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Abstract. The electron-impact dissociative ionization of pyridine has been 
investigated using mass spectrometry. Thirty-two well-resolved mass peaks have been 

identified in the cation mass spectra and assigned to the most likely ionic molecular 
fragments. The new sixteen ionic fragments' appearance energies have been determined, 

and sixteen others remeasured. The total cross-section for electron-impact ionization 
of pyridine has been measured at 100 eV. Thorough analysis indicates that at least 

three peaks' groups in the mass spectra occur via the shake-off dehydrogenation 
mechanism, i.e., by sequential hydrogen atoms elimination from the pyridine parent 

cation or its fragmentation products. The nature of this process is deciphered. 
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1. INTRODUCTION 

Heterocyclic molecules are ubiquitous. Their rings are incorporated in 
technological and naturally occurring chemical compounds, such as synthetic and 

natural dyes, nucleic acids, most drugs, vitamins, etc. They are often exposed to 
various forms of radiation in natural environments or during engineering or medical 

processes. Therefore, their interactions with photons [1–8], electrons [9–12], and 
ions [13–21] have been recently investigated. 

In particular, pyridine (C5H5N) is a model bioactive six-membered nitrogen-
containing heterocycle compound with many biological, pharmaceutical, and 

agrochemical applications [22]. It is incorporated into B vitamins [22], coenzymes, 
and alkaloids [23]. Since the discovery of pyridine derivatives: niacin, pyrimidines, 

and purines in carbonaceous chondrites [24, 25], traces of pyridine as a precursor 
of the building block of biologically active molecules have been incessantly sought 

in the interstellar media [26]. Pyridine can thus be found under a variety of 
irradiation conditions, and many studies have recently probed its absorption, excitation, 

ionization, and fragmentation (see, e.g., [26–36]) to understand its response to different 

radiation forms.  
The possibility of hydrogen atoms detaching from the pyridine ring has been 

observed among various decomposition routes. However, any study has shown the 
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possibility of successive shake-off dehydrogenation of its ring or major fragments. 
Therefore in the present work, we have studied the electron-impact dissociative 
ionization of pyridine with a focus on the dehydrogenation of the pyridine parent 
cation or its fragmentation products. 

2. EXPERIMENTAL DETAILS 

The electron impact mass spectrometry (EIMS) experiment was performed 
using an EPIC 300 (Hiden Analytical Ltd.) quadrupole mass spectrometer at the 
Laboratory of Complex Systems Spectroscopy (Fahrenheit Universities' core lab) 
of the Gdansk University of Technology. This setup has been presented in detail 
previously (e.g., [37]), and only a brief description combined with pyridine specifics 
is given here. 

The mass spectrometer consisted of an internal electron impact ionization 
source, the ion extractor, focusing, and energy filter aperture electrodes mounted 
before the quadrupole mass filter, followed by a secondary electron multiplier as 
an ion detector. The cage connected to the positive voltages surrounded the 
ionization region in the electron ionizer. The incident electron beam current in the 
ionizer was usually 0.3 or 30 μA. The extracted electrons collided with the effusive 
beam of pyridine introduced into the interaction region by a narrow stainless steel 
capillary installed 5 mm from the ionization cage. As a result of this interaction, 
the pyridine is ionized and fragmented. The focusing electrode was maintained at a 
higher negative voltage of −200 V to adjust the arising cations' optimal transmission 
efficiency. A 70 l/s turbomolecular pump pumped the spectrometer's vacuum 
chamber to a 10–8 mbar base pressure. After introducing the pyridine vapors, the 
operating pressure in the collision chamber was set at 1−3  ×  10–6 mbar. We 
confirmed linear dependence between the detected cation signal and the incident 
electron current with operating pressure up to 6  ×  10–6 mbar, thus suggesting a 
single collision regime.  

The liquid pyridine (C5H5N) with a purity of 99.8% was procured from 
Sigma Aldrich, Poland. The measurements were performed at room temperature 
since pyridine has relatively high vapor pressure, ca. 26.7 hPa at 25°C [38]. However, 
the spectrometer's vacuum chamber, pipes, and valves were slightly heated to 
avoid sample condensation. Pyridine was degassed several times under a vacuum 
to eliminate vaporous contaminations in a stainless steel container before any 
measurements were implemented. 

3. RESULTS AND DISCUSSION 

In the first step of the investigations, the cationic products of the electron-
impact dissociative ionization of pyridine have been identified. For that purpose, D
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the mass spectra were recorded in the 10–90 u mass range for fixed electron 
energies. By cutting off the pyridine vapor, the background signal was measured 
and then subtracted from mass spectra. Earlier measurements showed [37] that the 
transmission of this spectrometer was practically independent of the cation mass in 
the 10−120 u mass range.  

