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Abstract. Electron impact mass spectroscopy was used to investigate ionization and cationic fragmentation
of the pyridazine (1,2 diazine), C4H4N2, molecules in the gas phase. The mass spectra were measured and
the observed mass peaks assigned to the corresponding cations. The appearance energies of most of the
cationic fragments were determined and the possible fragmentation processes are discussed. The total cross
section for electron impact ionization of pyridazine was calculated using the binary-encounter-Bethe (BEB)
model. The calculated cross section was applied to normalize the measured cation yield curves and total
and partial cross sections for ionization and cationic fragmentation were obtained over the energy range

from the respective ionization thresholds to 140eV.

1 Introduction

In our recent work, we investigated electron impact ion-
ization and cationic fragmentation of pyrimidine, C4,H4No,
molecules by mass spectroscopy in the energy range from
the ionization threshold up to 150eV [1]. Pyrimidine
(1,3-diazine) is a six-membered, aromatic heterocyclic
molecule, in which two CH groups of the benzene molecule
are replaced by nitrogen atoms at positions (1) and (3) of
the ring (Fig. 1). Pyrimidine is isoelectronic with benzene
and preserves the planar geometry. The nitrogen atoms
give rise to two non-bonding (ny) orbitals of the lone-pair
electrons [2] and a permanent dipole moment. In studies
of ionizing radiation damage to biological tissue in can-
cer radiotherapy, pyrimidine has been widely accepted
as a precursor/analogue of the nucleic bases, cytosine,
thymine and uracil, which are the structural units of DNA
and RNA. Therefore, pyrimidine has been extensively
investigated by electron collisions to build a set of rec-
ommended electron impact cross sections. These provide
a database for Monte Carlo modelling of the behaviour
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of low energy secondary electrons in the biological envi-
ronment [3,4]. In this context, ionization of pyrimidine
and the subsequent fragmentation of its cations and the
formation of radicals have been investigated to identify
processes, which may lead to the destruction of the pyrim-
idine molecule. An understanding of these fragmentation
processes may then be applied to the nucleic bases, giv-
ing insight into bond breaking in the DNA polynucleotide
strands.

In the current work, we report studies of the ionization
and cationic fragmentation of the pyridazine, C4H4Ny,
molecules by electron impact in the energy range from ion-
ization threshold up to 140 eV. Pyridazine (1,2-diazine) is
acyclic isomer of pyrimidine, but now the two nitrogen
atoms of the molecule are adjacent to each other in the
ring at positions (1) and (2). Figure 1 shows one of the
two canonic forms of the resonance hybrid of pyridazine,
which has single N(1)—N(2) and double C(4)=C(5) bonds
and has a greater contribution into the structure of the
pyridazine molecules [5]. The aims of this work were
to provide data for comparison with the corresponding
results for pyrimidine ionization and to draw attention
to similarities and differences in the cationic fragmenta-
tion of both molecules. Thus, we expect that the differing
nitrogen atom positions in the two molecular rings will
cause differences in the efficiencies of the fragmentation
channels, e.g. of the NJ cations, and the corresponding
threshold appearance energies (AEs). In the VUV pho-
toionization studies of three nitroimidazole isomers (used
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Fig. 1. Diagrams of pyridazine and pyrimidine molecules
showing labelling of the atoms.

as radiosensitizers in radiotherapy), isomeric effects in the
efficiencies and occurrence of decomposition channels of
five-membered molecular ring was observed and correlated
with position of the nitro NOg side-group [6].

Apart from being an isomer of pyrimidine, pyridazine is
also investigated because its derivatives have been found
to possess biological applications. The pyridazine-based
compounds have shown various potential pharmacologi-
cal applications, e.g., as cardiotonic, antidepressant and
antihypertensive agents (see review in Ref. [7]). In addi-
tion, the newly developed pyridazine derivatives displayed
exceptional in vitro antibacterial and antifungal behav-
ior [8]. Moreover, the recently invented pyridazine-related
Mpsl kinase inhibitor has remarkable properties in its
activity in the tissue cancer cells [9] and the PIM 1 kinase
inhibitor was investigated as a novel drug to regulate
radiosensitivity in cancer therapy [10].

