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Photoelectron Spectrum of the Pyridyl Radical

Emil Karaev,a Marius Gerlach,a Katharina Theil,a Gustavo A. Garcia,b Christian Alcaraz,c

Jean-Christophe Loison,d and Ingo Fischer⇤a

We report the photoelectron spectrum of the pyridyl radical (C5H4N), a species of interest in as-

trochemistry and combustion. The radicals were produced via hydrogen abstraction in a fluorine

discharge and ionized with synchrotron radiation. Mass-selected slow photoelectron spectra of the

products were obtained from photoelectron-photoion coincidence spectra. A Franck-Condon simu-

lation based on computed geometries and vibrational frequencies identified contributions of the o-

and p-pyridyl radicals. For the o-isomer an adiabatic ionisation energies of 7.70 eV was obtained, in

excellent agreement with a computed value of 7.72 eV. The spectrum of o-pyridyl is characterized by

a long progression in an in-plane bending mode and the N-C stretch that contains the radical site.

1 Introduction
Interest in the pyridyl radical, C5H4N is connected to the for-
mation of polycyclic aromatic nitrogen-containing hydrocarbons
(PANHs), which are of interest in astrochemistry as potential car-
riers of the unidentified infrared bands (UIB).1 They are also
suspected as possible precursors for biomolecules in space, fol-
lowing the discovery of vitamin B3 and nucleobases on mete-
orites.2–4 This motivated researchers to investigate their forma-
tion in the gas phase.5–7 Nevertheless, little is known so far about
their light-induced chemistry. Only recently, the dissociative pho-
toionisation of two PANHs, quinoline and isoquinoline, has been
investigated.8 The pyridyl radical might be a key intermediate
in their formation. For instance, it has been shown that the re-
action of pyridyl with 1,3-butadiene (1) leads to derivatives of
(iso)quinoline, while a radical-radical recombination of pyridyl
with a hydroxycarbonyl radical (2) leads to vitamin B3.5,9

C5H4N+C4H6 ��! C9H9N+H (1)

C5H4N+COOH��! C5H4NCOOH (2)

Furthermore, a number of N-containing radicals are included in
kinetic models describing the atmospheric chemistry of Titan.10

Pyridyl itself can be formed in a high energy environment
through photodissociation of a C-H bond in pyridine.11 The radi-
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cal has been investigated by ESR12 and its photodissociation was
studied by high-n Rydberg atom time of flight spectroscopy13.
Rotational spectra have been predicted from high-level coupled
cluster calculations.14

N-containing heterocycles are also relevant in combustion of
coal and biofuels. During coal burning, fuel-bound nitrogen,
which consists mainly of pyrrole and pyridine rings, is oxidized
and burned,15 and produces CO2, NOx as well as HCN.15–18

Therefore, reactions of pyrrole and pyridine have been investi-
gated by various experimental17,19–30 and computational meth-
ods. Generation of pyridyl is often a key step in these reac-
tions.28–34 Wu et al. investigated the oxidation reactions of pyri-
dine and found in their kinetic analysis that the major nitrogen-
containing oxidation products are HCN, N2, N2O, and HNCO.30

In pyridine oxidation, the hydrogen abstraction from pyridine to a
pyridyl radical by OH (3) is the first step in a cascade of reactions
.30

C5H5N+OH��! C5H4N+H2O (3)

In their analysis, Wu et al. only included the lowest energy o-
pyridyl isomere. However, the m- and p-isomers are only slightly
higher in energy. Table 1 summarizes the relative energies at
298 K of all three isomers and their cations, while figure 1
shows their structures. Although the o-pyridyl is the most stable,
at combustion temperatures generation of m- and p-pyridyl is
possible. The decomposition pathways of all three isomers have
been computed by Cheng and Liu.31,35–37 A larger propensity
towards small molecule products was found for m-pyridyl.