 

Fig. 1 – The mass spectrum of the cations of pyridine obtained at an electron energy of 100 eV. 

The mass spectrum of the pyridine cations obtained at an electron energy of 
100 eV is displayed in Fig. 1, together with the assignments of the mass peaks 
performed by Jiao et al. [32], who discriminated the possible isobar cations by 
comparing the mass spectra of pyridine and pyridine-d5. The present mass 
spectrum agrees with that published in photodissociation studies [31, 39], and the 
NIST database [40]. In all these spectra, the mass peaks form four groups separated 
well from each other on the mass scale. However, our spectrum has a higher 
resolution. Indeed in the present measurements, the mass resolution of the 
spectrometer was better than one Dalton (u), as deduced from the measured 
spectra. In-depth examinations of the present spectra demonstrate at m/q = 60–64 a 
group of very weak peaks with decreasing intensities (see Fig. 2) that arise from 
the dehydrogenation of the pyridine cations. Actually, each peak group has cationic 
fragments formed by successive hydrogen atoms abstractions (see Figs. 1 and 2). 

In the second part of this work, the absolute total electron ionization cross-
sections of pyridine were determined at 100 eV. We used the relative flow technique 
[41] based on the comparison performed under identical experimental conditions of 
the studied products' intensities with well-known cross-sections of standard species 
to obtain the absolute values. We used the 2.51 × 10−16 cm2 value [42] measured 
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for Ar+ from Ar at 100 eV as a standard cross-section. However, we employed 
two approaches to determine the absolute values of pyridine cross-sections.  

 

Fig. 2 – The mass peaks demonstrating dehydrogenation of the pyridine cations. 

At first, the electron beam energy was kept constant at 100 eV. At this 
energy, we measured the intensities of the parent cation of pyridine (m/q = 79) and 
Ar+ (m/q = 40) in the same experimental conditions (the same pressure, electron 
beam current, and recording time) and applied the formula given by Rahman and 
Krishnakumar [41] to obtain the cross sections. To be sure that the transmission of 
the spectrometer does not alter the obtained results, we repeated this procedure for 
the m/q = 39 pyridine cation.  

In the second procedure, we maintained several pressures of the parent cation 
of pyridine and Ar+ in the range of 6 × 10−7 − 5 × 10−6 mbar at constant electron 
beam energy (100 eV). The intensities were measured several times for different 
currents and recording times for each such pressure. Then the normalized intensities 
versus pressures graphs were plotted for the pyridine and the Ar targets. These 
graphs were linear in the studied pressure region, indicating that molecular flow had 
been achieved during measurements. Directly comparing these lines' slopes gave the 
relative levels of the cross sections [43]. The errors in this method combine the 
uncertainties in the Ar+ absolute cross-section determination [42], present experimental 
errors, and the computed errors involved in linear regression. Knowing the other 
fragments' intensities (from the mass spectrum measured at 100 eV) relative to the 
total intensity allowed each cation to be put on an absolute scale in both procedures.  

Comparing the results of these two methods indicates that within the limits of 
the uncertainties, both procedures give consistent cross-sections. The weighted mean 
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value of the total ionization cross-section of pyridine at 100 eV was found to be 
(26.6  0.5) × 10−17 cm2. Initially, we were confounded because our result was six 
times lower than the cross-section measured by Jiao et al. [32]. However, our 
procedures differed from those performed by Jiao et al. [32]. Our ones were probably 
too simple and did not consider all the parameters that could affect the measurement. 
On the contrary, Jiao studied a mixture of pyridine and Ar using stored waveform 
inverse Fourier transform equipped with the cooling period that thermalized excited 
Ar ions and exhausted the ions with reaction rates higher than the ground state. They 
also eliminated the space charge effect to reduce overpopulated Ar+ ions. 

Therefore during the cross-section curves' determinations, we focused on 
measurements close to thresholds to determine all identified cations' appearance 
energies (ETH). These appearance energies were obtained by fitting a modified 
Wannier function [44] describing the cross-sections in the near-threshold region 
using the “ThreSpect” software [45] downloaded from the Gdansk University of 
Technology Bridge of Knowledge repository [46].  

The found energy shift between the ETH and the spectroscopic value of the 
ionization energy in Ar+ (15.76 (0.01) eV [47]) was used to calibrate the energy scale 
in each cross-section measurement. In addition, the energy dispersion distribution 
was estimated to be 600 meV from the Ar+ yield measured just above ETH. 

