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Photoionisation mass spectrometry was used to obtain the fragmentation pathways of pyridine, pyri-
dazine, pyrimidine, pyrazine and s-triazine molecules upon absorption of 23.0, 15.7 and 13.8eV
synchrotron photons. The ionic fragments observed vary from molecule to molecule, however C,H,*,
HCN*and HCNH* are common to all five molecules at the three photon energies. Furthermore, the pres-
ence of C;H,N,*, C3H3N* and C4H,* in the spectra of some of the molecules suggests dissociation pathways
via loss of HCN moieties. The respective parent cations, m/q = 79, 80 and 81 have a greater yield at low

g?; MI;(;ITSS; photon energies when compared to the most intense fragment peak in each spectra. We recorded two
Aromatic rings of the fragment cation yields, as well as the parent photoion yield curves of pyridine, pyridazine, and
Photolysis pyrimidine in the 8-30 eV range. The formation of abundant cation fragments show a strong propensity

of the molecules for dissociation after the absorption of VUV photons higher than 14 eV. The differences
in relative fragment yields from molecule to molecule, and when changing the excitation energy, suggest
significant bond rearrangements and nuclear motion during the dissociation time. Thus, bond cleavage
is dependent on the photon energy deposited in the molecule and on intramolecular reactivity. With the
aid of photoion yield curves and energy estimations we have assigned major peaks in the spectra and

Synchrotron radiation

discussed their fragmentation pathways.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The azabenzene family comprises low-Z aromatic molecules
structurally related to benzene wherein one or more CH groups in
the six-membered ring is replaced by a nitrogen atom (see Fig. 1).In
this manner, pyridine is the simplest azabenzene with one N atom
substituted, followed by pyridazine, pyrimidine and pyrazine with
2 N atoms substituted in the 1,2-, 1,3- and 1,4- positions, respec-
tively, and s-triazine which has 3 N atoms substituted in the 1,3,5-
positions. Pyridine, s-triazine and pyridazine are starting materi-
als in the synthesis of compounds used as intermediates in the
production of insecticides and herbicides. Pyridazine, pyridine and
pyrazine are also found within the structure of several pharmaceu-
tical drugs. Pyrimidine is the precursor of cytosine, thymine, and
uracilin DNA and RNA. Nitrogen heterocycles, such as the ones stud-
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ied here, have been identified in meteoritic organic matter [1] and
it is likely that they are formed when HCN addition occurs during
the astronomical production of benzene [2]. Hence, their spectro-
scopic properties are the base to understand the effects of ionising
radiation damage of larger systems in which they are embedded,
and to decipher the origin of the interstellar medium.

In the literature we find early evidences of the azabenzenes in
a mass fragmentation study of pyridine recorded after 72 eV elec-
tron impact [3]. In that study, the probabilities of formation of the
various ions produced from pyridine were compared to the mass
spectrum of benzene in order to gain understanding of the molec-
ular structure of the benzene molecule. Later on, Fridh et al. [4]
initiated a study of s-triazine and other azabenzenes aiming to
understand the chemical bonding in benzene. In their study, pho-
toelectron spectra with He I and He II lines, electron energy loss
spectra, and mass spectra as a function of the energy absorbed
during charge exchange with positive ions of low kinetic energy
were recorded for the five azabenzenes investigated here with syn-
chrotron photons. Among the fragments recorded in their study,
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Fig.1. Sketch of the molecules studied in this work; pyridine (m/q = 79), pyridazine
(m/q = 80), pyrimidine (m/q = 80), s-triazine (m/q = 81) and pyrazine (m/q = 80).

m/q = 54", 53* and 52+ were concluded to be formed during the
loss of an HCN moiety by the corresponding parent cation. It is by
now well established in the literature that the loss of HCN due to
laser photolysis at fixed wavelengths is one of the major dissociative
channels for pyridine [5], pyrimidine [6], pyrazine [7] and s-triazine
[8-10]. In all these systems three body dissociation channels pro-
duce HCN molecules, a process that becomes dominant in s-triazine
(3 N atoms) [9] whilst for pyridine (1 N atom) and pyrimidine (2 N
atoms) two body dissociation processes are more common [6]. Two
complete VUV photochemistry studies of the DNA bases with syn-
chrotron radiation (SR) were done by Schwell et al. [11] and Jochims
et al. [12]. In their mass spectrometry studies of the purinic base
adenine, and the pyrimidinic bases, thymine and uracil, they found
that the main neutral loss species for adenine is HCN. They also
observed that the s-triazine molecule is produced as an intermedi-
ate product after irradiation of adenine with 20 eV photons. Several
pathways leading to the formation of HCN were also discussed for
the pyrimidinic bases, thymine and uracil. Yet another cation frag-
ment, HCNH*was seen to be produced as an end product via several
fragmentation pathways in all three nucleobases. For the adenine
molecule, this fragment, HCNH*was the most intense in their mass
fragmentation spectrum. The photofragmentation spectra of the
pyrimidinic DNA base cytosine was measured with noble gas reso-
nance radiation at energies from 8.43 to 21.2 eV by Plekan et al. [13].
In their study irradiation with lower photon energies led to softer
ionisation and reduced fragmentation. In particular, photoionisa-
tion below 16.67 eV led predominantly to the parent ion formation.

