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Abstract

A series of reactions between NH;*, O,*, O*, Kr*, N*, N,*, Ar*, Ne*, NH,* and H;O" and three heterocyclic molecules (pyridine, pyrimidine
and piperidine) were studied using a selected ion flow tube (SIFT) at 298 K. The stability of each ring was investigated through reactivity and
the rate coefficients and ion product distributions were determined for each reaction. Most of the reactions proceed by charge transfer or proton
transfer when energetically possible, with varying degrees of fragmentation. Based on microreversibility, gas phase formation routes are suggested
for the production of ionized pyridine and pyrimidine. If these reverse reactions proceed with no or small activation energy barriers, this would
be of interest for formation of heterocyclic rings in the interstellar medium and in the Titan atmosphere. Dissociation mechanisms leading to the
major fragment product ions in both the pyridine and pyrimidine reactions have been studied and provide information about the site of interaction

between the ions and molecules.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Many cyclic organic molecules have been discovered in inter-
stellar gas clouds (ISC), with both homocyclic and heterocyclic
variants being detected, and possibly also in the Titan atmo-
sphere. This is important, because many biological molecules
are heterocyclic and the presence of heterocyclics in these
extraterrestrial regions could suggest this as a source of prebiotic
materials, which can then be transported by comets and meteors
to planets in evolving stellar systems and act as nutrients for
life. For example, thymine (CsHgN,0O»), cytosine (C4HsN3O)
and uracil (C4H4N»QO»), three of the nucleotides of DNA and
RNA are composed partially of the heterocyclic base pyrimi-
dine. The organic rings that have been detected so far include
c-C3H, [1], c-CoH40 [2,3], ¢c-C3H [4], c-CoH3N and ¢-C,HsN
[5] and ¢-C3H,O [6] along with c-CgHg being found in ISC
[7] and possibly in Titan’s atmosphere [8,9]. Polycyclic aro-
matic hydrocarbons (PAHs) are another class of molecule that
are thought to be present in the interstellar medium. It is believed
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that these types of molecules are responsible for some of the dif-
fuse interstellar bands (DIBs) seen in ISC though this is yet to be
verified. Also, just recently, it was suggested by Hudgins et al.
that the 6.2 wm interstellar emission line seen in infrared emis-
sion spectra of interstellar clouds is due to the substitution of a
nitrogen atom into the endoskeleton of these PAHs (generating
PANHSs) [10].

To add to the information available on this topic, this study
focuses on the ion—molecule reactions of three different nitro-
gen containing heterocyclic compounds; pyrimidine (C4H4N>),
pyridine (CsHsN), and piperidine (C5H11N), as shown in Fig. 1.
The study was undertaken to determine the stability of the het-
erocyclics with the deposition of varying amounts of energy
as determined by the recombination energy of the various ions
(ranging from 10 to 22 eV) used in reactions with the neutrals.
The presence of pyrimidine and pyridine in the ISC was first
investigated in the early 1970s with little success [11]. More
recently, these two molecules, and other nitrogen containing
molecules like these, were the focus of interstellar searches by
Kuan et al. [5,12]. Of the several different regions of the inter-
stellar medium surveyed, only one line that potentially indicates
the presence of pyrimidine was detected. The interstellar fea-
ture W51 el/e2 provided this single line that coincides perfectly
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Fig. 1. Structural diagrams of several heterocyclic molecules as indicated.