The cations of the pyridyl isomers are also relevant to as-
trochemistry but, in contrast to the neutral isomers, they have
not yet been theoretically investigated. We therefore initiated
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Fig. 1 Calculated geometries of the X 1A’ and X+ 2A’ states of o-
and m-pyridyl and of the X 1A1 and X+ 1A1 states of p-pyridyl. The
largest geometric changes from neutral species to cation involve the car-
bon atom, from which the hydrogen is abstracted. The calculations of
the neutrals are in agreement with previous work. 14

an investigation of pyridyl photoionisation using photoelectron-
photoion-coincidence (PEPICO) spectroscopy.38,39 This method
permits recording mass-selected slow photoelectron (ms-SPE)
spectra by correlating ions and electrons, and is therefore
well suited to investigate radicals as shown previously.40,41

In contrast to conventional photoelectron spectroscopy ms-
SPE spectra are not perturbed by contributions from precur-
sors or side products, due to photoion mass-selection. The
present work continues a program aimed at investigating the
photoionisation of N-containing radicals, like NH42, NH2

43,44,
NF45, NCO46, HBNH47, picolyl48, pyrrolyl49, 2-azidoacetic acid
(N3CH2CO2H)50 or the anilino radical (C6H5NH)51.

Experimental
The experiments were performed at the DESIRS vacuum ul-
traviolet (VUV) beamline at the Synchrotron SOLEIL,52 using
the DELICIOUS III spectrometer.53 The experimental setup
has already been published before.54,55 In brief, F-atoms were
generated in a mixture of 5 % F2 in Helium using a 2.45 GHz
microwave discharge. The product mixture was then transported
to a flow tube reactor, where it reacted with 0.5 % gaseous pyri-

Table 1 Relative energies of o-, m- and p-pyridyl and their ionisation
energies (IE) for transitions into S+0 and T+

1 .

method o-pyridyl m-pyridyl p-pyridyl
Erel QCISD(T) 31 0.00 0.25 0.19
(neutral) wB97X-D3 0.00 0.28 0.21
/ eV CCSD(T) 14 0.00 0.24 0.18
IEcalc. / eV (S+0 ) wB97X-D3 7.72 8.33 8.50

CCSD(T) 7.61 8.78 8.40
IEcalc. / eV (T+

1 ) wB97X-D3 9.45 9.39 9.36
IEexp. / eV 7.70 � �

dine diluted in argon, inserted through an injector in the reactor.
The reaction mixture passed through two skimmers before being
ionized by the monochromatic synchrotron radiation. Electrons
and ions are accelerated in opposite directions towards a velocity
map imaging detector56 and a Wiley-MacLaren time of flight
mass spectrometer57 that are operated in coincidence. The parti-
cles were accelerated with a DC field of 88 V cm�1, which leads
to a Stark-shift of roughly 7 meV that was properly taken into
account in the determination of ionisation energies. This double
imaging PEPICO setup allows filtering the photoelectrons by the
corresponding ion’s mass, hence removing the contribution from
other masses, like the precursor or side products.

Mass-selected photoelectron images of the pyridyl radical
(m/z 78) were recorded in the region of 7.6 - 10.2 eV in 5 meV
steps. The photoelectron spectra as function of the photon
energy constitute a 2D matrix. Since for direct photoionization,
the energy of the photoelectrons increases with the photon
energy, these 2D spectra consist of a set of parallel lines with
constant slope, corresponding to the different cationic levels.58

Integration along these lines up to a relative small kinetic energy
yields the slow photoelectron spectrum (SPES).53,59,60

To support the experimental interpretation, geometries of the
three isomers and their respective cation were optimised and
frequencies calculated with ORCA 5.0.3 at the DFT (wB97x-
D3) level using a cc-pVTZ basis set.61 Single point energies of
the optimised structures were also carried out with CCSD(T).
The calculated ionisation energies are corrected for the contri-
bution of the zero-point energy. Franck-Condon (FC) factors for
ionisation were calculated with ezSpectra62 based on the com-
puted geometries and frequencies within the harmonic approxi-
mation.. The frequencies were scaled by a factor of 0.956 accord-
ing to the Computational Chemistry Comparison and Benchmark
DataBase.63 The resulting stick spectra were convolved with a
Gaussian function of 40 meV full width at half maximum height.

Results and Discussion
A fluorine discharge is well suited to synthesize elusive species,
but is not very selective. Therefore, a product analysis is pre-
sented in Figure 2, which shows the time-of-flight mass spectrum
(TOF-ms) recorded at 10.0 eV photon energy. The main contribu-
tion is pyridine C5H5N with m/z 79 and its 13C isotope m/z 80.
In addition to the single hydrogen abstraction at m/z 78, double
abstraction can be deduced from the peak at m/z 77. Although
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Fig. 2 Time of Flight mass spectrum (TOF-ms) at 10.0 eV photon
energy.The precursor pyridine is observed at m/z 79. Besides the target
C5H4N+ m/z 78) a small amount of doubly dehydrogenated C5H3N+

(m/z 77) is visible. At higher m/z also fluorinated species are detected.

m/z 76 is not detected, the observation of m/z 134 (C5H2NF3
+)

suggests a possible third abstraction. F-atom addition products
are responsible for the peaks at m/z 96 - 98, 115 - 117 and 134,
135, showing the addition of one to three fluorine atoms to the
aromatic ring.