The mass spectra of gas phase pyridazine have been
investigated less frequently than those of pyrimidine. Elec-
tron impact induced mass spectra were reported in the
mid-1960s and early 1970s [11-14]. High mass resolution
measurements, using double focusing mass spectrometer,
have been carried out just in [11], while the other works
concentrated principally on the studies of the most abun-
dant cations. A complete mass spectrum of pyridazine is
included in the NIST database [15] (originally from the
Japan AIST/NIMC Database). The AEs of few selected
cations have been obtained solely in [11]. The character-
istic feature noticed in the fragmentation of pyridazine
parent cation was loss of the Ny and HCN stable neutral
molecules from the molecular ring. The mass spectra of
pyridazine have been also explored using fast (keV) proton
impact fragmentation [16] and charge exchange with low
kinetic energy positive ions [17]. Fragmentation patterns
in pyridazine have also been investigated by photoioniza-
tion mass spectroscopy in the 13.8-23.0eV photon energy
range. These photoionization measurements revealed, in
general, the same cations as seen in the electron colli-
sion experiments, but the relative intensities of the cations
were different [18]. For example, the 23.0eV mass spec-
trum shows the greatest intensity for the 52amu peak
ascribed to a cationic fragment developed by the loss of
HCNH or Ny, whereas the parent cation (m = 80amu)
reached only 15% of the 52amu intensity [18]. Simi-
lar behavior of intensities of the mass peaks has been
observed in electron-stimulated desorption of cations from
submonolayer condensed pyridazine [19].
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In particular in the present work, we have investigated
the mass spectra of pyridazine and measured yields of the
majority of the observed cations as a function of incident
electron energy up to 140eV. The AEs of most of the
detected cations have also been determined. The observed
mass peaks have been assigned and the possible frag-
mentation processes of the parent pyridazine cations are
discussed. Moreover, the total cross section for electron
impact ionization of pyridazine has been calculated, using
the binary-encounter-Bethe (BEB) model for energies
from the ionization threshold up to 4keV. Furthermore,
the absolute experimental total and partial ionization
cross sections of pyridazine have been derived over the
energy range from the respective ionization thresholds up
to 140eV. This was achieved by normalizing to the maxi-
mum of the calculated total ionization cross section, which
has a value of 12.72 x 1072° m?. The preliminary results
of the present work have been communicated in a con-
ference abstract [20]. In these results, it was noticed that
the mass spectrum shown at 60eV suffered from minor
contaminations in the mass spectrometer from the earlier
studied substances (tetrahydrofuran, pyridine). In addi-
tion, the HT and H;r peaks were found not to be due to
direct ionization of pyridazine.

2 Experimental details

The mass spectra of pyridazine and the cation yields as
a function of incident electron energy were studied using
an EPIC 300 (Hiden Analytical Ltd.) quadrupole mass
spectrometer. The internal electron ionization stage of
the spectrometer was used as the source of cations, which
were focused onto the entrance to the mass filter. The
transmission characteristics of the spectrometer system,
ionization stage, mass filter and secondary electron
multiplier, were established in our previous work [1], to
be fairly independent of the cation mass in the range from
about 10 to 120 amu. The mass resolution of the system,
inferred from the measured spectra, was < 0.9 amu. In the
measurements, the electron beam current was constant
and was maintained at a value from the range 5-20 yA.
The energy spread of the electrons in the ionization
stage was 0.6eV (FWHM) and was fairly independent
of the electron energy considering small changes of the
filament emission current. This value was derived from
an ionization curve of argon that was measured near
threshold. The electron energy was calibrated against
the ionization threshold of argon (15.76eV) with an
uncertainty of +0.04eV. The pyridazine vapour was
introduced into the spectrometer by effusion from a capil-
lary that was positioned about 5mm from the ionization
region. The spectrometer was operated at pressures of
1-3 x 10~ % mbar, whereas the background signal was
recorded at 2-3 x 10~ mbar. This background was subse-
quently subtracted from the measured spectra. The cation
yields measured as a function of incident electron energy
were corrected for the energy variation of the electron
beam current. The applied correction function was derived
from comparison of the Art yield curve, measured in a
mixture with pyridazine, with the Ar™ ionization cross
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Table 1. Appearance energies (AEs) and the Wannier exponents p together with their uncertainties obtained for

cations of the pyridazine molecules.

m (amu) Present work Momigny et al. [11] Other works
AE D

81 8.55 £ 0.15 2.8 +0.2

80 8.55 £ 0.15 29+£0.2 9.77 8.711*

79 9.9 £0.3 24 +0.3

53 11.05 + 0.15 1.8 £0.1

52 11.40 £ 0.15 1.6 £0.1 11.64 11.321°

51 12.8 £ 0.4 2.6 £0.2 13.84

50 12.7 £ 0.3 2.0+ 0.4 13.67

49 16.6 £+ 0.4, 25.0 + 0.3 1.6 £0.2,1.6 £ 0.2

38 14.3 £0.2,17.8 £0.2 1.4 +£0.2,2.0£0.2

37 17.6 £ 0.2 2.0 £0.3

36 29.7 £ 0.3 22£02

28 13.7 £ 0.2 1.6 £0.2

26 13.9 £ 0.3 23 £02 14.94

25 174 £ 0.2 1.8 £0.2

24 23.3 £ 0.2 1.6 £0.2

15 14.4 £ 0.3 1.8 £0.1

14 15.0 £ 0.4 1.6 £0.1

13 20.1 £ 0.3 22+£02

12 220+ 0.3 2.0+0.2

# Ionization energy [44].

> AE [45].

section [21]. The function appeared to change smoothly
with energy, it decreased by 20% up to about 40eV,
then stayed approximately unchanged to increase by 10%
above about 80eV. The presented cation yield curves
and the appearance potentials (see below) have been
averaged over three to five independent measurements.
The uncertainties in the shapes of the yield curves are
+9% up to about 30eV and +4% in the region of 130€V.