with the J < 55 band head of pyrimidine. However, the detection
of one line is by no means considered a positive identification,
but it is possible that several conditions conspire to make the
other expected lines undetectable. Since large ring molecules are
predicted to be unstable in these regions, they will have low rela-
tive abundances and hence the population of rotationally excited
states is anticipated to be low. Also, the presence of spectral lines
from other chemical species can interfere with the observation
of expected lines especially where they are close to the limit
of detectability. Thus, it is important to note that the absence
of spectral features may not necessarily be due to the absence
of the target molecule. Pyridine has also been targeted but with
no positive identification to date [5,12]. Laboratory data on the
stability of both pyrimidine and pyridine against UV radiation
has been collected and both molecules are expected to survive
only in UV shielded environments such as hot cores [13].
Titan’s atmosphere has been extensively probed with the
Cassini Ion and Neutral Mass Spectrometer (INMS). An ion
peak at a mass to charge ratio, m/z, of 79 was detected that could
be due to protonated benzene or possibly ionized pyridine [14].
Since pyridine has a large proton affinity, efficient proton transfer
reactions with ions such as the dominant HCNH™ should occur
yielding an abundant ion with an m/z of 80. The INMS data [14]
indicate the m/z of 79 as being comparable with the m/z of 80
(indeed dominating it in the altitude region of 1400—1600 km)
and thus an identification of m/z=79 as ionized pyridine is
highly unlikely. However, it is known that Titan’s ionosphere
is composed mostly of nitrogen with hydrocarbons, so the for-
mation of nitrogen containing linear and cyclic molecules is
likely to be facile. Even though the mass to charge ratios are
accurately known, the identifications are not certain. Chemical
modeling is a valuable means of better interpreting the mass
spectral data. For modeling to be successful, it is essential for
relevant laboratory kinetic data to be available. As a contribu-
tion to this effort, the stability and reactivity of various rings
were probed in the present study. Rate coefficients and ion prod-
uct distributions have been determined for a series of charge
transfer reactions in which varying amounts of energy were
deposited in the heterocyclic rings. In addition to establish-
ing the relative stabilities, these studies suggested several gas
phase formation routes to heterocyclic ion production. These
new data will be valuable in understanding the chemistry of the
molecules in the gas phase and will give information on the
conditions that are needed for these molecules to form in ISC
and the Titan atmosphere. Probing regions with these conditions

will improve the likelihood of the detection and identification of
these molecules.

2. Experimental

The reactions of pyridine (CsHsN), pyrimidine (C4H4N>)
and piperidine (CsH{N) with ions of various recombina-
tion energies (RE): NH3*, O,*, OF, Kr*, N*, No*, Ar*, Ne*
(10-22eV) and NH4* and H30™ were studied using a selected
ion flow tube (SIFT). The technique has been described in detail
before [15,16] and will not be discussed in depth here. Two dif-
ferent types of ion sources were used to produce the ions of
interest. A high-pressure electron impact source was generally
used to generate polyatomic ions, while a microwave discharge
cavity was used when producing atomic ions because it pro-
vided a larger number density of ions in the flow tube. The
ions of interest were selected using a quadrupole mass filter and
focused through a 1 mm orifice into the flow tube. There the ions
were carried downstream in a helium gas flow injected into the
tube at supersonic flow through a Venturi type inlet. The pres-
sure in the flow tube was maintained at ~0.5 Torr by the helium
flow, which was exhausted from the flow tube by a Roots pump.
Downstream of the ion injection port, and after the thermaliza-
tion of the ions, the reactant neutrals were introduced into the
flow tube. A small portion of the reactant and product ions were
then sampled at the end of the reaction region through a pinhole
orifice in the detection nose cone, while the rest was evacuated by
the Roots pump. A quadrupole mass filter and an electron mul-
tiplier counting system located after the nose cone were used to
quantitatively identify the ions by the mass to charge ratio.

The three reactant species used in this study are liquids at
room temperature and it proved to be difficult to work with the
neat vapors. When trying to determine accurate neutral flows,
problems arose due to the gases sticking to the walls of the flow
tube and it was not possible to stabilize flows and thus get linear
semi logarithmic decays for the primary ion. To eliminate these
problems, 1% mixtures of the reactant neutral in helium were
used, keeping the reactant pressure below its saturated vapor
pressure to minimize condensation. No evidence for dimeriza-
tion was detected, which we have observed in other experiments
with liquids of similar vapor pressures [17].