As noted above, hydrogen abstraction from pyridine leads to
three possible cyclic isomers, o-, m-, and p-pyridyl, depending on
which hydrogen is cleaved. However, from each isomer a reaction
pathway to a stable open chain structure is available, which has
to be taken into account in the assignments. The lowest energy
barriers to ring opening are 1.75 eV, 1.98 and 2.68 eV for the
o-, m-, and p-isomer, respectively.31,35–37,64 The heat of reaction
DrH° for (4) at 298 K ranges from 0.8 to 1.1 eV depending on the
isomer.

C5H5N+F��! C5H4N+HF (4)

Thus ring opening requires additional collisions in the reactor.
Although this is certainly possible, open chain species of m/z 78
were not observed, either because the IE is not in the investigated
energy range or the contribution of open chain isomers to m/z 78
is relatively small compared to the cyclic isomers. IE’s of several
low-energy open chain isomers31 were also computed. The val-
ues are summarized in Table S1 in the electronic supplementary
information (ESI).

The slow photoelectron spectrum (SPES) of m/z 78 in the
range from 7.6 - 9.5 eV is given in Figure 3. Trace a) shows
the experimental spectrum. The first band appears at 7.70 eV,
followed by a progression up to 8.6 eV with a spacing of around
630 cm-1. Above 8.6 eV, a second band system appears, without
discernible structure. Trace b) depicts the Franck-Condon (FC)
simulation of the lowest energy o-pyridyl isomer in blue, based
on the geometries shown in Figure 1, which were calculated on
a DFT level. The bond lengths and angles differ by a maximum
of 0.01 Å and 4°, compared to the CCSD(T) optimisation of
Meyer et al.14 Taking the FWHM of bands into account, the
IE of the X+ 1A’  X 2A’ transition is determined to be 7.70 ±
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Fig. 3 a) SPES of m/z 78 recorded from 7.60 - 9.5 eV. b) The blue
simulation shows the X+ 1A’  X 2A’ transition of the o-pyridyl isomer.
The calculated ionisation energy is 7.72 eV. c) The green simulation
describes the X+ 1A1  X 2A1 transition of p-pyridyl. Its calculated
ionisation energy lies at 8.50 eV. d) The red simulation is a sum of the
simulations in b) and c) with a ratio of 1 : 0.4.
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0.020 eV. The calculated IE is 7.72 eV for wB97X-D3 and 7.61 eV
for CCSD(T) and is in agreement with the experimental IE.
The long progression is due to a large geometry change upon
ionisation, as can be derived from Figure 1. The largest changes
involve the NC1 bond length (C1 being the radical site) that
shortens by 0.8 Å upon ionisation and the N-C1-C2 bond angle
that is reduced by 15°. This results in a pronounced progression
of the N-C1-C2 bending mode v20

+, with a computed wavenum-
ber of v20

+ = 640 cm-1 (80 meV). This frequency corresponds
well with the experimental spacing of 630 cm-1 and confirms
the assignment. The mode also appears in combination with
the fundamental and first as well as second overtone of the NC1
stretching mode v5

+, with a wavenumber of v5
+= 2000 cm-1

(250 meV).

Low-lying triplet states might be relevant in the photoioni-
sation of pyridyl isomers, therefore the IEs of the (T+

1 ) states
have also been calculated and their values are given in table 1.
As visible, transitions into the triplet cations are only expected
above 9.36 eV. In fact, a band at higher photon energies (see
Figure S1 in the ESI) is assigned to the (T+

1 ) states. However,
there is no indication that the triplet cations play a role in the
spectral region shown in Figure 3.