In this work we have performed a detailed investigation of
the dissociation pathways of five azabenzenes during 8-30eV
monochromatic photon impact using synchrotron radiation, and
we find that a large number of different fragments are produced
after absorption of VUV photons. Several of the fragmentation
products are seen to be formed after simple bond cleavage of the
parent molecule, e.g. HCNH*, CoHN,*, C3H,N*, C4H3™, or proceed
via neutral HCN loss, e.g., C;H; N, *, C3H3N*Y, C4H,*. However, some
of the fragments, for example C3HN*, C;HN*involve significant
bond rearrangement and nuclear motion (atom scrambling) dur-
ing the dissociation time as also seen for the six membered ring
molecule, 2-deoxy-D-ribose (dR) in the pyranose form upon VUV
photoabsorption [14]. Contrary to what was seen for dR, where
the (p—H)"and p*were not observed, here for the azabenzenes the
(p-H)" and p* are clearly formed, plus their signal is enhanced at
lower excitation energies when compared to the most intense frag-
ment peak in the spectra. This suggests that six membered rings
with N heteroatoms (like DNA ring bases) are more stable upon soft
valence ionisation [12,13] compared to six membered rings with O
heteroatoms, like DNA sugars. In the photoion yield curves, one or
more broad structures occur in the 14-22 eV region in the parent

monocation yield and a single feature for fragment ions. Based on
these observations we have derived possible fragmentation path-
ways, calculated their energy balance, and compared them for the
different electronic systems.

2. Experimental details

The experiments were performed at beamline 52 of the MAX |
synchrotron ring in Lund, Sweden. The combination of a bending
magnet and a 1 m normal incidence monochromator enable us to
work in the photon energy range of 5-30eV [15]. The entrance and
exit slits of the monochromator were set to 400/400 wm for the
whole experiment giving a resolution of 0.13 eV at hv = 22.5eV.

The experimental set up for mass spectrometry is described
elsewhere in more detail [14,16]. Briefly, it consists of a high-
vacuum triple-cross chamber where the crosses are arranged such
that the first one is attached to the end of the beamline and con-
nects to the second chamber via a glass capillary in order to guide
the beam to the interaction region and also to act as a differential
pumping stage. The interaction region is located in the centre of
the third chamber, a six-way cross. A quadrupole mass spectrom-
eter (VG-300SPX) is placed on the top flange and a repeller plate
at the bottom port provides a constant positive voltage equivalent
to 20V/cm electric field. This last element faces the quadrupole
mass spectrometer (QMS) in order to gently drive the ions from the
interaction region towards the QMS entrance. The QMS is used in
two different modes: scanning mode, where the yield of ionic frag-
ments is recorded as a function of the ion mass/charge ratio at fixed
photon energy, and a fixed mass mode, where the QMS is held at a
constant mass and we record the ion intensity whilst varying the
photon energy (yield of the fragment). In this cross-beam geometry
the target gas nozzle is perpendicular to the plane formed by the
synchrotron radiation and the central axis of the QMS. The flow of
gas is controlled by an external leak valve.

The samples were purchased from Sigma-Aldrich with a stated
purity of > 99% for pyridine and pyrazine, 99% for pyrimidine,
98% for pyridazine and 97% for s-triazine. Pyridine, pyrimidine
and pyridazine are liquid at room temperature whilst pyrazine
and s-triazine are solid. All samples were subjected to several
freeze—pump-thaw cycles in situ to eliminate all traces of contam-
inants. Despite that, we detected some residual air contamination,
i.e., small presence of 0,*(m/q = 32) in the pyridine, pyridazine,
pyrazine and s-triazine spectra at the three measured energies.
We have corrected the intensity of m/q = 28 fragments for pos-
sible contributions from background gas N,* using the O,* peak as
a benchmark and the ratio O, /N, = 1/4, for hv = 23 and 15.7 eV,
since the N,* threshold of formation is 15.6 eV [17]. In this manner,
all of the m/q = 28 signal at 13.8 eV is due to HCNH". The results
for the total and partial ion yields are corrected to the variations
of the incident photon flux measured with an unbiased Au mesh
located prior to our experimental chamber. The absolute transmis-
sion through the QMS is not known and we are aware of the lower
detection efficiency of ions with high kinetic energies, thus, unless
stated otherwise, any comparison between peaks in the same spec-
trum is always relative to the most intense peak in each spectrum.
When comparing the intensity of fragments formed from s-triazine
in this study to the fragments formed from adenine in ref. [12] we
have first normalised to the most intense peak in each spectra and
then compared the percentages.