Pyridine was obtained from Sigma—Aldrich with a manufac-
tured purity of >99.9%. Both pyrimidine and piperidine were
obtained from Alfa Aesar with manufactured purities of 99%.
The liquids were further purified by several cycles of freeze-
pump-thaw before use, in order to eliminate dissolved gases.
Rate coefficients and percentage product ion distributions were
determined using standard techniques [18]. The rate coefficients
are accurate to +20%, while the product distributions are accu-
rate to £5in the percentage. All measurements were made at
298 K.

3. Results
Ton product distributions for the reactions of pyridine, pyrim-

idine and piperidine are given in Table 1. These have been
corrected for mass discrimination in the detection quadrupole
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Table 1
Product distributions (%) for the reactions of pyridine, pyrimidine and piperidine with the ions indicated
Reactant ion Pyridine ion product % Pyrimidine ion product % Piperidine ion product %
Ne* (21.56eV) C4H3*, C3NH* 54 CoHp* 46 C,Hy*, CHoN* 18
C4Hy*, C3N* 21 C3HoN*, C4Hyt, CoNp* 32 C3He*t, CoH4N* 14
CsHsN* 13 C3NH*, C4Hs* 11 C3Hs™, CoH3N*Y 13
C4Hyt 12 C3H3N*, C;N,H* 7 CHs*, CH3N* 11
C4H3N2+ <4 C2H6+, CH4N+ 10
C3H3*, CoNHT 7
C4Hg*, C3H4N* 6
C4H7+, C3H5NJr 6
C4Hg*, C3HgN* 6
C3H7*, CoHsN* 5
C,H3*, HCN* 4
Art (15.76eV) C4Hyt 66 C3H3N*, C;N,H* 54 C4Hg*, C3HgN* 26
CsHyN* 15 CoHy* 21 C,Hs*, CH3N* 19
C4Hs*, C3H3N* 12 C3HoN*, C4Hyt, CoNp* 22 C4H7%, C3HsN* 10
C3H3+, CzNHJr 7 C4H4N2Jr <4 C2H6+, CH4N+ 9
CyHy*, CH,N* 8
C3H5+, CQH'J'NJr 8
C3He*t, CoH4N* 7
C3H8+, C2H6N+ 4
CsHyN* 4
C4Ho*, C3H7N* 3
C3H7%, CoHsN* 2
N,* (15.58¢eV) [-C4Hy* 435 C3H3N*, C;N,H* 71 C4Hg*, C3HgN* 32
¢c-C4Hy* 43.5 CoHy* 17 CyHs*, CH3N* 15
C4H7%, C3HsN* 10
C4H9+, C::;H’]N+ 8
CyHsN*, C3Hy* 7
C3Hg*, CoHgN* 7
C3Hs*, CoH3N* 5
N* (14.53€V) C4Hy* 54 C3H3N*Y, CoNoHY 64 C4Hg*, C3HgN* 30
CsHsN* 46 C4HyN,* 31 C3Hg*, CoHgN* 19
C3HoN*, C4Hyt, CoNo* <3 CoHyN*, C3Hg* 13
CoH,* <2 C4H7*, C3H5N* 13
C,H5N*, C3H7+ 12
C3H5+, C2H3NJr 9
CsHyN* 4
Krt (14eV) I-C4Hy* 70 C3H3N*, C;N,H* 91 C4Hg*, C3HgN* 44
C-C4H4+ 30 C3H2N+, C4H4+, C2N2+ <3 C4H9+, C3H7N+ 31
C3Hs4N* <3 CoHst, CH3N* 15
C4H4N2+ <3 C2H6+, CH4N+ 7
CyHy*, CHN* 3
O* (13.62¢V) C4Hyt 100 C3H3N*, C;N,H* 100 - -
0,* (12.07eV) CsHsN* 100 C4HyNy* 100 CsHoN* 46
CsHyN* 17
C3Hg*, CoHgN* 14
C3H7%, CoHsN* 10
C4Ho*, C3H7N* 10
NH3* (10.07 eV) CsHsN* 100 - - - -
H;0% (6.4eV) CsHsNH* 100 C4H4N,HY 100 CsHyNH* 91
C5H10N+ 9
NH4* (4.8eV) CsHsNH* 100 C4H4N,H* 100 CsH;NH* 100