As visible, the simulation of the X+ 1A’  X 2A’ transition of
o-pyridyl matches the low-energy part of the spectrum quite well.
However, the high-energy part of the spectrum is not represented
well, which suggests a contribution by another isomer. Trace c)
shows the simulation of the X+ 1A1  X 2A1 transition of the
p-pyridyl isomer in green, based on the computed IE of 8.50
eV. The overall signal intensity at higher energies is matched
well. In Figure 1 one can see, that the main change in geometry
upon ionisation is due to the C1-C2-C3/C5-C4-C3 angle, which
is reduced by 11°, and the C2-C3/C4-C3 bond, which shortens
by 0.06 Å. This leads to a progression in three modes and their
combination bands, a C2-C3-C4 bending mode v19

+ = 660 cm-1,
a C1-N-C5 bending mode v17

+ = 860 cm-1 and a C1-C2/C5-C4
stretching mode v8

+ = 1340 cm-1. However, the modes cannot
be distinguished in the experimental spectrum. The neutral
geometry on the DFT level of p-pyridyl is in agreement with the
CCSD(T) geometry.14 The bond lengths differ by a maximum of
0.005 Å and the bond angles by a maximum of 1°.

In trace d) the simulations of o-, and p-isomer are combined,
the total simulated intensity is given as a red line. Assuming
that the ionisation cross sections are the same for all isomers,
FC simulations of the electron signal can then provide a quanti-
tative isomer ratio. The best agreement with the experimental
spectrum is achieved with an o- to p-ratio of 1 : 0.4. In a thermal
equilibrium at room temperature an p-/o-ratio of 1:1000 would
be expected. The contribution of m-pyridyl would even be
another factor of 10 smaller.

Given the non-Boltzmann isomer ratio, the small remaining de-
viation from 8.5 eV to 8.9 eV between experiment and simulation
might be due to contributions of m-pyridyl, whose calculated IE

lies at 8.33 eV on the DFT level and at 8.78 eV in CCSD(T) cal-
culations. As product formation is governed by the H-abstraction
kinetics and preliminary calculations indicate a difference of only
20 meV between the transition states leading to the various prod-
uct isomeres, m-pyridyl would indeed be expected to be formed
as well. However, as visible in the center trace of Figure 1, the
geometry change upon photoionization is larger than for o- and
p-pyridyl and a significant deformation of the ring is visible in the
cation of the m-isomer. This leads to very small FC-factors close
to the ionisation threshold and a small contribution of m-pyridyl
to the SPES-spectrum, cf. Figure 3, which is neglected in the sim-
ulation. In addition, transitions into the excited triplet state of the
open chain cations might also show small contributions at higher
energies. As visible in Figure S1 in the ESI, it is difficult to extract
information on possible small contributions of other isomers to
the spectrum.

Conclusion
We recorded a mass-selected photoelectron spectrum of the
pyridyl radical using photoelectron-photoion coincidence spec-
troscopy. Pyridyl was produced from pyridine in a fluorine
discharge. The spectrum is dominated by the o-pyridyl isomer.
An ionisation energy of 7.70 eV was determined, in good
agreement with the calculated value of 7.72 eV. A large geometry
change upon ionisation leads to a long progression in an in-plane
bending mode and a N-C stretch that includes the radical site.
Even though o-pyridyl is the most stable isomer, an estimated 29
% of p-pyridyl is also present. Its photoionisation was found to
contribute to the high-energy part of the spectrum. An IE of 8.50
eV was computed. The m-isomer on the other hand contributes
only negligiby to the spectrum, likely due to low FC factors.

While the neutral species maintain a pyridine-like structure,
the cations show a significant deformation of the ring. In the
case of o-pyridyl, this leads to a long progression in the N-C1
stretching mode v5

+ and the N-C1-C2 in-plane bending mode
v20

+. The p-pyridyl on the other hand, shows a progression
consisting of the C2-C3-C4 bending mode v19

+, the C1-N-C5
bending mode v17

+ and the C1-C2 stretching mode v8
+. Open

chain isomers with the same m/z as pyridyl were not detected.
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Table S1: Calculated ionisation energies for the open shell isomers suggested by Liu et al.[1] 

 

 Open shell isomer IEcalc. (𝑆0+)/ eV IEcalc. (𝑇1+)/ eV 
 
1 

 

6.10 9.11 eV 

 
2 

 

4.42 8.47 

 
 
3 

 

no 
convergence 8.35 

 
 
4 

 

6.45 8.98 

 
 
 
5 

 

5.20 8.19 
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Fig. S1: SPES of m/z = 78 from 9.5 – 10.2 eV. The IE of m-pyridyl, computed by CCSD(T) is given as a 
purple line. For comparison the computed IEs for transitions into the triplet cation of the open-chain isomers 
are given as black lines. A second band starting at 9.6 eV is most likely due to transitions into the triplet states 
of the pyridyl cations. Due to the close-lying ionization energies, an identification of further isomers in addition 
to o- and p-pyridyl is not possible.  
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