many spectroscopic studies have been performed in the laboratory that led to the assignment of new species in various astronomical environments using different types of radiation such as
microwave and infrared, see [13,34–41] and references therein.
Accurate structural and spectroscopic data, such as rotational constants or vibrational frequencies of gas phase molecules and ions is
therefore crucial to complement astronomical searches. Multiple
heterocyclic aromatic ions have been studied using IR-PD and
infrared multiphoton dissociation (IR-MPD) techniques, including
radical cationic and protonated forms of furan, pyrrole, benzene
and benzonitrile [42–45]. In this study, we focus on the infrared
characterization of the aromatic pyridine radical cation and its aromatic protonated form. The former is a plausible starting point for
the formation of larger N-PAHs by addition reactions with acetylene [19]. Whereas the structure of the neutral form of pyridine
has been comprehensively studied using rotational spectroscopy
[46,47], and ionization and fragmentation pathways of the radical
cation form have been investigated thoroughly [48–52], to date no
direct structural elucidation has been performed. Fouriertransform infrared (FTIR) spectroscopy on C5H5N+ and C5H5NH+
cations has only been performed in a para-hydrogen matrix [53],
and additional information on vibrational band positions could
be obtained from photoelectron spectroscopy [54]. However, no
vibrational (or rotational) spectroscopic measurements on gas
phase ions have been performed.
Herein, we investigate the possible isomers that can be formed
upon electron impact ionization of neutral pyridine precursor gas.
Infrared pre-dissociation action spectroscopy is used to obtain gas
phase infrared spectra of the mass-selected ions of interest. For
this, we use the FELion beam station located at the FELIX Laboratory [55]. The vibrational features are compared with quantum
chemical calculations, specifically anharmonic density functional
theory (DFT), to elucidate the molecular structures of the ions. Calculated rotational constants of the assigned prevalent pyridine radical cation isomers and the protonated pyridine are provided for
further rotational spectroscopic studies using, e.g., broadband
microwave spectroscopy or rotational action spectroscopy
(ROSAA) [56].

2. Experimental
2.1. Ion preparation
The experiments have been performed using the FELion cryogenic ion trap beam station at the FELIX laboratory, which has been
previously described in more detail [55]. For the current experiment, a liquid pyridine sample (99.8%, anhydrous, Sigma-Aldrich)
was evaporated at room temperature and transferred into an ion
storage source using a leakage valve up to source pressures of
2  105 mbar. Ions were generated using electron impact (EI) ionization with electron energies of 12 or 70 eV, i.e. slightly and well
above the ionization energy of ~9.3 eV of pyridine, respectively
[57,58]. The ions were accumulated for typically 2 s in the source
and subsequently extracted with a short pulse (duration of few
ten ms) into the first quadrupole mass selector. The ion of interest
was selected and guided into the 22-pole ion trap that was held at

a temperature of 8.5(2) K. The ions were stored for 1.6 s after being
cooled down both kinetically and internally by collisions with the
rare gas atoms from a helium/neon (3:1) mixture that was pulsed
during the duration of the ion pulse into the trap using a piezo
valve. At the low temperature in the trap, weakly bound complexes
of the ions with neon atoms were formed efficiently (around 6–11%
conversion efficiency) by a three-body attachment process. After
irradiation with the tunable infrared radiation, ions were extracted
and guided into a second quadrupole mass selector, where the ionNe complex of interest was selected and directed towards a Daly
detector to detect the number of ions.
2.2. IRPD measurements
The vibrational spectra have been obtained using infrared predissociation (IR-PD), an action spectroscopic method that monitors
the depletion of the ion-Ne complexes (or ‘‘tagged” ions) as a function of the infrared frequency. Tunable (soft focused) infrared radiation from the free electron laser FEL-2 (10 Hz repetition rate) of
the FELIX Laboratory [59] covering the 500–1800 cm1 spectral
range (bandwidth 0.5% FWHM), with macro-pulse energies up to
30 mJ, was guided into the 22-pole trap. When the infrared light
is resonant with a vibrational band of the tagged ion, the vibrational energy is re-distributed and leads to dissociation of the neon
atom from the ion. The depletion in the number of tagged ions was
measured while scanning the infrared radiation to yield a vibrational spectrum. No effects of multiphoton dissociation were
observed. The wavelength was calibrated with an infrared spectrum analyzer, and the intensity was normalized to the laser pulse
power (E), the number of FELIX shots (N) and the photon energy (m)
to determine the relative cross section per photon (I) using the following formula:

I¼

ln



hm
;
EN
S
B

with S the observed complex counts as a function of frequency, and
B the baseline count number.
2.3. Calculations
Different structural isomers of C5H5N+ and C5H5NH+ were proposed previously [48,53] and their geometry was optimized performing density functional theory calculations using the
Gaussian16 program [60]. The B3LYP functional in combination
with the 6–311++G(d,p) basis set was used to produce minimum
energy structures and to calculate the harmonic frequencies
[61,62]. The optimization criteria were set to very tight and a large
integration grid (grid = 200974) was used to facilitate the convergence of the calculation. No electronic and nuclear spin effects
were taken into account for the pyridine radical cationic forms.
The harmonic frequencies were scaled to account for anharmonic
effects using a scaling factor of 0.976. After an initial assignment,
anharmonic frequencies of the most plausible structures were calculated using the VPT2 functionality of the Gaussian16 program.
To investigate the influence of the neon atom on the infrared spectrum, an additional energy optimization and harmonic frequency
calculation of the ion-neon complex implementing GD3 dispersion
interactions was performed.
3. Results and discussion
A typical mass spectrum of the ion storage source contents,
obtained by scanning the second quadrupole mass selector, is
shown in Fig. 1. The major contributions are m/z 79 and m/z 80
and can be associated with the pyridine cation (C5H5N+) and pro-
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Fig. 1. Mass spectrum of the species formed in the ion storage source due to
electron impact ionization (30 eV) of pyridine. The ions with m/z 79 and m/z 80
associated with pyridine cation (C5H5N+) and protonated pyridine (C5H5NH+) are
indicated with the blue asterisks and their infrared fingerprint spectra have been
recorded in this study.

tonated pyridine (C5H5NH+) respectively. Formation of protonated
pyridine is facilitated in the ion storage source by proton transfer
from the pyridine cation to neutral pyridine [50]. Additionally,
m/z 52 is observed as the main fragment ion, and can presumably
be attributed to the C4H+
4 molecular ion, as observed in previous
studies [51]. Experimental vibrational spectra have been obtained
for C5H5N+ and C5H5NH+ using IR-PD to elucidate their molecular
structures. Attachment of the Ne atom does not significantly
change the IR spectrum (within the measured range) with respect
to the untagged cation, so the measured spectrum can be regarded
as the vibrational fingerprint of the bare cation, and will be discussed with this respect in the following, see also Fig. 5 and the discussion below.
3.1. Vibrational spectroscopy of C5H5N+
The experimental infrared spectrum of C5H5N+ tagged with Ne
has been measured in the 500–1800 cm1 spectral range and is displayed in Fig. 2. A comparison with the calculated anharmonic IR
spectrum of the pyridine radical cation in its 2A1 electronic ground
state (C2v) (a, red) shows a very good agreement. Multiple calculated vibrational frequencies of the pyridine radical cation can be
assigned to experimentally obtained bands. An overview of the
assigned bands is given in Table 1. The complete calculated anharmonic spectrum including predictions of the CAH stretch region is
shown in Fig. S1. The experimental line position is determined by
fitting a Gaussian function to the observed line profile (as the linewidth is determined by the laser bandwidth). The dominant band
at 722 cm1 (m21) of the pyridine radical cation can be identified
as the CH out of plane wagging mode accompanying all hydrogen
atoms. The bands at 921 cm1 (m18) and 1228 cm1 (m11) can be
explained by CAC stretching vibrations of the carbon(N) skeleton.
From the anharmonic calculations, an intense first overtone of
the lowest fundamental band (m27, located at ~300 cm1, i.e. not
itself covered in this work) around 604 cm1 is predicted and
can be assigned to the experimental band around 591 cm1, the
observed discrepancy being likely due to underestimated anharmonic shifts. The large red shift of the anharmonic m18 mode
(923.6 cm1) with respect to harmonic calculations (946.6 cm1
(scaled), Table S2) which results in a significantly better match
with the experimental band (921 cm1) shows the importance of
implementing the vibrational second-order perturbation theory
(VPT2). We should note here that relative experimental intensities