3. Results and discussion

Three types of relaxation processes following the absorption of
VUV photons are of interest to us: (1) ionisation to form the par-
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Fig. 2. Fragmentation patterns of s-triazine, pyrazine, pyrimidine, pyridazine and pyridine at 540 A (23.0eV). p* stands for the parent cation. Major fragments are labelled

for each molecule.

ent ion (M + hv — M* +e™), (2) autoionisation (M + hv — M* —
M™ + e™), and (3) dissociative ionisation (M + hv — (M*)" + e~ —
A" + e~ +B). The first and second processes will yield the for-
mation of parent cations and the third one the numerous ionic
fragments recorded in our spectra. Dissociative ionisation of a
molecule usually takes place in aromatic heterocyclics by ionisation
of the heteroatom, followed by charge transfer [18]. In this case, the
ring opens and linear fragments will be formed as shown here. It is
also known that, in theory, any of these molecules can have two pos-
sible cations at some masses, for example m/q = 27, C;H3*[HCN™.
In a study of pyridine and deuterated pyridine upon electron impact
made by Jiao et al. [19] they found that for most of the fragment
masses only one cation was present, the other being absent or neg-
ligibly small. In the following, the ionic fragments are discussed
starting with the low mass and relating them to the presence of
complementary fragments. When both complementary fragments
are seen as cations the charge ‘+’ is written in brackets, meaning that
the charge can localise on either of the fragments. Throughout the
discussion we have supposed that the parent molecule is ionised
in a first step (ionisation potentials given in Fig. 3) leaving the par-
ent cation either in the ground state or in an excited state. In the
case where the parent cation is left in a dissociative excited state,
it may fragment, and the charge will localise on either of the frag-
ments. In this work, we have also analysed the energy balances for
the formation of each fragment, and they will be discussed in turn.

3.1. Mass spectra

Fig. 2 shows the fragmentation patterns of the five azabenzenes
after excitation with 540A (23.0 eV) photons. The most intense

fragments are labelled for each molecule. Tables 1-5 show the rel-
ative intensities of each m/q peak observed in this study at different
energies for the five molecules studied here.

3.1.1. Fragments with 25 <m/q < 32

The fragment with m/q =25 is seen to be produced from
pyrazine, pyrimidine and pyridine (see Fig. 2 and Tables 2, 3 and
5). It is assigned to C;H*and the fragmentation pathways leading
to its formation are different for the different nitrogen contain-
ing molecules. For pyridine the fragmentation pathway can be
CoH' (m/q = 25) + C3H4N (m/q = 54), in agreement with the elec-
tron impact study made by Jiao et al. [19]. For the diazines two
possible fragmentation pathways can lead to the formation of C;H*,

(a) p* — CH" (m/q = 25) + C;H3N; (m/q = 55)
where the complementary fragment emerges as a neutral, or
(b) p* - (p—-1)"(m/q=79)+H
— HCN(m/q =27)+ C3HaN" (m/q =52)+H
and then
C3HyNT (m/q = 52) - HCN(m/q = 27) + G;HY (m/q = 25)

where the successive loss of HCN by the (p-H) cation leads to
CoH™ (m/q = 25). Further evidence for this dissciation channel in
pyrimidine and pyrazine is the presence of the intermediate frag-
ment, m/q = 52 (C3H,N™) in our spectra. Direct formation of CoH*
occurs when the parent dissociates, e.g. p*—C,H*+fragment. The
respective complementary fragments for pyridine and the two
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Table 1
Fragments observed for the s-triazine molecule after absorption of VUV photons

Table 4
Fragments observed for the pyridazine molecule after absorption of VUV photons

m/q Tentative assignment Relative intensity m/q Tentative assignment Relative intensity
23.0eV 15.7eV 13.8eV 23.0eV 15.7eV 13.8eV
16 o* 0 0 0 16 o* 0 0 0
26 CHy* 10 10 1 26 CHy* 20 86 5
27 HCN* 40 30 20 27 HCN* 10 10 5
28 HCNH* 100 100 30 28 HCNH*/N; 20 10 20
31 N3H5* 25 25 20 31 N2H;r 15 20 70
32 0y* 10 10 0 32 0" <5 <5 5
41 CHNy* 10 0 0 39 C3H;r 5 5 5
42 CHaN,* 7 0 0 43 CH3N2+ 3 3 0
43 CH;N,* 25 25 10 51 C3HN* 15 15 45
44 N3H,* 50 45 40 52 C3H2N+/C4NI 100 100 100
45 N3Hs* 30 20 15 53 C3HsN* 15 20 40
51 C3HN* 10 0 0 54 CszNZ* 10 10 45
52 CoNy* 30 35 10 79 C4H3Ny* 3 10 3
53 CoHN,* 30 40 30 80 C4HaNy* 15 20 75
54 CGNy* 60 80 70 . . . R
" Intensities are relative to the strongest fragment in each spectrum which has an
55 CHN3 10 0 0 . . .. . . . . .
56 CH,N;* 15 0 0 intensity of 100. Intensities are derived as described in Table 1 and in Section 2.
57 CH3N3* 25 25 25
79 C3HN3* 5 20 25 Table 5
80 G3HoN5™ 15 40 50 Fragments observed for the pyridine molecule after absorption of VUV photons
81 C3H3N3* 25 70 100
Intensities are relative to the strongest fragment in each spectrum which has an m/q Tentative assignment Relative intensity
intensity of 100. The relative peak intensities are derived from the individual peak 23.0eV 15.7eV 13.8eV
curves (resolved by fitting modified Gaussian functions to each peak at each of the N
: . N - 16 0 <1 0 <1
photon energies) with an accuracy of ca 30%. In s-triazine m/q = 32 cannot be cre- "
ated from the molecule, thus m/q =32 is O,*, and the intensity of the m/q = 28 e Sl . 15 0 0
. . Y 26 CoH, 70 5 10
pgak at 23 and 15.7 eV has been corrected by sybtrgctmg the cqntnbutlon qf Ny*in 27 HCN* 30 10 10
air relative to the O,* measured here as explained in the experimental section. 28 HCNH* 5 -5 40
31 CH5N* 7 10 10
Table 2 32 0, 10 15 15
Fragments observed for the pyrazine molecule after absorption of VUV photons 39 C3H3+ 17 10 0
50 CaHy 38 5 3
m/q Tentative assignment Relative intensity 51 CaHy 47 15 20
+
23.0eV 15.7eV 13.8eV 2; g;‘:‘;N 1?2 122 72
16 o* 10 0 0 78 CsHaN+ 24 30 15
25 CH* 15 20 25 79 CsHsN* 63 75 100
25 CZHZ: 100 100 10 Intensities are relative to the strongest fragment in each spectrum which has an
2 E(EN 20 &= U intensity of 100. Intensities are derived as described in Table 1 and in Section 2.
28 HCNH* 25 0 75
31 NyHs* 10 15 40
?;f &ZHW ?g 3(5) 4113 diazines are m/q = 54 (C3H4N) and m/q =55 (C;H3N,;), respec-
52 CH,N* 15 30 40 tively, which are not seen as cations. Thus if this channel occurs,
53 C3H;3N* 13 50 75 it leaves behind a neutral fragment.
78 C4HaN2* 0 5 0 The ion fragment with m/q = 26 is seen to be produced from
79 CaHsN, 10 15 50 all molecules at all excitation energies (see Fig. 2 and Tables 1-5).
80 C4H4N* 12 35 100

