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a b s t r a c t

A selected ion flow tube, SIFT, has been used to investigate the reactions of N+ and N2
+ with four cyclic

molecules (pyrrole, pyrrolidine, benzene, and cyclohexane) at 298 K. These species are of particular inter-
est to the chemistry of both Titan’s ionosphere and of interstellar molecular clouds. Rate coefficients
and product distributions have been determined to provide kinetic data needed for accurate models of
these media and establish chemical routes. The majority of reactions proceed at the gas kinetic rate; only
pyrrolidine reacts slower. The reactions result mainly in dissociative charge transfer, except the reaction of
benzene with N+, in which the major product is non-dissociative charge transfer. Comparisons are made
Positive ion–molecule reaction
Titan ionosphere
I
C

between each neutral with the two reactant ions (N+ and N2
+) of differing recombination energies and also

between each reactant ion with neutrals differing in ionization energy and aromaticity. Fragmentation
d com

1

a
a
i
[
i
c
b
P
[

N
s
o
s
m
w
p

o
e
p
a

1
d

nterstellar molecular cloud
yclic molecule

channels are discussed an

. Introduction

Reactions of cyclic molecules are of interest because many are
bundant in interstellar molecular clouds, ISC, and some have
lso been detected in Titan’s atmosphere. Detected ring molecules
n ISC include c-C3H, c-C3H2, c-CH2OCH2 [1], c-C2H3N, c-C2H5N
2], c-C3H2O [3], as well as C6H6 [4] (benzene). Ring compounds
dentified in Titan’s atmosphere are c-C3H3

+ [5], C6H6 [6], and
-C5H5N+ and/or c-C6H7

+ [7]. Also, polycyclic aromatic hydrocar-
ons [8], PAHs, and those containing one or more nitrogen atoms,
ANHs, are thought to be responsible for unidentified IR emissions
9].

N2 is the major neutral component of Titan’s atmosphere (95%
2 and 5% CH4) [10]. It forms N2

+ and N+ when subjected to
olar extreme ultra-violet radiation and the energetic electrons
f Saturn’s magnetosphere, initiating complex chemical reaction
equences [7]. N2

+ and N+ provide the starting point for ionospheric
odels of Titan’s major ion chemistry [5,11,12], including reactions
ith cyclic molecules, and therefore these are of interest in the
resent study.

Chemical models are vital for predicting the existence of

bserved species. Species in ISC are mainly detected by microwave
missions, hence their identity is conclusive. Models of ISC seek to
redict abundances of the different species, for comparison with
bundances observed, in order to establish chemical routes [13].

∗ Corresponding author. Tel.: +1 706 542 3722 fax: +1 706 542 9454.
E-mail address: adams@chem.uga.edu (N.G. Adams).
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pared with electron impact ionization.
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In its probing of Titan’s atmosphere, the Cassini INMS (Ion Neutral
Mass Spectrometer) obtains only mass spectra of ions and neutrals.
Models are used to interpret mass spectrometric abundances in
terms of molecular identity by comparing those masses detected
by Cassini with those predicted by the models [7]. This establishes
the chemical routes, but requires a large amount of chemical kinetic
data, including both rate coefficients and product distributions.

The present study consists of the reactions of N2
+ and N+ with the

neutrals pyrrole (C4H5N), pyrrolidine (C4H9N), benzene (C6H6), and
cyclohexane (C6H12). N2

+ and N+ have large recombination energies
(15.58 eV and 14.53 eV) leaving ample energy for fragmentation.
Rate coefficients and product distributions are reported, providing
some of the data needed for the models.

2. Experimental

The reactions were studied using a selected ion flow tube (SIFT)
at 298 K. Details of the technique can be found in the literature
[14,15] and this will not be described in depth here. A low pressure
ionization source was employed with nitrogen as the source gas to
create the primary ions, N2

+ and N+, by electron impact. These ions
were then mass selected by a quadrupole mass filter and injected
into the flow tube. Here, helium carrier gas transported them down-
stream to the detection quadrupole/ion counting system. The total

pressure in the flow tube was maintained at ∼0.5 Torr by the He
flow, which was evacuated by a Roots pump after sampling the
ions. Ring type injectors introduced the reactant neutral into the
flow tube downstream of the ion injection port and after the ions
had thermalized by collisions (∼107) with the He.

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:adams@chem.uga.edu
dx.doi.org/10.1016/j.ijms.2008.12.009
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Table 2
Ion product distributions (%) for reactions between N+ and N2

+ and the neutrals
listed along with the literature ion product percentages [21,25] in parentheses when
available.