Fig. 2. Experimental vibrational spectrum of C5H5N+ (blue) and comparison with a
calculated anharmonic spectra of (a) pyridine radical cation (red) and a-distonic
pyridine radical cation (purple), (b) b-distonic pyridine radical cation and (c) cdistonic pyridine radical cation (shifted vertically for clarity). The experimental
spectrum is an average of the measurements performed at both 12 and 70 eV
electron impact ionization energy. The relative energies with respect to the lowest
energy isomer c-distonic pyridine radical cation are given. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

of the observed bands cannot directly be compared to the calculated absorption line intensities, since the experimental depletion
yield depends on a combination of the absorption and successive
dissociation probability.
The computational investigation of different C5H5N+ isomers,
however, reveals the existence of even lower energy structures
than the pyridine radical cation. Computed energies of the different isomers show that the canonical pyridine radical cation
(+19.3 kJ/mol) is actually a higher energy structure and that three
other isomers named a-distonic (+13.5 kJ/mol) (Fig. 2 a, purple), bdistonic (+9.8 kJ/mol) (b) and c-distonic (0 kJ/mol) (c) pyridine radical cation are significantly lower in energy. The three distonic isomers can be formed due to hydrogen migration from one of the
three different carbon atoms towards the nitrogen atom. The reactivity of the distonic pyridine isomers has been experimentally
investigated previously starting from reactive precursors [63–65]
and theoretical isomerization pathways from the canonical pyridine radical cation towards these distonic isomers have been proposed [48]. However, calculated transition states between the
pyridine radical cation and the a-distonic isomer show a large barrier of ~256 kJ/mol (2.6 eV) and barriers to form the other isomers
are calculated to be even higher (Table S1, from Ref. [48]). Starting
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Table 1
Experimental and calculated vibrational frequencies of the pyridine radical cation and the a-distonic isomer (C5H5N+). The anharmonic calculation is performed at the B3LYP/6–
311++G(d,p) level of theory. The experimental frequencies of the three unassigned bands and their intensities are also shown. The frequency shift due to the neon atom is
estimated from harmonic approximations (Table S2). Only the assigned bands are displayed; the complete calculations are shown in SI file 1 and 2. Error of the Gaussian fit in
parentheses in the unit of the last digit. Frequencies are shown in wavenumber (cm1) and the calculated intensity is given in km/mol.
Experimental frequencies
pyridine radical cation

Relative intensity per photon

Anharmonic frequencies

Calculated intensity

DmNe-front

551(1)
591(1)
722(1)
921(1)
1228(1)
1412(1)
1432(1)
1485(1)
1195(1)
1210(1)
1244(1)
a-distonic isomer
665(1)
1492(2)
1621(2)