Intensities are relative to the strongest fragment in each spectrum which has an
intensity of 100. Intensities are derived as described in Table 1 and in Section 2.

Table 3
Fragments observed for the pyrimidine molecule after absorption of VUV photons

m/q Tentative assignment Relative intensity
23.0eV 15.7eV 13.8eV

25 C,H* 5 5 0
26 CoHy* 100 50 10
27 HCN* 20 15 5
28 HCNH* 25 10 <1
31 NyHs* 0.3 0 2
51 C3HN* 10 6 2
52 C3HyN* 30 30 25
53 C3H3N* 25 50 35
78 C4HaNy* 5 8 5
79 C4H3Ny* 25 40 30
80 C4H4N* 45 100 100

Intensities are relative to the strongest fragment in each spectrum which has an
intensity of 100. Intensities are derived as described in Table 1 and in Section 2.

This mass has two possible cations, CN*and C;H,*. Drawings of
these two dissociation pathways and thermodynamic energy bal-
ances are shown in Fig. 3 reaction L. In order to obtain the values
shown in Fig. 3 we have used bond dissociation energies (BDE) as
related in Table 6. In the formation of CN*from pyridine for instance,
three bonds need to be broken; one C— N, one C— C and one C—
H. According to the BDE values in Table 6, to break a C— N bond

Table 6

Compilation of bond strengths used in this work

Bond type BDE (kcal/mol) BDE (eV) Reference
c—cC 83 3.6 [24]
N—N 384 1.7 [24]
C—H 105 4.5 [25]
C—N 73 3.2 [24]
N=N 109 4.7 [24]
C=N 147 6.4 [24]
c=C 146 6.3 [24]
N—H 93 4.0 [24]
=C 200 8.7 [24]
N=N 226 9.8 [24]
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Fig. 3. Some of the fragmentation channels observed here: (I) is discussed in m/q = 26; (II) corresponds to m/q = 39 and 42; (Ill) are the thermodynamics of m/q = 51.
Table 6 compiles the bond dissociation energies we have used in this work for the detailed calculation of the thermodynamic energy balances. Negative values mean an
endothermic process, and do not include the ionisation potential of the respective parent molecule. Thus, for a total thermodynamic estimation the respective ionisation
potentials (in negative value) of 10.01 eV [4] for s-triazine, 9.29 eV [21] for pyrazine, 9.3 [22,21] for pyrimidine, 8.7 eV [23,21] and 9.3 eV [20,21] for pyridine have to be added

to the energy balance.

an average energy value of 3.2eV is needed. The addition of 3.6
and 4.5eV for the breakage of the C—C and C— H bond respec-
tively, gives a total value of —11.3 eV. This value does not include the
ionisation energy of the parent molecule, 9.3 eV [20,21]. Thus, the
nominal thermodynamic threshold calculated here for the forma-
tion of CN*from pyridine is —(11.3 + 9.3) = —20.6 eV. The negative
values obtained here and in Fig. 3 indicate the endothermicity of

the process (here we neglect for the moment the exothermicity
of intra-molecular concerted bond rearrangements which occur
during the dissociation process, and which lower the formation
thresholds; these will be discussed at a later point in the paper
for the m/q = 28 fragment). Looking at Fig. 3 reaction I, we observe
that the thermodynamic energy values for all five molecules are
lower for the C;H,* formation channel as opposed to CN* for-
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mation, therefore peak m/q = 26 is assigned to C;H,*. This is in
agreement with the study made by Jiao et al. [19] for pyridine
where they also assign m/q = 26 to C;H,*. Pyridine’s complemen-
tary neutral fragment of the m/q = 26 cation fragment is m/q = 53
which is clearly seen as a cation in our spectra, also in agreement
with ref. [20] and assigned here to C3H3N™ (see further in the text).
The intensity ratio between these two fragments, Co;Hy*(m/q = 26)
and C3H3N™ (m/q = 53), in pyridine at different energies is seen
to be as follows: 1(53)/1(26) > 1 at 790A (15.7eV) and < 1 at
540 and 900A (23.0 and 13.8 eV respectively) (see Table 5). This
suggests that at 790A m/q = 26 formation is the predominant
channel, whilst at 540 and 900 A m/q = 53 is produced more effi-
ciently. In the diazines, the fragmentation pathway proposed here is
CyHy*(m/q = 26) + CoHyN; (m/q = 54). This complementary frag-
ment (m/q = 54) is only weakly seen as a cation in the pyridazine
spectra (see Fig. 4) and assigned to C;H,N, . The dissociation path-
way in s-triazine is C;H ™ (m/q = 26) + CHN3 (m/q = 55); here the
latter neutral fragment is very weakly seen as a cation, i.e., the dis-
sociation pathway of s-triazine as shown in Fig. 3 reaction I is in
favour of CoH,* production.