The example patterns of such curves measured in narrow energy regions 
around the expected positions of the thresholds are shown in Fig. 3. The extracted 
ETH of the thirty-two cation fragments and their uncertainties are given in Table 1. 
The results from other works are for comparison listed in the last column of Table 1. 
One can notice that our values generally are in agreement with previous studies. In 
addition, sixteen thresholds are determined here for the first time. These ETH values 
were predominantly found for the lightest fragments as well as the cations formed 
in the sequential dehydrogenation of C5H5N+ and C5H4

+ molecules.  

 

Fig. 3 – The cross-section curves measured in narrow energy regions near the expected thresholds. 
The solid lines represent the best fittings to the experimental points. 
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Table 1  
 Cataion assignment, threshold energies (ETH), together with their uncertainties obtained for the 

pyridine molecules. *Both isobar ions have comparable intensities [32] 

Mass 
[u] Cation assignment ETH [eV] ETH [eV] literature values 

12 C+ 22.3 (0.1)  
13 CH+ 32.6 (0.1)  
24 C2

+ 23.5 (0.1)  
25 C2H+ 29.3 (0.1) 29.7 [39] 
26 C2H2

+ 17.4 (0.3) 16.7 [39] 
27 *C2H3

+/CHN+ 19.1 (0.1) 17.2 [39] 
29 C2H5

+/CH3N+ 13.5 (0.1) 17.2 [39] 
36 C3

+ 36.1 (0.3)  
37 C3H+ 18.2 (0.1) 27.7 [39] 
38 *C2N+/C3H2

+ 14.4 (0.1) 23.2 [39] 
39 C3H3

+ 12.2 (0.1) 13.2 [39], 14.0 [48], 14.0 [49] 
40 C2H2N+ 16.0 (0.1) 23.7 [39] 
41 C3H5

+/C2H3N+ 13.3 (0.1)  
48 C4

+ 32.3 (0.4)  
49 C4H+ 27.7 (0.2)  
50 C4H2

+ 15.7 (0.2) 15.7 [39], 16.17 [48] 
51 C4H3

+ 15.6 (0.1) 15.7 [39], 16.61 [48] 

52 C4H4
+ 12.2 (0.2) 12.2 [39], 13.6 [48], 12.2 [50],  

11.84 [51], 12.15 [52], 12.34 [53] 
53 C3H3N+ 11.9 (0.4) 12.7 [39], 13.84 [48] 
54 C3H4N+ 13.9 (0.1)  
60 C5

+ 36.7 (0.6)  
61 C5H+ 33.4 (0.2)  
62 C5H2

+ 26.3 (0.3)  
63 C5H3

+ 15.9 (0.5)  
64 C5H4

+ 14.9 (0.2)  
74 C5N+ 29.8 (0.6)  
75 C5HN+ 20.7 (0.2)  
76 C5H2N+ 16.2 (0.1)  
77 C5H3N+ 15.0 (0.1) 12.42 [48] 
78 C5H4N+ 14.0 (0.1) 13.7 [39], 14.0 [48], 13.3 [50] 
79 C5H5N+ 9.6 (0.1) 9.0 [39], 9.25 [49] 
80 13C5

2H5
15N+ 9.2 (0.4)  

 
Since the major decomposition channels of pyridine have been widely 

reviewed [27–36], we will omit the discussion of the fragmentation pathways of 
this molecule. In the present work, we will focus only on unveiling the shake-off 
dehydrogenation mechanism, which has not been pointed out to our knowledge. 

Let us examine the group of peaks formed from the dehydrogenation of the 
parent ion pyridine (m/q = 79). Figure 2 shows the cations generated by sequential 
abstractions of hydrogens (from one (m/q = 78) to five (m/q = 74) from the parent 
ion of pyridine. As seen in Table 1, the appearance energies of peaks with the 
m/q = 74–76 masses are for the first time presented. It can be seen that the 
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appearance energies rise successively with the number of hydrogens detached, thus 
suggesting an increasingly complex fragmentation mechanism. The electron 
generally has insufficient momentum to knock out the atoms from the molecular 
ring or chain. The molecule may instead tremble after energy deposition due to the 
ring strain, bending, twisting bonds, and their rupture or formation. Then, the 
hydrogens may shake off from the cation's closed ring if the newly formed ring 
molecule has a resonance structure.  

Both pyrolysis [54] and photolysis [34] of pyridine start from the C–H bond 
scission to eliminate hydrogen directly from the closed ring and to produce a 
C5H4N+ pyridyl radical. This radical can be formed in three cyclic ortho-, meta-, or 
para-pyridyl resonance structures [34]. However, calculations and experiments 
demonstrated that the ortho site's C–H bond cleavage is favored over m- and  
p-sites [54]. In our mass spectrum in Fig. 1, the peak m/q = 78 corresponding to the 
pyridyl cation is clearly visible. Its appearance energy is the lowest in that group 
and agrees with previous determinations.  