3.2
3.3
8.3
3.5
4.3
2.7
3.2
2.6
2.7
4.0
2.4

554.2
604.3
728.9
923.6
1230.4
1410.3
1432.6
1475.6
–
–
–

16.0
71.4
95.7
48.4
66.7
10.5
22.5
8.4
–
–
–

2
–
0
1
1
1
1
1
–
–
–

1.6
1.7
1.5

666.9
1491.9
1617.7

18.1
61.1
22.7

–
–
–

from the pyridine precursor and forming the pyridine radical
cation, we may assume the possibility of H-migration from the
1-position towards the nitrogen atom forming the a-distonic pyridine radical cation. In order to increase the energy available in the
system, multiple infrared scans have been performed with an electron impact (EI) energy of 70 eV which is well above the ionization
energy of pyridine (~9.3 eV) and the isomerization barrier (~2.6 eV)
[57]. A comparison between the spectra recorded with the two different EI energies is shown in Fig. 3. The infrared spectrum taken at
70 eV, in which the amount of energy in the system is increased,
shows additional bands around 665 and 1621 cm1. A search for
the 1621 cm1 band in the anharmonic calculations of the three
distonic isomers gives a possible match for both the a-distonic
and the b-distonic isomer. The latter can be excluded due to the
lack of intensity of a predicted band around 1570 cm1 and the
large shift of the most intense band with respect to the experimental spectrum. The 1621 cm1 band can therefore be assigned to the
m6 mode of the a-distonic isomer that involves the CAC stretching
of the carbon(N) skeleton. The band around 665 cm1 is consequently assigned to the m23 mode of the a-distonic isomer showing
CAC out of plane bending. Furthermore, in the spectrum taken
with 70 eV electron energy, the band around ~1485 cm1 is broadened towards the blue and its peak position is estimated at
1492 cm1. The broadening can be explained by the m8 mode of
the a-distonic isomer (CAH in plane bending) that is predicted
around 1492 cm1. However, additional intensity from the low
intensity m7 mode predicted around 1476 cm1 of the pyridine radical cation cannot be excluded. The strength of the depletion signal
gives us an estimate on the abundance of the different isomers (for
details on this method see references [55,66]). It is crucial that isolated bands are selected in order to prevent seeing multiple isomer
contributions to the measurement. Analyzing the m6 band around
1621 cm1 gives us a lower limit of ~25% for the a-distonic isomer
(at 70 eV electron energy), whereas the isolated m18 band of pyridine radical cation around 921 cm1 shows a lower limit of ~65%
for this major isomer. Generally, we observe a decrease in depletion in the 70 eV spectrum for all pyridine radical cation bands
indicating a change in isomeric abundances (at 12 eV electron
energy we observe >80% depletion of the pyridine radical cation
bands). Only the major peak around 722 cm1 does not show a
lower depletion (98% in both cases), implying that this band is
indeed a coalescence of two vibrations from both the pyridine radical cation and the a-distonic isomer. Quantum chemical calcula-

Mode

Symmetry

m25

unassigned
unassigned
unassigned

B1
A1
B1
A1
B2
A1
B2
A1
–
–
–

m23
m8
m6

A
A
A

2m27

m21
m18
m11
m9
m8
m7

Fig. 3. Two experimental infrared spectra of C5H5N+ measured with low (12 eV,
black) and high (70 eV, blue) electron impact ionization energy. The intensity of the
experimental spectra is defined as the relative depletion to illustrate the
abundances of both isomers. The anharmonic calculations of the pyridine radical
cation (red) and the a-distonic isomer (purple) are plotted mirrored. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

tions show that both the barrier of isomerization (+256 kJ/mol)
and fragmentation to different C4H+
4 isomers (+248 kJ/mol) are
similar in energy [51]. Moreover, from the mass spectrum that is
measured with an EI energy of 30 eV (Fig. 1), the m/z 52 fragmentation product of pyridine radical cation is observed. Therefore, the
pyridine radical cation also crosses the barrier to fragmentation,
i.e. a large fraction of the electron impact energy is converted to
internal energy in the ionization process. This pathway competes
with the formation of the a-distonic and other isomers which
may explain their low abundance in this experiment even though
they are lower in energy.
Three unassigned bands at 1195, 1210 and 1244 cm1 are
observed in the vicinity of the band at 1228 cm1 (that was
assigned to the m11 mode (CAC stretching) based on the good
match with calculations), all exhibiting a regular spacing of
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~15 cm1. This splitting cannot be attributed to rotational substructure (see Table 3) and from the high intensity and low ion
temperature, we can exclude the presence of hot bands caused
by low energetic vibrationally excited states involving the neontag. They can also not be attributed to different pyridine-Ne cation
isomers (see Section 3.3). The 1244 cm1 band may be explained
by a combination band of the m11 mode of the pyridine radical
cation with one of the two low energy modes that include the
vibration of the neon atom. On the other hand our anharmonic calculations indicate a Darling-Dennison resonance of the comparably
strong m24 overtone (predicted at 1277 cm1, but not observed in
the experimental spectrum) with the m23 overtone (1142 cm1),
as well as a Fermi resonance of the same overtone (m24) with the
m13 fundamental (1153 cm1). Although our VPT2 calculations do
not reproduce the correct line positions and intensities, this resonant system might be responsible for the three unassigned bands.
The regular spacing of the four bands close to the predicted low
energy modes involving the neon vibrations (see Table S2) could
also point towards a strong anharmonic coupling of the m11 mode
with these modes. As has been shown for other weakly bound systems
[67–69], such a coupling can lead to a redshift of the band origin
and the appearance of a progression of strong combination bands
of the fundamental with the low frequency modes. However, these
effects do not interfere with the structural assignment, and a thorough examination is beyond the scope of this work.