The fragment with m/q = 27 is seen to be produced from all
five molecules at all three energies (see Fig. 2 and Tables 1-5).
This mass has also two cations, namely CyH3* and HCN*. It
is seen in ref. [11] that in pyrimidine, HCN elimination domi-
nates despite the fact that it requires rupture of at least two
bonds. One of the reasons is the thermodynamic stability of
HCN. According to our calculated thermodynamic energy val-
ues, and also in agreement with refs. [12,19,22], the m/q =
27 fragment is attributed here predominantly to HCN* in all
five molecules. In the s-triazine molecule HCN* (m/q = 27) is
directly produced when the parent cation looses 2 neutral
HCN groups, i.e., C3H3N3™ (m/q = 81) - HCN 4+ CoHaNy ™ (m/q =
54), CHyN,* (m/q = 54) — HCN + HCN* (m/q = 27). Note that
the complementary intermediate fragment for s-triazinem/q = 54,
assigned here to C;H,N, *, is formed during the first loss of HCN by
the parent cation, and is strongly seen in the mass spectra (see Fig. 2
and Table 1). For pyridine, the complementary fragment of m/q =
27 is m/q = 52, which is assigned here to C4Hs*, in agreement
with refs. [5,19]. This complementary fragment, C4Hs* (m/q = 52)
is strongly present as a cation in our spectra (see Fig. 2 and Table 5).
For the diazines, the complementary fragment of m/q = 27 corre-
sponds tom/q = 53, assigned to C3H3N™ in agreement with [6], and
present in all the diazine mass spectra (see Fig. 2 and Tables 2-4).

Fragments with m/q = 28 are observed from all five molecules
and are assigned here to HCNH* (see Fig. 2 and Tables 1-5). When
calculating the relative intensity of m/q = 28 for all the molecules
studied here at 23 and 15.7 eV we have considered a contribution
from the background gas at the ratio of: N,/O, = 1/4 accord-
ing to ref. [17], and we have subtracted its contribution from the
intensity of m/q = 28 (see Tables 1-5 and Section 2). In the pyri-
dine molecule, the formation of HCNH*(m/q = 28) proceeds via
formation of HCN™ (m/q = 27) which picks up a H atom during
the dissociation leaving a neutral m/q = 51 fragment behind (see
Fig. 3 reaction III for the formation of m/q = 51). In the ion charge
exchange study of ref. [20] they detected the cation fragment
m/q = 51 which they assign to C4H3*. Considering a 2-body frag-
mentation process, then the complementary fragment of m/q = 51
ism/q = 28 and it can unambiguously be assigned to HCNH. In the
diazines, three cations could be present in the formation of the peak
atm/q = 28; (a) C;H4™, (b) HCNH* and (c) N3 . Upon inspection of
the geometry of the molecules (see Figure 1), if N,* is to be formed,
it would only be favourable from the pyridazine molecule, because
of the position of the two N atoms in the molecule. Considering the
nominal thermodynamic thresholds we observe that, in pyridazine
the formation of CoH4* has the highest thermodynamic threshold

with —7.2eV, followed by the formation of N+ which requires
6.4eV (breakage of 2 C— N bonds) and finally HCNH* requiring
49eV. Here, for the C;Hs* and HCNH* thermodynamic thresh-
olds, the formation of new bonds has been taken into account. For
instance, the formation of C;H4* requires the breakage of two C—
C and two C— H bonds (16.2eV) but 9eV are regained when the
two atoms attach to the leaving C;H,* giving a total threshold of
—7.2 eV. From these values we assign the peak at m/q = 28 in pyri-
dazine mainly to the HCNH* fragment. In the ion charge exchange
study of pyridazine by Asbrink et al. [23] they discussed the for-
mation of (p—N3)*, in terms of loss of a neutral N, molecule by the
pyridazine’s parent cation for energies above 11.2 eV. This would
suggest that some of the intensity of the m/q = 52 fragment for
pyridazine could be in part due to C4H4 ", and thus, m/q = 28 would
be in part attributed to N,*. For pyrimidine and pyrazine, the Ny*
thermodynamic threshold of formation is much higher than the
other two ionic fragments, CoH4* and HCNH*, which require about
the same energy. Thus formation of N»* is probably suppressed for
pyrimidine and pyrazine, and only C;Hs* and HCNH* are likely.
Here we are not able to unambiguously assign m/q = 28 for pyrim-
idine and pyrazine, however the presence of (p-HCN)* (m/q = 53)
in our mass spectra and those from refs. [22,26], plus the fact that
HCNH* is formed via loss of the neutral fragment C3NH;in the
pyrimidine molecule [6], strongly implies that the assignment of
m/q = 28 here is HCNH"*. Its formation proceeds via concerted H
atom addition during the formation of HCN*, since it is well known
that H atoms migrate along the molecule [6]. The corresponding
complementary fragment for the diazines is m/q = 52 which s also
recorded here as a cation. In s-triazine, our thermodynamic values
also favour HCNH™ (m/q = 28)formation, leaving as a complemen-
tary fragment CoHN,* (m/q = 53). This is in agreement with the
study of s-triazine after charge exchange with positive ions in ref.
[4] who assign this peak to HCNH*.