Recombination energies of the reactant ions are given beside their identification [31]. The ionization energies of the heterocyclic molecules are 9.26,9.33 and 8.03 eV,

respectively [31].
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Table 2

Experimental rate coefficients, kexp, for the reactions between the three neutral
molecules and the indicated ions are listed followed by the theoretical rate coef-
ficients, ktheor, calculated using combined variational transition state theory and
classical trajectory theory [19]

Primary ion kexp 102 cm3s™1) kiheor (1072 cm3 s™1) Efficiency®
CsHsN
Net 34 3.18 1.07
Art 2.3 247 0.93
N+ 2.7 2.79 0.97
N* 34 3.68 0.92
Kr* 1.92 1.99 0.97
o* 44 348 1.26
0,* 3.1 2.66 1.17
NH3* 3.6 34 1.06
H;0% 4.4 3.25 1.35
NH4* 3.5 3.32 1.05
C4H4N,
Ne* 2.9 3.34 0.87
Art 2.7 2.59 1.04
Ny* 2.9 2.94 0.99
N* 4.8 3.87 1.24
Kr* 2.1 2.09 1
ot 3.6 3.66 0.98
0" 2.6 2.8 0.93
NH3* 2.8 3.57 0.78
H;0* 43 341 1.26
NH4* 3.1 3.49 0.89
CsH||N
Net 2.29 2.07 1.11
Art 1.7 1.6 1.06
N+ 1.7 1.82 0.93
N* 2.30 241 0.95
Krt* 1.05 1.26 0.83
0,* 2.23 2.75 0.81
NH3* 2.3 2.22 1.04
H;0* 1.97 3.35 0.59

Data needed to calculate the theoretical rate coefficients were obtained from the
literature [32].

? The reaction efficiency, kexp/ktheor 18 also included. All rate coefficients are

expressed in units of 1079 cm® s~ 1.

mass filter. Mass discrimination factors were determined by
monitoring the ion counts as a function of the downstream
mass filter resolution. At low resolution, the ion counts became
independent of resolution and, under these conditions, it was
assumed that the transmission was mass independent. This was
confirmed in individual reactions by determining the total ion
count rate as a function of reactant gas flow after correction
for mass discrimination and this was constant implying that the
discrimination had been accounted for correctly.

Reactions involving NH4* and H30* proceed only by proton
transfer. In these cases, charge transfer is endothermic and is not
expected to be a product channel, consistent with observations.
With all other reactant ions, charge transfer (both dissociative
and non-dissociative) is energetically possible and was detected
as the main product channel.

The rate coefficients were also measured for all of the reac-
tions and are provided in Table 2. The dilution of the reactant
neutral was taken into account with each rate coefficient being
corrected accordingly. Most of the reactions proceed at the gas

kinetic rate to within experimental error. Theoretical rate coef-
ficients were calculated using combined variational transition
state theory and classical trajectory theory [19]. Reaction effi-
ciencies for all reactions were at or near unity.