N+ N2
+ EI

14.53 eV 15.58 eV 70 eV
Neutral reactant Ion product % % %

Pyrrole (C4H5N) C3H3
+, C2HN+ 14 38 16

8.21 eV C3H4
+, C2H2N+ 12 13 13

C3H5
+, C2H3N+ 8 27 15

C4H4
+, C3H2N+ 15 0 <1

C4H5
+, C3H3N+ 15 0 0

C3H4N+ 16 0 0
C4H4N+ 8 ≤5 2
C4H5N+ 12 17 24

Pyrrolidine (C4H9N) C2H6
+, CH4N+ 0 10 3

8.77 eV C3H5
+, C2H3N+ 7 13 6

C3H6
+, C2H4N+ 0 23 9

C3H7
+, C2H5N+ 63 45 36

C4H8N+ 24 ≤2 10
C4H9N+ 6 7 7

Benzene (C6H6) aC3H3
+ 22(12) 12(17) 4

9.24 eV l-C4H4
+ 0(2) 30(36)

7
c-C4H4

+ 0(3) 7(5)
C5H3

+ 0 ≤3(2) 2
C5H4

+ 7(7) 0 0
C6H4

+ 0(1) 6(4) 2
c-C6H5

+ 0 19
(7) (24) 11

c-C6H5
+ 0 ≤2

C6H6
+ 71(68) 21(12) 39

Cyclohexane (C6H12) C3H5
+ 23 51 14

9.80 eV C3H6
+ 8 6 7

C3H7
+ 9 ≤4 3

C4H7
+ 19 23 7

C4H8
+ 28 6 21

C5H7
+ 0 ≤2 <1

C5H9
+ ≤3 0 5

C6H11
+ 0 ≤5 <1
+

04 L. Stavish et al. / International Journal

All of the reactant neutrals, used in this study, are liquids at room
emperature. Pyrrolidine and pyrrole have low vapor pressures and
heir vapors tend to stick to the flow tube wall, making accurate
etermination of flows difficult. To eliminate this obstacle, mixtures
ere made of these and of the two higher vapor pressure liquids,
enzene and cyclohexane [16]. Samples were prepared by evapo-
ating the neat vapors into an evacuated vessel and diluting with
elium. Cyclohexane was diluted in a 9.98% mixture while the other
hree samples were diluted to ∼1% mixtures, keeping the reactant
ressure less than its saturated vapor pressure to minimize con-
ensation on the vessel walls. Pyrrole apparently readily dimerizes
17], but no evidence for this was seen and the energies associated
re unknown. Dimerization would be noticable in that the experi-
ental rate coefficient is likely to be greater than predicted by the

alculated theoretical collisional rates. This would occur since the
oncentration in the mixture of the neutral would be incorrect due
o the dimer monomerization after injection.

Sigma–Aldrich provided three of the liquid reactants with
uoted purities of 98% for pyrrole, 99.5+% for pyrrolidine, and
99% for cyclohexane. Benzene was obtained from Fisher Scientific
ith a purity of 99.5%. Additional purification of these liquids was

chieved by freeze-pump–thaw cycles, removing dissolved gases
efore use. The high purity helium used for both dilution and as the
arrier gas (National Welders Specialty Gases) was passed through
molecular sieve cooled with liquid nitrogen for additional purifi-

ation before use. Rate coefficients and product distributions were
etermined in the usual way [14,15,18,19] taking into account the
ilution of the reactant neutrals. Rate coefficients are accurate to
25% and product distributions to ±5 in the percentage. Mass dis-

rimination effects in the detection quadrupole mass filter have
een taken into account.

. Results and discussion

The experimental reaction rate coefficients, kexp, are given in
able 1 as well as the theoretical collisional rate coefficients, ktheor,
hich were determined using parameterized trajectory calcula-

ions [20]. Experimental values are quoted from the literature, klit,
here available [21,22]. Our values are within reasonable error of

+ +
he experimental literature values. The reactions of N2 and N with
enzene and N+ with cyclohexane are the only reactions in this
tudy for which rate coefficients have been previously reported.
ost reactions proceed within experimental error of the gas kinetic

alues except those with pyrrolidine as the reactant neutral. It is

able 1
xperimental rate coefficients, kexp , for the reactions of N+ and N2

+ with the neutrals
isted, along with the theoretical gas kinetic rate coefficients, ktheor , established by
arameterized trajectory calculations [20], and rate coefficients from the literature
21,22], klit , included in parentheses when available.

rimary ion kexp (×10−9 cm3 s−1) ktheor (×10−9 cm3 s−1) Efficiencya

yrrole (C4H5N)
N+ 3.47 3.31 1.05
N2

+ 3.03 2.53 1.20

yrrolidine (C4H9N)
N+ 1.88 3.06 0.61
N2

+ 1.21 2.33 0.52

enzene (C6H6)
N+ 2.56 2.19(2.00) 1.17
N2

+ 1.85 1.66(1.60) 1.11

yclohexane (C6H12)
N+ 2.04 2.34(2.40) 0.87
N2

+ 1.56 1.69 0.92

alues for polarizability [16,42,43] and dipole moment [24,44] of the neutrals were
sed to calculate the theoretical gas kinetic rate coefficients.
a Reaction efficiency, kexp/ktheor .
C6H12 10 ≤3 15

Ionization energies are given under the neutrals and the recombination energies
under the ions [26].

a Identified in the literature as c-C3H3
+.

unknown why these pyrrolidine reactions are less efficient than the
other reactions studied, but reactions with this neutral in another
study [23], as well as another in the literature [24], show the same
effect. Note that reaction efficiencies and rate coefficients, both
experimental and theoretical, are larger for reactant neutrals with
� electrons in the ring due to the attractive forces they create with
the positive ions.