The fragment with m/q = 31 is produced from all molecules
(see Fig. 2 and Tables 1-5). It is assigned to CHsN*, probably in a
[H3C-NH,] structure for pyridine, and to NoHs* for the diazines and
s-triazine according to thermodynamic values calculated here. The
lowest thermodynamic threshold is calculated here to be —6.8 eV
for the CHsN* ionic fragment produced from pyridine; it follows
the formation of NoHs* from pyridazine with —7.9eV and finally,
—12.6eV for the production of NoHz* from pyrazine, pyrimidine
and s-triazine. From these values it is immediately clear that for-
mation of NoHs* from pyridazine is energetically more favourable
even at lower incident photon energies, thus its relative intensity is
higher than in the pyrazine, pyrimidine and s-triazine molecules.
None of the respective complementary fragments, m/q = 48 for
pyridine, m/q = 49 for the diazines and m/q = 50 for s-triazine,
are seen as cations in the spectra recorded here. Note that the for-
mation of CHsN* from pyridine and N,H3* from all the other four
molecules strongly suggest complex bond rearrangement and atom
scrambling during the dissociation time.

3.1.2. Fragments with39 <m/q < 45

The m/q =39 fragment is strongly present in pyridine and
weakly present in pyridazine (see Fig. 2 and Tables 4 and 5).
Sketches of the thermodynamics for the two possible cation frag-
ments, C3H3;* and C;HN™* are shown in Fig. 3 reaction II. According
to our values, the formation of C3Hs* requires 9.5eV for pyri-
dine and 7.8eV for pyridazine, compared to the formation of
CoHN* which demands 9.9eV for pyridine and 8.5eV for pyri-
dazine. In pyridine and also in agreement wih refs. [5,19,20], the
formation of C3Hs* is energetically more favourable. The same
is true for pyridazine. The complementary fragment of m/q = 39
is m/q =40 for pyridine and m/q = 41 for pyridazine. None of
them are seen as cations in our spectra. Fragments with m/q = 40
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and 41 are only weakly seen produced from s-triazine at 540 A
(see Fig. 2) and one is the complementary fragment of the other.
There are two possible dissociation pathways of the parent cation,
(1) CHN* (m/q = 40) + CHN; (m/q = 41) where the charge can
localise on either fragment; (2) CN, ™ (m/q = 40) 4+ CoH3N*t (m/q =
41). Energetically speaking, the first pathway calls for 9.6 eV whilst
to follow the second 10.1 eV are needed. This makes reaction (1) the
most favourable.

As almost all fragments around mass 40, the cation fragments
withm/q = 45,44 and 43 are only seen in the s-triazine spectra (see
Fig. 2 and Table 1). The cation fragment with m/q = 45 is assigned
here to N3H3*. Note that in order to form this molecule every single
bond in the parent molecule needs to be broken. Thus, looking at the
geometry of the molecule (see Fig. 1), the formation of this cation
fragment seems highly improbable. Despite that, its formation is
assisted energetically when the 3 N atoms and the 3 H atoms bind
together to form N3Hs*. Moreover, the formation of this fragment
may become feasible when the N atom out-of-plane vibrational
mode of s-triazine is excited [27].

The formation of m/q = 44 from s-triazine is assigned here to
N3H,*. The high mobility of H atoms during the dissociation time
[5] and the formation of new bonds as seen for m/q = 45 would
allow the formation of this fragment. Similarly, m/q = 43, weakly
produced from s-triazine, could be assigned to N3H' (m/q=
43) + C3H, (m/q = 38) with an endothermic threshold of 16.8 eV.
Alternatively, m/q = 43 can also follow the dissociation pathway:
CH3N,* (m/q = 43) + CN(m/q = 38) which only requires 10.0 eV
(taking into consideration bond formation and rearrangement
within the fragments). This suggests CH3N,* as the assigned ionic
fragment to m/q =43 for s-triazine. The assignment proposed
here is in agreement with ref. [12] which proposes that the for-
mation of m/q =43 follows the pathway, C;H4N$ (m/q = 70) —
CH3N,* (m/q = 43) + HCN(m/q = 27).