The AEs were obtained from the cation yield energy
dependences measured above the AE thresholds, in short
energy ranges not exceeding 5 eV. The yield functions were
fitted with an exponential near-threshold cross-section
function o(E) = ¢(E — E4)P, where E4 is the AE, p the
Wannier exponent and c the scaling factor. The o (E) func-
tion was convoluted with a Gaussian, which approximated
the electron energy spread of 0.6 eV (FWHM). This fitting
procedure was suggested and used by Mérk [22] and fur-
ther refined by Matt et al. [23]. The AEs and exponents
p obtained from the fitting together with their uncertain-
ties are listed in Table 1. More experimental details on
the employed apparatus and data analysis may be found
in our previous articles [1,24].

3 Theoretical calculations

Electron impact total ionization cross-section has been
calculated within the BEB formalism [25] for energies
from the ionization threshold up to 4keV. According to
the BEB model [25,26] the ionization cross section per
molecular orbital is given by the following formula

UBEB:L IHJ 1fl +1,1,h17t ,
t+u+1] 2 12 t t+1

(1)

where w=U/B, t=T/B, S = 4na?NR*/B’, ay =
0.5292 A, R = 13.61eV, Uis the kinetic energy of an elec-
tron on the orbital, B the electron binding energy, N the
orbital occupation number and T'is the energy of the inci-
dent electrons. The total cross section o™ for electron
ionization is obtained from the sum of ionization cross
sections for molecular orbitals

nMoO

O_ion — Z o_iBEB’ (2)
=1

where nyo is the number of included molecular orbitals.
All quantities in equation (1) have well defined physical
meanings and in computations can be evaluated within
quantum chemical methods using molecular structure ab
initio codes. The accuracy of the final ionization cross sec-
tion depends on the quality of the calculated ionization
potentials and kinetic orbital energies. While the above
theoretical approach remains as a model, the advantage of
the method is that it does not contain any adjustable free
parameters. Usually, the BEB ionization cross sections
are in accord, within 15%, with the absolute measured
quantities [27-29).

In this work the electron binding energy B, kinetic
energy of the orbital U and the orbital occupation num-
ber N have been calculated for the ground state of the
geometrically optimized pyridazine molecule applying the
Hartree—Fock (RHF) method using the GAUSSIAN code
[30] and 6-31G basis set. Because the calculated ionization
energies in this approach usually exceed (even by more
than 1eV) the measured values, we have also performed
outer valence Green function calculations of correlated
electron affinities and ionization potentials using the
same GAUSSIAN code and 6-31G basis set [31-34]. The
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equilibrium geometry of the pyridazine molecule obtained
within Cs, symmetry is in a very good agreement with the
earlier theoretical results. For example, the obtained bond
lengths and angles, ¥N(1)N(2)=1.3240 A, "N(2)C(3)=
1.3252 A, 7C(3)C(4)=1.3921 A, rC(4)H(8)=1.0711A,
ZC(6)N(1)N(2) =120.112° and ZN(1)N(2)C(3) =
122.564° (see Fig. 1 for labelling of atoms) are in excel-
lent agreement with the RHF calculations [35] and also in
quite satisfactory agreement with the DFT calculations,
which used the aug-CC-pVDZ basis set [36]. The obtained
structural parameters are also consistent with the results
derived from electron diffraction [37] and electron diffrac-
tion, microwave and liquid-crystal NMR spectra [38].
The electric dipole moment of pyridazine calculated using
the 6-31G* basis set, up = 4.42 D, agrees very well with
the earlier self-consistent field [39], configuration inter-
action [39] and RHF [35] computations. In the electronic
structure calculations using the 6-31G basis set and
OVGF method, the following ionization potentials were
obtained: 86 —8.473 eV, 1,0 —10.482 ¢V, 2b; — 10.808 eV,
10a; —10.922 eV, 16y — 14.346 €V, 9a; — 14.154 €V, Ty —
14.786 eV, 6by — 16.532 eV, 8a; — 17.069 eV, and
Ta; — 17.969 eV. These results are consistent with the
earlier calculations using methods, in which electron
correlation effects are included, the OVGF method
with cc-pVDZ basis set [40], CAS-SCF method and the
NEVPT2 method with cc-pVTZ basis set [41]. In general,
they are also comparable with the experimental results
[2,17,42] (see below).