Fig. 4. Experimental vibrational spectrum of C5H5NH+ (blue) and comparison with
calculated anharmonic spectra of (a) pyridinium cation, (b) 1-hydro-pyridine
cation, (c) 2-hydro-pyridine cation and (d) 3-hydro-pyridine cation (shifted
vertically for clarity). The relative energies with respect to the lowest energy
isomer pyridinium cation are given.

5

3.2. Vibrational spectroscopy of C5H5NH+
The experimental vibrational spectrum of Ne-tagged protonated pyridine (C5H5NH+) has been measured using IR-PD spectroscopy and is shown in Fig. 4. As outlined above, we efficiently
produce protonated pyridine by proton transfer from the radical
cation to the neutral pyridine precursor gas in the ion storage
source, facilitated by pyridine’s high proton affinity of 930 kJ/mol
(at 298 K) [70]. In addition to the lowest energy isomer with the
protonation site at the nitrogen atom, different isomers where a
hydrogen atom has been added to the three different carbon atoms
of the pyridine radical cation have been computed and their anharmonic vibrational spectra have been calculated; their respective
spectra are shown for comparison together with the experimental
spectrum in Fig. 4.
A large energy difference is observed between the pyridinium
cation where the protonation site is at the nitrogen atom and the
three hydro-pyridine cation isomers that have formed an additional CAH bond. The energy difference with respect to the lowest
energy isomer, that is, the pyridinium cation, is calculated to be
+246.1, +220.2 and +271.7 kJ/mol for the 1, 2 and 3-hydropyridine cations, respectively, likely involving also large barriers
for interconversion. From the experimental infrared spectrum,
we can clearly assign the pyridinium cation (1A1 electronic ground
state, C2v) to be responsible for all observed bands. The assigned
experimental and calculated frequencies are compiled in Table 2.
The full anharmonic spectrum is shown in Fig. S1. The most intense
experimentally observed bands at 665 cm1 (m26) and 733 cm1
(m25) are caused by the CH out of plane wagging vibrational mode
involving all six hydrogen atoms. Although these measurements
have been performed with a high electron impact energy of
70 eV, contributions from the hydro-pyridine isomers to the spectrum are excluded as many (intense) predicted bands are not
observed in the experiment. From the strength of the depletion signal of the m25 mode of the cation at around 733 cm1, we obtain an
abundance of 98% for this species.
Similar to the observation for the C5H5N+ ion, where H atom
migration towards the nitrogen atom is thermodynamically
favored, the lowest energy structure of C5H5NH+ is again a structure where the NAH bond is formed, namely the pyridinium

Fig. 5. Comparison between the calculated infrared spectra (harmonic, scaled with
0.976) of the pyridine cation and different pyridine-Ne cation isomers. In case of the
pyridine-Ne cation isomers, dispersion interactions (GD3) are included in the
quantum chemical calculations. The energies are calculated relative to the lowest
isomer.
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Table 2
Experimental and calculated vibrational frequencies of pyridinium cation (C5H5NH+). The anharmonic calculation is performed on the B3LYP/6–311++G(d,p) level of theory. The
frequency shift due to the neon atom is estimated from harmonic approximations (Table S3). Only the assigned bands are displayed; the complete calculation is shown in SI file 3.
Error of the Gaussian fit in parentheses in the unit of the last digit. Frequencies are shown in wavenumber (cm1) and the calculated intensity is given in km/mol.
Experimental frequencies
pyridinium cation

Relative intensity per photon

Anharmonic frequencies

Calculated intensity

DmNe-front

665(1)
733(1)
844(1)
1004(1)
1029(1)
1047(1)
1068(1)
1177(1)
1209(1)
1226(1)
1244(1)
1264(1)
1329(1)
1387(1)
1489(2)
1541(1)
1573(1)
1607(1)
1633(1)

16.4
14.8
4.4
0.9
0.9
0.9
1.2
1.8
1.7
2.2
2.0
3.0
2.8
1.3
3.1
8.1
1.1
7.3
5.8

662.2
748.8
833.1
1002.3
1030.5
1052.5
1061.5
1185.2
1208.7
1223.7
1248.4
1266.9
1329.9
1389.4
1485.4
1537.4
1570.6
1603.2
1625.0