3.1. Pyridine

The reactions of pyridine (ionization energy, IE 9.26eV)
with ions of low recombination energies, NH3* (RE 10.07)
and Oy* (RE 12.07), resulted only in non-dissociative charge
transfer. When the more energetic ion, O* (RE 13.62¢eV), was
used, fragmentation of the ring became favored. Here the only
product channel generates an ion at m/z 52. To determine if
this was C4Hy™ or C3H,N*, reactions with CsDsN were per-
formed. Then, this product ion mass was observed to move to
56 amu (C4D4") proving that the product was entirely C4Hy™,
a common fragment of unsaturated, cyclic hydrocarbon disso-
ciation [20] in both ion—molecule reactions and electron impact
ionization. This is important because HCN is the neutral that
results from this fragmentation and it is particularly stable and
abundant in ISC and in Titan’s ionosphere. It is interesting
to note that the major product in the reactions with Kr* (RE
14eV), N* (14.53eV), No* (15.58eV) and Ar* (15.76eV) is
also C4Ha*. As can be seen from Table 1, other dissociative and
non-dissociative product channels are observed but C4Hy* is by
far the most abundant product ion. It is only when pyridine reacts
with the energetic Ne* (RE 21.56 V) that the C4H4* product
channel is less significant because of the increasing fragmenta-
tion. In the Ne* reaction, in addition to the expected dissociative
channels, the non-dissociative charge transfer is surprisingly a
significant product.

Note that in these studies, there are often two possible ion
products with the same mass. In one case, we were able to dis-
tinguish the product by isotopic labeling. For other reactions
involving the isotopic pyridine, conflicting product masses made
it impossible to determine the absolute identity of the product.
Thermodynamic considerations also were used in an attempt
to settle on the identity of the product ions. In all but a few
cases, each possible ion product was energetically possible and
thus this method could not be used to establish the ion identity.
Another concern is the possibility of several isomers. In the case
of C4Hy*, it is generally accepted that two linear isomers and
two cyclic isomers are stable enough to form [21]. Reactions
of C4H4* with benzene were used to determine if this molecu-
lar ion was cyclic or linear. It had been previously determined
that the linear form of C4H4* reacts with benzene in a charge
transfer reaction while the cyclic form is unreactive [22,23].
The C4Hy4* product of the reaction of Ar* and pyridine studied
in this manner showed that 70% of the C4Hs* was linear and
30% was cyclic. When benzene was reacted with the C4Hy™*
product of the N, reaction, it was determined that a 50:50 mix
of the linear and cyclic isomer was present. This study unfortu-
nately does not provide enough information to determine which
of the two linear and which of the two cyclic isomers are formed.
However, following from thermodynamic considerations and the
neutralization-reionization mass spectrometry study of Zhang et
al. [20], it is assumed the two isomers with the lowest energy
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configuration are generated. Therefore, the linear isomer is iden-
tified as the vinyl acetylene cation and the cyclic isomer as the
methylene cyclopropene cation. Because of the complexity of
the study, other reactions resulting in C4Hs* as a product were
not studied further to determine the identity of the isomer(s)
present. Some of the other products also have isomers, such as
cyclic and linear C3H3™ that can be determined by following
the rate of reactions with CO, [23] but due to the difficulty in
interpreting the data these structures were not investigated.

3.2. Pyrimidine

Pyrimidine (IE 9.33 eV) was studied not only because of its
biological importance but also to see how product channels dif-
fer when an additional nitrogen was present in the ring. Here an
additional lone pair of electrons is gained, but the aromaticity is
still preserved. As with pyridine, the reactions with O * resulted
only in non-dissociative charge transfer. In the reactions of O™,
Kr*, N*, N,* and Ar*, an ion, C3H3N™, is produced with the
neutral product corresponding to HCN, as occurred with pyri-
dine. It is possible for the ion mass to correspond to C;N,H*
but there was no information available in this case to calculate
the energetics. However, following from the isotope substitu-
tion in the pyridine case, the most likely ion identity is C3H3N*
produced with the neutral HCN. The energetic reaction with
Ne* proceeded with much fragmentation and the major product
channel was CoH,*.

3.3. Piperidine

Piperidine is quite different from the other two molecules
because it is saturated and has no delocalized  electrons. The
lack of aromaticity suggested that this molecule would fragment
more easily and considerably more fragmentation was observed.
The products of the O,* reaction resulted in both dissociative
(unlike the other molecules) and non-dissociative charge trans-
fer. As Table 1 shows, the reactions of Kr*, N*, N,* and Ar*
all had an ion with an m/z of 56 as the main product. This cor-
responds to C4Hg™ and/or C3HgN*, both being energetically
possible. Also it is interesting to note that, in this case, the reac-
tion with the more energetic Ne* produced a different primary
product ion from the four lower energy ions: Kr*, N*, N,* and
Ar* (m/z 56 product was present only as a 6% product).