4 Results and discussion

The ionization of molecules by electron collisions in the
energy region up to about 1 eV above the first ioniza-
tion threshold creates, in general, stable parent cations,
which have a vacancy in their highest occupied molecu-
lar orbital (HOMO). At higher electron impact energy,
electrons from valence orbitals of the cations, with higher
binding energies, may be removed. This destabilizes the
cations and may initiate dissociation (dissociative ioniza-
tion), dipolar dissociation and also Coulomb explosion.
In pyridazine the valance orbitals (Ca, symmetry), which
may be here considered are: 8bs (nn_) (9.27 eV), lay (73)
(10.61 eV), 2by (m2) (11.2 €V), 10a;(nn+)(11.3 €V), 1by
(m1) (13.97 €V), 9a; (14.27 €V) and 7hy (14.66 V). The
values in parentheses are the vertical ionization energies
determined from the He I UPS spectra by Kishimoto and
Ohno [2]. The 8by and 10a; orbitals are the (ny) nitrogen
lone-pair orbitals.

4.1 Cation mass spectrum of pyridazine

The cation mass spectrum of pyridazine, recorded at a
fixed electron energy of 100eV, is presented in Figure 2.
This figure also displays the assignments of the mass peaks
in the spectrum, while Table 2 lists the abundances of the
cations deduced from the spectrum. The pyridazine par-
ent C4H4NJ cation, at m = 80 amu, shows the highest
intensity in the spectrum. The mass peaks in the spec-
trum occur in groups, which are well separated on the
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Fig. 2. The cation mass spectrum of pyridazine recorded at
an electron energy of 100 eV.

mass scale. These groups may be identified by the num-
ber of atoms, carbon and nitrogen, incorporated in the
cations from the molecular ring. This grouping of peaks is
typical for hydrocarbon ionization mass spectra (see e.g.
[1,24]). In the first group, in the 12-15 amu mass range,
the cations contain one (carbon) atom, while in the fourth
group, in the 48-53 amu range, four (carbon or carbon
and nitrogen) atoms. The present spectrum is in general
agreement with that presented in the NIST database [15].

The AEs obtained for most of the detected cations are
listed in Table 1, together with their estimated uncer-
tainties, where are compared with the other available,
although very scarce, results. The table also displays
Wannier exponents p deduced from the cation yield
curves measured over short ranges above thresholds. The
Wannier exponents vary between 1.4 and 2.9. The values
of p between 1.2 and 1.4 mark processes equivalent to
single channel of ionization in the atomic cases (e.g.
helium, argon). Higher exponents (Z2), not having
direct physical meaning, may indicate contributions from
several fragmentation channels (including vibrational) for
a given cation mass, what was suggested by Fiegele et al.
[43], when extending the Wannier law to the ionization
of the polyatomic molecules. In the polyatomic cases the
AEs and the Wannier exponent p can be extracted from
the experimental ionization curves, however it has to be
noted that these parameters, for a given mass, should
be considered as values averaged over the contributing
fragmentation channels. The uncertainties listed in
Table 1 for AE and p reflect mainly the experimental
accuracy of their determination. Figure 3 displays the
above-threshold yield curves for selected pyridazine
cations and illustrates the high quality of the fitting that
is achieved by using exponential functions.

4.1.1 Cations: m = 77-82 amu

The AE of the parent cation (m=80amu) determined
in the present work is 8.55+0.15¢V (Tab. 1) and is
about 1.2eV lower than the only earlier measurement by
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Table 2. Assignments, neutral fragments and relative abundances of the pyridazine cations measured at an electron
energy of 100eV. Percentage uncertainties are given for the abundances.

m (amu) Cation Neutral fragment Relative abundance
81 1B3C2C3Hy NG, CLHPNMNT - 5.08 + 3.5%
80 CqH4NF - 100

79 C4H3NF H 0.78 4+ 20%
53 CsH3N* HCN 3.71 + 8%
52 C4H}, C3HoNT N, HCN + H 30.0 + 10%
51 C.H7 N2 + H 28.7 + 4.5%
50 C.Hy No + H + H (N2 + Hs) 11.9 + 10%
49 C,Ht No+H+H+H 1.22 + 14%
40 CoHoNT, C3Hf C2H2N, CN, 0.88 4+ 10%
39 CoHNT, C3Hf CoH3N, CHN, 1.74

38 CsHY, CoNT 2.49 + 6.5%
37 CsH* 2.81 + 6%
36 ct 0.86 & 6.5%
29 CH5;N* 1.42

28 CH.N*, NJ, CoHyf C4Hy4 13.2 + 20%
27 HCN™, CoHY C3H3N 10.4 + 12%
26 CoHJ, CN*, C2H2N» (2 HCN) 31.5 + 15%
25 CoH* HCN + HCN + H 5.73 + 14%
24 Cct HCN + HCN + H + H 1.03 + 10%
15 CHI 1.52

14 CHj 1.13

13 CHT 1.63 + 6.5%
12 ct 1.63 + 6.5%

Momigny et al. [11]. Tt is in accord with the adiabatic
ionization energy of 8.7088 eV obtained by Choi et al.
[36] for the 8bs (nn_) photoelectron band by VUV mass-
analyzed threshold ionization spectroscopy (see also [17]).
The present measurement is also in accord with the first
ionization energy of 8.71 eV, determined by Yencha et al.
[44] from the recorded photoionization yield curve. It
is interesting to note that the onsets of the 8by (nN-)
vibronic band read out from the photoelectron spectra
shown in [2,42] lie between 8.55 and 8.64 eV. This may
point to the possible contribution of hot bands in the
measurements.