133.7
38.5
5.5
3.6
2.4
3.4
2.0
3.7
2.0
0.6
2.5
2.0
8.9
4.2
21.5
49.7
3.7
19.4
25.2

1
1
2
1
1
1
0
7
4
–
–
4
1
1
1
1
–
1
1

cation. Furthermore, a reaction barrier of 301 kJ/mol towards the
1-hydropyridine cation has been predicted using quantum chemical calculations [54]. Isomerization towards the hydro-pyridine
structures introduces a sp3 hybridized carbon atom and therefore
removes the aromaticity of the molecule. Consequently, the isomerization of the pyridinium cation towards the hydro-pyridine
cationic structures can be considered as both kinetically and thermodynamically unfavorable.

a

4. Conclusions and outlook
The gas phase vibrational spectra of the astrochemically relevant aromatic C5H5N+ and C5H5NH+ cations have been recorded
using cold ion infrared action spectroscopy. The ions were efficiently formed using electron impact ionization of neutral pyridine
gas. Comparison with anharmonic density functional theory calculations showed a very good match, thereby enabling the structural
assignment of these cations. For the C5H5N+ cation, we observed
predominantly the canonical pyridine radical cation. Minor contribution of the lower energetic a-distonic isomer is observed. The
C5H5NH+ cation can be ascribed to the protonated pyridine where
the protonation site is at the nitrogen atom. The influence of the

Symmetry

m26
m25
m24
m20
m19
m16
m17
m15
m14
m24 + m29
m23 + m30
m13
m12
m11
m10
m9
m24 + m25
m8
m7

B1
B1
B1
A1
A1
B2
A1
B2
A1
B2
B2
B2
B2
B2
A1
B2
A1
B2
A1

Table 3
Calculated equilibrium rotational constants and dipole moment components of the
observed C5H5N+ and C5H5NH+ isomers.

3.3. Influence of the Ne atom on the IR spectra
Due to the non-covalent interactions with the neon atom, as a
consequence of the spectroscopic method of choice, the experimentally determined frequencies may be slightly shifted with
respect to those of the bare cation. From harmonic calculations
of the bare and the Ne-tagged species (including isomers with
respect to the Ne binding position) at the same level of theory,
the frequency shift due to the neon atom (DmNe) is estimated and
shown for pyridine-Ne (Table 1, Table S2) and pyridinium-Ne
(Table 2, Table S3). Between the different pyridine-Ne isomers,
no significant difference has been observed in the fingerprint
region between 550 and 1800 cm1 (Fig. 5). Furthermore, a comparison with the experimental frequencies shows that the estimated shift lies within the bandwidth of the FEL radiation (0.5%
FWHM). The small frequency shift due to the interaction with
the neon atom does not alter the assignment of the spectra, thus
we can regard the experimental spectrum as the vibrational fingerprint of the bare cation.

Mode

b

Molecular
constants

C5H5N+ pyridine
radical cation

a-distonic
radical
cation

C5H5NH+
pyridinium
cation

Ae (MHz)a
Be (MHz)
Ce (MHz)
la,b,c (Debye)b

6274.90
5738.68
2997.41
0/0.3/0

6334.54
5631.46
2981.17
1.5/0/0

5801.88
5684.84
2871.38
1.8/0/0

Ae, Be, Ce are the calculated equilibrium rotational constants.
la,b,c are the calculated dipole moment components.

neon tag is estimated to have a negligible effect on the frequencies
of the vibrational modes.
From the structural assignment, equilibrium rotational constants and dipole moment components were calculated (Table 3).
Whereas the pyridine radical cation only has a small mb dipole
moment, both the more energetically stable a-distonic isomer
and the efficiently formed protonated pyridine have a strong ma
dipole moment component. These species, in particular the closed
shell pyridinium cation that is isoelectronic to benzene, are good
candidates for further laboratory studies to determine the pure
rotational transitions using broadband microwave spectroscopy
or rotational action spectroscopy and subsequent spectral searches
of these transitions in astronomical sources. Furthermore, the
experimental vibrational frequencies of the cations can be used
directly for infrared observations of warmer regions of the ISM or
within Titan’s atmosphere. Moreover, the structural determination
of the dominant products upon pyridine ionization is indispensable
for kinetic investigation of the ion–molecule reactions towards larger (N)-PAHs that involve the pyridine radical cation.
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