3.1.3. Fragments with m/q = 50-60

In this mass region, two or three strong peaks can be observed,
depending on the molecule. The strongest peak in pyridineism/q =
52 (see Fig. 2 and Table 5) assigned here to C4H,4* also in agreement
with refs. [19] and [20]. The formation of this fragment follows
a neutral HCN loss from the parent cation, pt — C4Hgt + HCN™.
Successive H atom loss from excited C4H4* during the dissocia-
tion process will lead to the formation of C4H3" (m/q = 51) and
C4Hy* (m/q = 50) and the capture of a H atom from the leaving
HCN will lead to the formation of m/q = 53, C4Hs*. Alternatively,
the production of m/q = 51 from pyridine can also follow the path-
way, (p-H)" — C4H3™ + HCN™, since (p-H)* is also observed as a
cationin the pyridine spectra. The fragment formation pathway and
bond rearrangement leading to formation of m/q = 51 are shown
in Fig. 3 reaction III.

In pyrazine and pyrimidine the two strongest peaksinthem/q =
50-60 region are m/q =53 and m/q =52 (see Tables 3 and 2).
Here the loss of a neutral HCN (m/q=27) molecule by any of the
excited parent cations leads to the formation of C3H3N* (m/q = 53)
in both molecules. As seen for the pyridine molecule, successive
losses of H atoms by C3H3N* (m/q = 53) will lead to the forma-
tion of C3H;N*(m/q =52) and of CsHN*(m/q = 51) also seen in
the pyrazine and pyrimidine spectra. Pyridazine is an isomer of
pyrimidine and pyrazine, thus we would expect m/q = 53 to be the
strongest in the mass spectra due to one HCN loss in agreement
with the results for pyrimidine and pyrazine. Instead the strongest
peak in the pyridazine spectra is m/q =52 and attributed here
to C3H,N*. This fragment is thus formed when the parent cation
m/q = 80 looses a neutral m/q = 28. The two possible pathways
for formation of m/q =52 are p*-HCNH or p*-Nj, as discussed
in Section 3.1.1. The loss of a H atom during the dissociation pro-

cess leads to the formation of m/q = 51 also seen in the pyridazine
spectra and attributed here to C3HN*. Proceeding in the same
manner, the transfer of one or two H atoms from the dissociat-
ing neutral complementary fragment will lead to the formation
of C3H3N" (m/q = 53) or C3H4N* (m/q = 54) weakly seen in the
pyridazine spectra.

In the s-triazine molecule the strongest peak is m/q = 54 and
assigned here to C;H;N,*. As in the previous discussion the loss
of an HCN molecule by the parent cation leads to the formation of
CyH,N,*. Successive losses of H atoms from this cation fragment
leads to the formation of C;HN,*(m/q = 53) and (;N,* (m/q = 52)
also seen in the mass spectra of s-triazine. m/q = 56 and 57 are
only seen in the s-triazine spectra. The fragment with m/q = 56 is
assigned to CH;N3* and m/q = 57 to CH3N3*. With 3 N atoms both
fragments are only possible and visible in the s-triazine spectra.
The respective fragmentation pathways are CH,N3* (m/q = 56) +
CoH(m/q = 25) and CH3N3* (m/q = 57) + Co(mm/q = 24).

3.14. Fragments with 78 <m/q < 81

This group of fragments is formed by the parent cations and by
the ionic fragments created by loss of one or two neutral H atoms
from the parent cation. Indeed, our recorded H- « dispersed fluo-
rescence yield from pyrimidine [16] shows that when a H atom is
detached from the parent, this H atom can be created in a neutral
excited state (n = 3 in this case) and can be detected by its fluores-
cence. Thus the presence of C4H3N,* in the pyrimidine spectra here
may also be accompanied by detachment of a neutral excited hydro-
gen atom. Common to all mass spectra in this region, we observe
that the relative yield of p* and (p-H)* is greater at low energies
(900 A, 13.8eV) than at high energies (540 A, 23.0eV) due to the
fact that the interaction with low energy photons is a more gen-
tle process than with high energy photons, where the ring opening
probability upon ionisation is higher.

3.2. Analysis of the ion yield curves

Fig. 4 shows the mass selected photoion yield curves measured
here. Three parent cations, pyridine, pyridazine and pyrimidine,
and two ionic fragments, m/q = 52 for pyridine and m/q = 26 for
pyrazine are shown. The second order light from the monochro-
mator was not filtered here, thus a minor contribution of this
stray radiation can be seen in the yield functions of the fragments
m/q =52 and m/q = 26 (ca. 11 eV for both), and it may also be
present in the parent cation curves.

The profiles of the fragment and parent ion yields (see Fig. 4) can
give us further information on the fragmentation pathways of the
molecules studied here. As a general trend we observe that the par-
ent cation yield curves have two broad structures between 14 and
21 eV, whilst the ion fragment yields have only one peak at around
22 eV.Thisis in agreement with the two observed VUV peaks in the
15-20eV region in the absorption spectrum for the parent cation of
the benzene molecule and the single structure observed for the ion
fragment yields recorded from benzene and other polycyclic aro-
matic hydrocarbons (PAHs) after photon absorption in the 8-30eV
region [28].