The cation peaks appearing in the mass spectrum in
the range 77-79 amu are of low intensity but they may be
rather firmly ascribed to dehydrogenated parent cations.
The AE of the C4H3N§r cation (m=T9amu), which is
formed by abstraction of a single H, is 9.9eV. Thus, the
C4H4N7 cation detaching H remains in the 8b, ! ground
state and may be highly vibrationally excited, as the AE
is about 1.2eV above the 8bs adiabatic ionization energy.
It has been argued [36,42] that vacancy in the 8bs (nn_)
lone-pair orbital, which is strongly mixed with the o(C-H)
orbital, produces significant changes in the pyridazine ring
structure. The C4HoN3 cation (m=78amu) is formed by
removal of Hy (or two H atoms), while C4HNJ (m =
77 amu) involves the loss of three H atoms by the parent
cation.

The cation peaks at 81 and 82 amu in the mass
spectrum (Fig. 2) correlate with the pyridazine iso-
topes built from naturally occurring '*C, '®N and 2H
(deuterium). The 81 amu peak contains predominantly
the 3C'2C3H4NJ and C,H4N'N* isotopes, which
have calculated relative abundancies of 4.33 and 0.72,

respectively. The measured intensity of the 81 amu
peak (see Tab. 2) is in accord with the calculated total
abundancy of 5.11. The 82 amu peak may comprise
contributions of six molecular isotopes, although the cal-
culated relative abundances indicate the predominance of
13Cy12CoHyNT (0.145) and '3C'2C3H4NMN* (0.033)
isotopes. The AE measured for the 81 amu mass isotope
is equal to that of the parent cation (8.55 eV).

4.1.2 Cations: m = 49-53 amu

The masses of the pyridazine cations recorded in this
region of the mass spectrum denote losses of neutral HCN
(m = 27 amu) or Ny (m = 28 amu) stable molecules by
the parent cations, which may be further accompanied by
abstraction of H atoms. The 53 and 52 amu peaks match
the C3H3NT and C4H;l|r cations formed by the loss of a
single HCN or Ny [13,45] molecules, respectively. How-
ever, in the high resolution measurements Benn et al. [12]
revealed that the 52 amu peak also contains a contribu-
tion (26.5% at 70 eV) from the C3HaoNT cations. They
are formed through the loss of a H atom by C3zHszNT,
C3H3Nt — C3H,NT + H, as confirmed by observation of
the corresponding metastable peaks in the mass spec-
trum [11]. The AE determined for the 52 amu cation is
11.40 eV, in good agreement with the value of 11.64 eV
obtained by Momigny et al. [11]. The present value of AE
indicates that in the above-threshold energy region the
2b; ! and 10a; ! cationic states of pyridazine must be ini-
tially populated. Buff and Dannacher [45], by applying a
variable residence time threshold photoelectron-photoion
coincidence spectroscopy, investigated fragmentation of
the pyridazine parent cation, C4H4N§r—>C4HI + Nos.
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Fig. 3. The yield curves for cations of, (a) m = 80 amu, (b) m = 52 amu, (¢) m = 53 amu and (d) m = 26 amu, of the pyridazine
molecules measured in the near-threshold regions. The solid lines show exponential curves fitted to the experimental results.
The appearance energies F4 and the threshold energy FE:j, are indicated by arrows. The exponential functions shown in (d)

were used in the fitting.

They deduced AE of 11.32 eV for the above process,
which is well supported by the present result of 11.40 eV.
Their analyses of the obtained results imply that the frag-
mentation begins with a rate determining rupture of the
pyridazine ring at one of the two C—N bonds followed
by elimination of the terminal Ny from the chain par-
ent cation and that, more importantly, the fragmentation
occurs on the ground state hypersurface of the cation. This
further imply that in the above-threshold energy region
the initial population of the 2b7! and 10a;’ cationic
states of pyridazine has to be followed by rapid inter-
nal conversion to the cationic ground state. Both, 2b1_1
and 10&;1, cationic states of pyridazine are also involved
in the process C4H4N2+ — C3H3NT + HCN, as may be
implied from the measured AFE of 11.05 ¢V (Tab. 1). Ejec-
tion of the 2b; or 10a; electrons in ionization weakens
the N-N bond (see schematic diagrams of the molecular
orbitals of pyridazine [2]) prompting the opening of the
molecular ring at the N—N bond and the elimination of
one of the two terminal HCNs.