4. Discussion

When comparing the stability of the three-reactant molecules,
it is clear that piperidine is the least stable as indicated by the
large amount of fragmentation that occurs even at lower energies.
This is expected considering piperidine is not aromatic, unlike
pyridine and pyrimidine. One interesting similarity among all
three molecules is the consistency of the primary product chan-
nel for reactions with ions of recombination energies of about
14-16eV. The reactions were compared to the reactions of a
similar set of ions previously studied with benzene [23]. In this
comparison it is important to note that even though benzene
is more stable, i.e., requiring around 2 eV more energy to pro-

duce fragment ions, once sufficient energy is available, more
product fragments are produced than in either of the equivalent
reactions involving pyridine or pyrimidine. This could be due
to the particularly stable ions and neutral combinations formed
when pyridine and pyrimidine initially fragment; these are not
all available to the benzene reactions.

Because of the limited number of ion—molecule reactions
that have been studied involving these molecules, very few
direct comparisons could be made to literature data. However,
there was a study that provided electron impact (EI) fragmen-
tation data for pyridine over a range of energies (10-200eV)
[24]. Tt might be thought that these data can be directly com-
pared with our product distribution; however, in the EI study
the dominant process through the entire energy range was non-
dissociative charge transfer with the fragmentation producing
C4H4™" as the next most important channel. The importance of
the C4H4" channel increased as the energy of the electrons was
increased. Overall, there were more fragment ions observed
in the EI experiments when compared to ion—molecule reac-
tions with similar energies. Even though less fragmentation is
observed in the ion—molecule reactions, it is worth noting that
the non-dissociative charge transfer is only dominant at ener-
gies below 12eV. The differences between these two studies
show the reaction mechanisms are very different, as might be
expected. Also, in the EI studies, it was possible to identify all
of the isobaric masses. This information can reasonably be used
to determine the identity of the masses in question in the present
work.

Comparison was also possible with some much earlier stud-
ies in the literature [25,26], although these were over a range
of kinetic energies (1-300eV). Plots of the literature distribu-
tions versus kinetic energy were made and extrapolated to zero
kinetic energy to give a better comparison with the present data.
They are listed in Table 3 for comparison to the 298 K values
obtained in this study. The literature values for the reactions of
Ne*, Ar* and Kr* with pyridine and Ar* and Kr* with pyrimi-
dine all agree very well. The major product is always the same
though the actual percentage differs to some degree. The previ-
ous studies show slightly more fragmentation though most of the
additional products are only a small contribution. This difference
could be partially due to the inaccuracy of extrapolated product
distributions and the difference in experimental techniques. Two
more recent papers detail the reactions of H30* and O,* with
both pyridine and piperidine [27,28] as studied using a SIFT. As
shown in Table 3 the product distributions in the literature agree
very well with the values obtained in this study.