The following cation (m/q = 77) formed from the detachment of two hydrogen 
atoms is barely visible, even in Fig. 2. Perhaps this is because the other bonds 
are rearranged in the ring in addition to the second C–H bond breaking. The 
C5H3N+ (m/q = 77) may be assigned to the cyclic structure of pyridinediylradical or 
didehydropyridine or their resonance isomers. The obtained threshold energy value 
of 15.0 eV is 2.58 eV higher than the literature value. However, our value seems to 
satisfy the proposed model's conditions better. Indeed, detaching two hydrogen 
atoms from the ring requires higher energy than detaching one atom (see Table 1). 

After the abstraction of another hydrogen, the C5H2N+ may remain in a cyclic 
structure, forming, e.g., pyridine-2,4,6-triylradical (m/q = 76). The o-pyridyl ring may 
also open and decompose into several open ring structures with m/q = 76 masses. 
As seen in Table 1, its production requires 1.2 eV more energy than the formation 
of the m/q = 77 cation. 

Removing four hydrogen atoms from pyridine may still lead to the 
formation of the C5HN+ in a cyclic ring structure (3,4,5,6-tetradehydropyridine or 
2,5-didehydropyridine). It may also rearrange into stable open ring structures. 
Several different pathways may occur, thus increasing the intensity of this peak 
(m/q = 75) in our spectrum.  

The C5N+ most likely does not form a stable cyclic structure. Shaking off all 
hydrogens from the pyridine parent cation does not thus keep the ring closed and 
must be associated with the ring opening. Even open ring structures are a few. The 
fragmentation mechanism is somewhat complex and energy-consuming. Therefore, 
the probability of producing a cation with the m/q = 74 mass is low. This fragment 
starts arising at 29.8 eV. 

The peak group with the second-highest masses (m/q = 60–64) represents 
features of the C5H4

+ molecule's sequential dehydrogenation. The peak intensities 
in this group diminish with the decrease of the cations' masses, thus suggesting a 
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lower probability of producing C5H4
+ ions with fewer attached hydrogen atoms. 

The probability of fragmentation into these fragments is generally very low 
because the production of these cations requires, in the first step, isomerization and 
elimination of the NH radical, which is an unusual fragmentation channel. 
However, Wasowicz et al. [30] showed that hydrogen migration over the pyridine 
ring in the NH reaction pathway occurs and competes with hydrogen elimination 
processes. Specifically, they demonstrated that pyridine forms a geometrically 
stable nonplanar open-ring structure of the N–Hortho tautomer followed by 
transformation into a five-membered ring of C5H4

+ with a developed –NH side 
terminal [30]. The NH detachment can then release an m/q = 64 fragment with a 
ring structure of, for example, 1,2,4-cyclopentatriene. The following fragments in 
this family can be formed by the successive shaking off of this cyclic structure 
from subsequent hydrogen atoms. Increasing threshold energies of lower mass 
cations (Table 1) support this finding. 

The cations with masses (m/q = 48-52; 36-39; 24-27) may also arise through 
this process. However, the lighter the fragment, the more complex pathways can 
lead to its formation. It is also more difficult for a molecule to form stable structures 
that can only decompose by shaking. Furthermore, as the previous experimental 
results show [32], different isobar ions, usually arising via diverse fragmentation 
channels, can represent the same final light fragments. Therefore, quantum-chemical 
calculations can only unravel a complete course of dehydrogenation of light cations.  

4. SUMMARY 

We have investigated the dissociative ionization of pyridine, C5H5N, molecules 
in the gas phase by applying electron impact mass spectrometry. It is found that the 
major cations are the parent, C5H5N+, cation (m/q = 79), and the C4H4

+ fragment 
(m/q = 52), which have comparable intensities in the 100 eV mass spectra. The ETH 
of the thirty-two observed cationic fragments have been determined. The ETH's of 
sixteen fragments have been found for the first time. Other ETH results generally 
agree with those determined in the previous ionization experiments. 

Analysis shows that some cationic fragments are formed by successive hydrogen 
atom eliminations. Thus, a new model on the course of a dehydrogenation reaction is 
proposed here. Such a model mechanism proceeds by sequential hydrogen shake-off 
from the cation's closed ring structures. It appears accurate for the pyridine parent 
cation or its fragmentation products, which can form cyclic resonance structures. 
Indeed, this type of fragmentation is clearly visible in the three heaviest peak groups. 
However, our description gives a qualitative picture, and quantum-chemical calculations 
are necessary to get any quantitative data. 
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