The mass peaks at 51, 50 and 49 amu are assigned pri-
marily to the C4H§', C4H;' and C,H™ cations, respectively.
We suggest that these three cations originate from the

sequential loss of hydrogen atoms in a chain of processes
commencing at C4H} :

C4Hf — C4HF +H, (3)
C4Hf — C4Hy +H
(or C4Hf — C4HT + Hy, C4Hf — C4HY + H+H) (4)

and C4Hf — C,HT + H. (5)
Such step by step decomposition of cations has been
found in pyridine by observing the metastable peaks in
the mass spectrum [11]. The measured AEs of the C,HZ
and C4H§' cations, 12.8 and 12.7 eV, respectively, point
towards concurrent participation of the 2b;* and 10a;*
excited (including vibrationally) states in the fragmenta-
tion into those species. The AEs are about 1 eV lower than
those determined previously by Momigny et al. [11]. The
C4HT cations display two appearance thresholds at the
higher energies of 16.6 and 25.0eV. It has to be noted
that the 51 and 50 amu peaks in the mass spectrum may
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contain contributions from C3HNT and CsN7T cations,
respectively, that are produced by detachment of HCN
from the parent cation and sequential losses of the hydro-
gen atoms. For example, the C3HN™ cation is produced in
the dissociation C3HoNt — C3HNT + H [11]. These con-
tributions, however, may be expected to be low, as may be
judged from the contribution of C3HoNT into the 52 amu
peak. By comparison, fragmentation of pyrimidine into
50-53 amu cations results solely in the loss of the HCN
moiety [1,11]. This difference in the dominating decompo-
sition processes by loss of No and HCN between pyridazine
and pyrimidine, respectively, stems from the different rela-
tive positions of the two nitrogen atoms in both molecular
rings (see Fig. 1).

4.1.3 Cations: m = 24-29 amu

The 26 amu peak, which has the greatest intensity in this
mass region, is ascribed to the CoHg cations produced
by direct cleavages of the two bonds, C(3)-C(4) and
C(5)-C(6) (Fig. 1), in the pyridazine parent cation.
Concurrently, in the fragmentation process, the neutral
CoHoNy  moieties may develop, C4H4N;' —>CQH;_ +
CoHoNs. However, the higher value of the CQH; AE
of 13.9 eV (see Tab. 2), which comes close to that of
pyrimidine (14.20eV [1]) may instead mark the loss of
two neutral HCN fragments by the parent cations of both
molecules. The 26 amu peak in pyridazine may also con-
tain contribution from the CN7T cyano radical, although
of small abundancy ( 0.25) as seen by Momigny et al. [11].
It is of note, that the CQH;’_ cations were also detected
below 13.9eV, in the energy region from a threshold
Fip, =11.34+0.2 eV. Figure 3d illustrates how the thresh-
old energy Ey, and AE of CoHJ have been determined by
fitting the CoH yield energy dependence by two separate

exponential functions, (E — Ey)"® and (E — E4)**. The
FEy, energy coincides, within its uncertainty, with the
ionization energy 11.41 +0.01 eV [46] of the CoHy neutral
molecule. This coincidence of energies suggests that below
13.9eV, the CoHj cations originate from direct jonization
of C3Hy molecules. Such molecules may be produced by
thermionic decomposition or electron impact dissociation
of pyridazine in the filament area of the ionization stage of
the spectrometer. The signal due to this direct ionization
of the CyH, varied approximately linearly with the
incident electron current, thus supporting the conclusion
that CoHs molecules were produced by thermionic decom-
position. This contribution to the 26 amu mass peak at
100eV is estimated, using the known ionization cross
section of acetylene molecules [47], to be at the level of
20%. It has been subtracted to give the spectrum shown
in Figure 2 and accordingly has been removed from the
energy dependence of the 26 amu peak intensity shown in
Figure 4b. Interestingly, Li et al. [48] in their recent mass
spectrometry studies of N-methylformamide cationic
fragmentation, using a quadrupole mass spectrometer,
have detected CH3 neutral radicals below the threshold
for producing CHZ from the ionizing fragmentation.
They attributed the existence of CHg generated in that
energy region to dissociation of the target molecules by
electron collisions.
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Fig. 4. The total ionization cross sections obtained in the
measurements and in the binary-encounter-Bethe (BEB) cal-
culations. The error bars show uncertainties in the shape of
the energy dependence of the cross section. The total experi-
mental yield was normalized to the computed cross section of
12.72 x 1072 m? at 88 eV. Inset shows the BEB cross section
calculated in the electron energy range to 4 keV.