The site at which the ion interacts with the neutral molecule
was also considered. In electron impact ionization, the loss
of the electron of lowest ionization energy is expected [29]
and the same can reasonably be expected of electron transfer
in ion—molecule reactions. Recognizing the expected radical
site then allows the most likely product ion fragments to be
identified. In turn, the observed product fragments can provide
information about the actual radical site and therefore informa-
tion about the interaction of the ion and molecule. In the reactions
of pyridine and pyrimidine, it is reasonable to expect the ion to
interact with the electrons located in the highest occupied molec-
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Table 3
Comparison of product distribution results from this study with literature
Reactantion  Pyridine Pyrimidine Piperidine
This work Literature This work Literature This work Literature
Ne* C4H3z* 54% C4H3* 40%* - - - - - - - -
C4Hp* 21% C4Hy* 26% - - - - - - - -
CsHsN* 13% C4Hs* 11% - - - - - - - -
C4Hg* 12% CoHy* 8% - - - - - - - -
C3H3* 5% - - - - - - - -
CoH3* 5% - - - - - - - -
Ar* C4Hy™* 66% C4Hy* 2%* Cs3HzN* 54%  CyHp* 56%° - - - -
CsH4N* 15% CsHy4N* 25% CpHp* 21%  Cs3HoN* 24% - - - -
C3H3N * 12% C4H3* 13%  C3HpN* 22%  C3H3N* 20% - - - -
C3H3+ 7% C4H2Jr 8% C4H4N2Jr <4% - - - -
C3H3N * 7% - - — _
C3H3* 5% — _ _ _
Kr* I-C4Hy™* 70% C4Hy* 77%* C3H3N* 91%  Cs3H3N* 87%° - - - -
c-CqHy™* 30% CsHy4N* 14%  C3HoN* <3% C4H3;N* 6% - - - -
C3H3* 4%  C3HsN* <3% C3HoN* 3% - - - -
C4H5Jr 4% C4H4N2+ <3% CszJr 3% — — — -
CsHsN* 1% C4H4N,* 1% - - - -
H;0* CsHsNH*  100% CsHsNH*  100%°¢ — - - - CsH; NH* 91% CsH;NH* 90%*
CsHjoN* 9%  CsHjoN* 10%
Oyt CsHsN* 100%  CsHsN* 100%¢ - - - - CsHjoN* 46%  CsHjoN* 55%°
CsHy N* 17%  CsH;N* 15%
C3Hg*, CoHgN* 14%  CzHg*, CoHgN 10%
C3H7*, CoHsN* 10% CsH;*, CoHsN* 10%
C4Ho*, C3H7N* 10% C4Ho*, C3H7N* 5%

CsHjo*, C4HgN* 3% CsHjgt, C4HgN* 5%

References for literature product distribution values: superscript a [25], b [26], ¢ [28], d [27]. Values for a and b were extrapolated to thermal energies.

ular orbital (HOMO), which in both cases involves the lone pair
on the nitrogen atom. When considering well-known fragmenta-
tion mechanisms starting from the radical site on the nitrogen, an
expected major product ion would be C3H3N* for reactions with
both pyridine and pyrimidine. However, for reactions involving
pyridine, the experimental data show C3H3N™* to be present in
only two reactions and then only as a minor product. As stated
before, the major product in almost all pyridine reactions exhibit-
ing dissociative charge transfer is C4H4*. The only way for this
product to form is to have the radical site on a specific carbon

Mechanism [

N ’N\‘
(O —1J
A~ N
Mechanism II

) N N

) o

atom in the ring, as seen in Fig. 2. However, for pyrimidine, the
major dissociative product is C3H3N™*. This could occur from
either the radical site location on the nitrogen or on one of the
carbons, as shown in Fig. 3. A study in which the electronic
structure of pyrimidine was investigated stated that the molec-
ular orbital involved in producing the fragment as having some
nitrogen influence [26]. However, a similar study by the same
group on the electronic structure of pyridine described the orbital
involved in the fragmentation as being strongly carbon—carbon
bonding [25]. Apparently according to these studies, the addition

N ‘ ¥ HC\\N
i /
m/z 52
LSRN

+

m/z 52

Fig. 2. Proposed pyridine dissociation mechanisms that give the experimentally observed product C4H4™ at an m/z of 52.
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Fig. 3. Proposed pyrimidine dissociation mechanisms that give the experimentally observed product C3H3N* at an m/z of 53. In mechanism II it is also possible to
generate C3H3N* with the radical located on either of the two carbons below the carbon radical shown.

of the second nitrogen changes the radical site. However, since
both molecules have similar HOMO’s, it seems strange that the
radical site in the pyridine reactions would reside on a carbon
atom and in the pyrimidine reactions on the nitrogen atom. It
is not clear why Asbrink et al. [26] make the assumption that
the orbital involved in ionization and fragmentation involves the
nitrogen atom in the case of pyrimidine but not for pyridine, espe-
cially since it is possible to get the same fragmentation product
if the radical is located on a carbon atom.