Additional information from the parent ion yield curves can
be extracted comparing them to the photoelectron (PE) spectra
of the same molecules in the VUV region. Several photoelectron
studies of pyrimidine [22,29,30] reveal spectral features at approx-
imately the same energies as the peak positions in our parent ion
yield. In particular, the work done by Potts et al. [30] assigns seven
photoelectron bands at 9.8, 10.5, 11.3, 14.0, 15.8, 17.0 and 17.7 eV,
respectively, plus some other spectral features at 21 and 24 eV (see
the bars in Fig. 5). In analogy to the discussion for adenine [12]
relating structures in the PE spectrum to structures in the ion yield
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Fig. 5. Parent ion yield of pyrimidine after VUV photon absorption. The vertical bars
are assigned photoelectron bands seen at kinetic energies shown in the graph and
recorded at 45 eV from ref. [30]. The height of the bands is not relevant, here they
are plotted to indicate the kinetic energy positions.

curves, here we propose that the positions of the 4th, 6th and 8th
bands in Fig. 5 correspond to the positions of the peaks present in
the pyrimidine parent ion yield curve recorded here. This would
imply that the electrons detected in the PE spectra are partly from
the orbitals of the unfragmented parent molecule (detected here).
On the other hand the 7th band in the PE spectra coincides with
a minimum in our spectrum which would suggest that the parent
ions fragment.

3.3. Comparison to other studies

From the comparison of our study to other works as in the pre-
vious sections, as well as with some studies using laser excitation
[31,32], we reach the following conclusions:

¢ the closest resemblance to our study in terms of cracking patterns
are the results using electron impact: Jiao’s study [19] for pyridine
and ref. [33] for pyrazine, pyridazine, pyrimidine and s-triazine;
however in disagreement with the studies mentioned above, the
cation fragment m/q = 31 is seen to be produced, in our study,
from all five molecules. In pyridazine we observe additional frag-
ments such as m/q =43 and 54; m/q = 78 in pyrimidine, and
m/q = 44, 45, 51, 56, 57 and 79 in s-triazine, none of which are
observed in any of the studies we compared our work to;
after comparing the relative intensities of the fragments formed
here from s-triazine to the the fragments formed from adenine
upon 20 eV photon excitation [11,12], we found that in the region
below m/q=81, the fragment with m/q = 28 is the most intense
in both studies and that 10 out of the 12 fragments compared
(common to the present and previous studies) have roughly the
same relative intensity, e.g., [(m/q = 53) in ref. [12] is 25% of the
m/q = 28 intensity in adenine, and I(m/q = 53) here is 21% of
the m/q = 28 fragment intensity. This would suggest that the
fragmentation pathway of the DNA base adenine (which is the
only base that contains only C, N, and H atoms), upon 20 eV
photon impact, undergoes formation of s-triazine which in turn,
fragments to smaller cations;

e as already observed by Plekan et al. [13] for cytosine (pyrimi-
dinic DNA base), here we also observe the same trend in all five
molecules, namely the lower the photon energy the softer the
ionisation, and the higher the yield of parent cation molecules.

4. Conclusions

We have used synchrotron VUV photons and mass spectrometry
to investigate the fragmentation pathways of gas phase heteroaro-
matic rings such as pyridine, pyridazine, pyrimidine, pyrazine and
s-triazine. We have found that after absorption of VUV photons the
molecules dissociate and yield numerous ionic fragments. In com-
mon to all compounds are Co;H,*, HCN* and HCNH* at all three
photon energies. Also, the presence of C;H;N,* from s-triazine,
C3H3N* from the diazines and C4H4* from pyridine in the spec-
tra suggests dissociation pathways via losses of HCN moieties. At
low VUV photon energies, we observe a higher relative yield of the
five respective parent cations when compared to the most intense
peak in each spectra which shows a propensity for the molecule
to remain intact. With the aid of thermodynamic energy thresh-
olds, and comparisons to previous experiments recorded in the
literature we have assigned most of the main peaks in our mass
spectra and discussed their formation pathways. From the analy-
sis of the mass spectra we can conclude that: (1) the behaviour
of these azabenzenes upon VUV photon excitation is more related
to the behaviour of their most basic structure analogue, benzene,
or to DNA bases and other polycyclic hydrocarbons, than to the
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behaviour observed for ring biomolecules like the DNA sugar when
exposed to VUV ionising radiation [14]. The mass spectra of the
azabenzenes studied here show a strong propensity to fragmenta-
tion at high VUV energies but are more stable for low VUV photon
absorption. This contrasts with the behaviour seen for 2-deoxy-bp-
ribose, also in the gas phase [14] where strong fragmentation is
observed even at low VUV photon energies. In this latter study it is
discussed that this strong fragmentation tendency upon VUV pho-
ton absorption may lead to single-strand breaks in cellular DNA.
From our present study, we propose that six membered rings with
N heteroatoms (like pyrimidinic DNA bases) are more stable upon
soft valence ionisation, compared to six membered rings with O
heteroatoms, like DNA sugars. Thus, our study would suggest that
VUV absorption in DNA would lead mainly to sugar damage via
single strand break, than base damage. (2) We have determined
the survivability of five heterorings in the VUV environment and
seen that, VUV photoabsorption by nitrogen-substituted analogues
of benzene leads to destruction of these heterorings in the labo-
ratory. Because nitrogen heterocycles possess dipole moment (ca.
2 Debye for pyridine and pyrimidine [2]) they have been observed
in the interstellar medium [34,35] and pyrimidines have actually
been identified in meteoritic organic matter found here on earth,
see [36] and references there in. As we know, pyrimidines play a
basic role in terrestrial biochemistry [37] since they are fundamen-
tal components of DNA and RNA. Determining their survivability
in the presence of ionising radiation in the laboratory may hint at
their survivability in space.
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