The 25 and 24 amu peaks in the mass spectrum of
pyridazine are ascribed to the CoHt and CJ cations
created by loss of H and Hy by the CoHJ cations:
CQHSr — C2H+ + H and CQHSr — C;r + Hs or CQH; — C;
+ H + H (or CoHT — CJ + H), respectively. A strong
decrease in their intensities with respect to that of the
CyHJ peak further supports these assignments. A higher
value of the CoHTAE of 17.4 eV suggests a more complex
fragmentation pathway in this cationic channel. It is of
note, that we do not see a second fragmentation process
at higher energy, as was the case in pyrimidine [1]. Iden-
tically, a single AE threshold at 23.3 eV is seen for the
24 amu cations. Between the 25 and 26 amu peaks, at a
m/q of 25.5 amu, a low intensity peak (abundancy 4.2) is
recorded in the mass spectrum. This gives evidence of the
formation of C4H7 T dications of mass 51 amu.

The 27 amu peak in the mass spectrum contains
contributions from two cations, HCNT and CoHJ.
Momigny et al. [11] found their abundances to be in the
ratio of about 2:1 at 50 eV. The complementary neu-
tral fragment in the dissociation of the parent cation
into HCN™T is C3H3N; C4H4N;—> HCN* + CgHgN.
It is worth noting, that the C3H3N* (53 amu) cations
are generated in an analogous fragment at ion pathway,
C4H4NF — HCN + C3H3NT, but occur with a different
position of the positive charge. The 28 amu peak has been
assigned by Momigny et al. [11] primarily to CHoN* and
N3, with abundances in the ratio of about 3:1 at 50 eV.
The CoHj cations make a minor contribution of about
5% to the peak. This assignment of the 28 amu cations
has been further supported by Vall-Tlosera et al. [18] in
photoionization mass spectrometry of pyridazine. It has
been argued, that the CHoN™ cation may originate from
HCNT detachment from the parent cation, together with
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Table 3. Experimental total cross section for ionization of the pyridazine molecules by electron impact.

E (eV) x10720m? E (eV) x10720 m?
10 0.05 50 11.95
12 0.56 55 12.19
14 1.57 60 12.34
16 2.97 65 12.42
18 4.32 70 12.48
20 5.47 75 12.55
22 6.45 80 12.63
24 7.28 85 12.69
26 7.99 90 12.71
28 8.64 95 12.66
30 9.20 100 12.61
32 9.72 105 12.56
34 10.15 110 12.51
36 10.55 115 12.39
38 10.88 120 12.26
40 11.14 125 12.12
42 11.32 130 11.99
44 11.50 135 11.83
46 11.66 140 11.69
48 11.81

the addition of a H atom via its migration from the neigh-
bouring C atom [18]. In pyrimidine, the 28 amu peak
consists primarily of CHaN* cations [11], as NJ are less
likely to form because of C—H between the positions of the
nitrogen atoms in the ring. The 29 amu peak in the mass
spectrum has been ascribed to CH3N™ [11]. When the 24—
29 amu region of the mass spectrum of pyridazine (Fig. 2)
is compared with the same region in the mass spectrum of
pyrimidine a very close similarity in the shape and relative
intensities of the mass peaks is clearly noticed; see Figure 3
of Linert et al. [1]. Thus, it seems that the relative posi-
tions of both nitrogen atoms in the ring are not decisive in
producing the 24-29 amu cations. Furthermore, the com-
parable AEs of the 24-26 amu cations of pyridazine and
pyrimidine support similar mechanisms for the formation
of these cations in both molecules.

4.1.4 Cations: m = 3641 amu

This is a mass region containing peaks of low intensity,
which do not exceed a relative intensity of 3.0 (Tab. 2). In
their high resolution studies, for mass 40 amu, Momigny
et al. [11] reported two cations, CoHoN* and C3Hy, with
intensities at 50 eV in the ratio 3.5:1. The CoHoNT may
arise from dissociation of the parent cation into two frag-
ments of equal masses, C4H4N2+ — CHoNT + CyHsN,
which involves cleavage of the N(1)—N(2) and C(4)—C(5)
bonds (see Fig. 1). The C3HJ cations, on the other hand,
would require hydrogen migration in the ring and break-
age of, for example, N(2)—C(3) and C(5)—C(6) bonds to
yield C4H4N5 — C3HS + CNy. The 39 and 41 amu peaks
correspond to cations originating from two analogue dis-
sociation processes, C4H4N§ — CyHNT + CyH3N and
C,HyNS — CoHN + CoH3N*| respectively, where, the
positive charge is located interchangeably on the first or
second fragment. In the above decomposition pathways

of pyridazine the N(1)—N(2) and C(4)—C(5) bonds are
broken and in addition hydrogen migration between the
dissociation fragments should occur. The 39 amu peak also
contains contribution from the C3H7 cations [11], which
may originate from cleavage of, for example, C(5)—C(6)
and N(2)—C(3) bonds. The 38 amu cations, which show
two AEs at 14.3 and 17.8 eV have been ascribed to C3Hj
and CoNT | as reported in [11], where their abundances at
50 eV were in a ratio of 2:1. The 37 and 36 amu cations
assigned to C3H* and Cj, respectively, have higher AEs
(Tab. 1) suggesting at multifragmentation processes in
their appearance. We are aware, that the 43—45 amu mass
peaks may contain some contamination cations and thus
are difficult to assign.