Apart from these data, experimentally it should be possible
to determine if the nitrogen is important in the interaction of
the ion and molecule. Since pyrimidine has one more nitrogen
than pyridine, and hence an additional reaction site, the overall
reactions involving pyrimidine should be more efficient if the
reaction is taking place at the nitrogen atom. Unfortunately, all
of the rate coefficients were at or near gas kinetic rate so an
additional reaction site could have no effect on the rate. A study
of these reactions at a higher temperature might be valuable since
it would be likely to slow down the reaction and allow differences
in reactivity to be distinguished. Then, it would be possible to
determine if the addition of a second nitrogen increases the rate
of reaction as expected.

To better understand the interaction between the ions and
neutrals involved in this study, some preliminary theoretical
calculations were performed. Intrinsic reaction coordinate cal-
culations were used to determine if the ion preferred to approach
the neutral from above the plane of the molecule, essentially
interacting with the delocalized m electrons, or from the plane
of the molecule approaching either a nitrogen lone pair or a
carbon atom. Calculations were performed at the UB3LYP/6-
31G* level using Gaussian 03 [30] and followed the interaction
of Ne* with both pyridine and pyrimidine. In both cases when
approaching the carbon atom in plane, the carbon is blocked
by a peripheral hydrogen atom, therefore the calculations mea-
sure the interaction of the ion and hydrogen. Both calculations
showed that the interaction with the m electrons was higher in
energy than the interaction with the nitrogen or hydrogen. The
interactions of Ne* with both pyridine and pyrimidine showed
a slightly stronger interaction with the hydrogen than with the
nitrogen. It is possible that the lower energy arises from the fact

that hydrogen atom has a smaller Bohr radius than nitrogen, so
at the same neutral-ion distance, there is less electron repulsion
for the attack on the H-atom and thus the interaction of Ne* with
hydrogen is lower in energy. This preliminary calculation does
not support the conclusion drawn from these experiments that
the ion interacts with the m electrons and therefore the radical
site appears to be located on a carbon atom in the ring.

5. Conclusions

This study has addressed two very different but important
observations. The first concerns the astrochemical importance
of pyridine and pyrimidine, and the second regards the dissocia-
tion mechanism of the molecules. It is possible that heterocyclic
molecules such as pyridine and pyrimidine are present in ISC.
Several attempts have been made to identify both species there,
but these species have proven to be elusive. Should these
molecules exist, one possible route to their formation is identi-
fied through these experiments. Pyridine could be synthesized
in the gas phase through the association reaction of C4Hs* with
HCN, while pyrimidine might be formed by the reaction of
C3H3N* with HCN providing there are no significant barriers to
inhibit the reactions. Note that such barriers could be overcome
to some degree by the ion-induced dipole and ion-permanent
dipole interactions. It is proposed to check this in future stud-
ies. Fragmentation patterns of all of the ringed compounds have
proven them to be stable enough to exist in protected regions of
ISC.

The second point of interest involves the site of ionization and
mechanisms of reaction with the neutral molecules. Itis expected
that the lone pair of electrons on the nitrogen would be the most
likely site for the initial removal of an electron. However, for
pyridine, the electron impact study and this ion—molecule study
have proved that the major product is not consistent with this
conclusion and instead the electron most likely is taken from
the 1 delocalized electrons. From the experimentally observed
products, the radical site must be on the second or third car-
bon atom relative to the nitrogen. Concerning pyrimidine, even
though a previous study attributes the radical site to the nitrogen
atom, it is also possible for the major product to be generated
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from a radical on any carbon atom in the ring except for the lone
carbon atom between the two nitrogen atoms. From the infor-
mation gathered on the pyridine reactions this seems a likely
possibility.
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