4.1.5 Cations: m = 12-15amu

This is a region containing the lightest C* (m = 12 amu),
CHT (m = 13), CH (m = 14) and CH{ (m = 15)
cations originating from the decomposition of the pyri-
dazine parent cations. The fact that they have higher AEs
than those of most of the heavier cations points to more
complex fragmentation pathways. The AEs of the 12
and 13 amu cations of 22.0 and 20.1 eV, respectively, are
comparable to those of pyrimidine [1], which manifests
analogous pathways.

4.2 Total and partial cross sections

The yield curves of the detected cations have been mea-
sured from their respective thresholds up to 140 eV. To
obtain the absolute total ionization cross section, first the
yield curves have been normalized to their abundances
from Table 2 at 100eV and then have been summed. The
total yield was next normalized to the computed cross sec-
tion. Here, it was assumed that the measured cross section
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Fig. 5. The partial cross sections for ionization and fragmen-
tation into the indicated cations of pyridazine.

should be equal in its maxim at 88eV to the calculated
maximum of 12.72 x 1072°m?, which appears at slightly
lower energy of 75 eV. This assumption seems to account
for the fact that the measured ionization cross section
carries, in addition, information on the cationic fragmen-
tation processes, while the BEB calculated cross section
only on the single ionization processes. The experimental
and calculated cross sections of pyridazine are compared
in Figure 4 in the electron energy range from the ion-
ization threshold up to 140eV; excellent agreement was
achieved, within the experimental uncertainties, between
shapes of both cross sections. The ionization cross section
calculated in the whole energy range up to 4 keV is shown
in the inset of Figure 4, whereas the experimental cross
section is listed in Table 3. In Figure 5a the absolute
partial cross sections for the parent and heavier fragment
cations are shown. Figure 5b displays the cross sections
for pairs of lighter cationic fragments, which differ by loss
of an hydrogen atom. In the assessment of the partial
cross sections, the normalized total ionization cross sec-
tion and abundances from Table 2 have been used. The
uncertainty in the absolute value of the total ionization
cross section is considered from the general consensus
on the quality of the BEB calculations to be +=15%. The
uncertainties in the partial cross sections can be esti-
mated by further including the uncertainties in the cation
abundances (Tab. 2).
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5 Conclusions

The present work reports studies of the cation mass
spectra and the cation fragmentation yield curves for pyri-
dazine in the gas phase as well as determinations of the
AEs and Wannier exponents for the observed cations. The
mass peaks were detected in the mass range from 10 to
82 amu and assigned to the corresponding cations and
cationic fragments. The cationic fragmentation processes
of pyridazine were discussed. The AEs of the parent cation
and of most of the cationic fragments were determined.
The majority of these AEs were not reported previously.

The present work also reports on the calculations of the
total cross section for ionization of pyridazine for energies
from threshold up to 4 keV, using the BEB model. The cal-
culated cross section was applied to normalize the cation
total yield curve. The absolute total and partial ionization
cross sections over the energy ranges from the respective
ionization thresholds up to 140 eV were obtained. Excel-
lent agreement was achieved in the energy dependences
between experimental and calculated cross sections. To
our knowledge, the ionization cross sections in pyridazine
are reported for the first time.

The present results for ionization and cationic frag-
mentation of pyridazine were compared with the corre-
sponding results for pyrimidine obtained in our laboratory.
The differences in the fragmentation processes of both
molecules into the 50-53 amu mass cations were related
to differences in the relative positions of the two nitro-
gen atoms in the structures of both molecular rings. On
the other hand, close similarity in the shape and relative
intensities of the mass peaks as well as comparable AEs
of the cations in the 24-29 amu mass region indicate that
the relative positions of both nitrogen atoms in the ring
are not decisive in producing these cations.

Finally, when comparing the electron and proton impact
mass spectroscopies close similarities are expected in the
mass spectra measured for equivelocity electrons and pro-
tons for velocities higher than approximately 3vg, where vg
is the Bohr velocity. Such similarities have been observed
by Wolff et al. [49] for pyrimidine ionization demonstrat-
ing weak dependence of the main fragmentation pathways
on the ionizing projectile. Furthermore, the total and frag-
mentation cross sections for both projectiles tend to be
equal in this velocity region [49]. The above similarities
allow to transfer required spectroscopic information from
electron to proton impact when, for example, evaluating
effectiveness of hadrontherapy, which underlines demand
for electron impact studies.
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