Ion product distributions for the reactions studied are given in
Table 2. The literature product distributions for the benzene reac-
tions with N2

+ and N+ and cyclohexane with N2
+ are included in

parentheses and agree reasonably well with our product distri-
butions. None of the other reactions in this study have prior ion
product distributions for comparison. Electron impact, EI, ioniza-
tion abundances are shown for discussion and comparison of the
fragmentation channels. Photoionization efficiency, PIE, curves are
also useful in predicting expected fragment ions, but the estimated
ion abundances do not correlate with those from ion–molecule
reactions, consistent with previous observations [21].

The products of the reactions of each neutral with the two
reactant ions of differing recombination energy are compared.
Reactant neutrals differing in aromaticity (i.e., aromatic benzene

versus cyclohexane and aromatic pyrrole versus pyrrolidine) are
included in this study. These comparisons are readily seen in
Table 3, which gives �E, the energy difference between the recom-
bination energy of the reactant ion and the ionization energy of
the reactant neutral, and indicates which species are aromatic.



L. Stavish et al. / International Journal of Ma

Table 3
Energy differences, number of product channels, and aromaticity of neutrals (as
given by Y for yes and N for no) for reactions listed.

Reactants Energy difference,
�Ea (eV)

Number of product
channels

Neutral
aromaticity

Pyrrole (C4H5N) Y
8.21 eV

N+ 6.32 8
N2

+ 7.37 5

Pyrrolidine (C4H9N) N
8.77 eV

N+ 5.76 4
N2

+ 6.81 6

Benzene (C6H6) Y
9.24 eV

N+ 5.29 3
N2

+ 6.34 8

Cyclohexane (C6H12) N
9.80 eV

N+ 4.73 7
N2

+ 5.78 8
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a Calculated by subtraction of ionization energy of neutral (listed under each
pecies) from recombination energy of ion (14.53 eV for N+ and 15.58 eV for N2

+)
26].

he �E values quoted denote the amount of energy left over after
he neutral has been ionized by charge transfer which is avail-
ble to break bonds and fragment the neutral. It is expected that
ragmentation products arising from charge transfer will be the
ame as the products seen following EI ionization of the neu-
ral. However, charge transfer fragmentation abundances will differ
ue to the narrow distribution of internal energy transferred to
he neutral in ion–molecule reactions [25]. If products are seen
n ion–molecule reactions which are not seen in the EI spec-
rum, other channels such as hydride ion abstraction or association
re expected to be the precursors prior to fragmentation to yield
roducts.

The reactions result mainly in dissociative charge transfer,
xcept the reaction of benzene with N+, in which the major prod-
ct is non-dissociative charge transfer. This result can be explained
y the aromatic stability of benzene and the smaller �E value of
he reaction. N2

+ has larger recombination energy than N+, thus
iving a larger �E value for each neutral, and produces more frag-
ent ions than N+ in all cases except with pyrrole. Unfortunately,

n most cases, the heat of formation of one or more of the possi-
le products is unknown, making definitive assignment of the ion
roducts impossible. However, in a few cases it is possible to calcu-

ate the enthalpy of reaction. Production of N2 in the N+ reactions
ith pyrrole and pyrrolidine is exothermic for the possible product

hannels. This may be a partial explanation of why N+ reactions with
yrrole produce more fragments than the corresponding N2

+ reac-
ions, although this effect is not seen in the pyrrolidine reactions. In
ddition, energetics associated with insertion of reactant ions into
he neutral products to form C–N bonds have been examined. Again,
nfortunately, just a few of the heats of formation are present in the

iterature, but where available, only some reactions are exothermic.
he major product (m/z 43) for both of the pyrrolidine reactions can
e identified as C2H5N+ based on known EI fragmentation mecha-
isms since this m/z appears as the most abundant peak in the EI
pectrum.

.1. Pyrrole and pyrrolidine
The pyrrole reactions are unique in this study because the
eactant ion with greater recombination energy gives less frag-
entation. The products of the reaction with N2

+ are all in the EI
pectrum of pyrrole [26] and can be explained by fragmentation
ss Spectrometry 281 (2009) 103–107 105

after charge transfer. However, some of the products of the reaction
with N+ cannot. The ion at m/z 52 (C4H4

+ and/or C3H2N+) occurs on
pyrrole’s EI spectrum with <1% actual abundance compared with
the 15% product of the ion–molecule reaction. The difference in
the distribution of internal energies can influence abundances for
EI versus ion–molecule reactions [25], but also, this product could
occur through other channels. Products at m/z values of 53 (C4H5

+

and/or C3H3N+) and 54 (C3H4N+) are not found on the EI spectrum
and thus probably arise from channels other than charge transfer.
Both ion–molecule reactions with pyrrole give products at m/z 40
which could be identified as either C3H4

+ and/or C2H2N+. If this
product was C3H4

+, it could give HCN as the neutral product, which
is energetically possible. This is worth noting since HCN is abundant
in both ISC and Titan’s atmosphere [5,27], and this reaction could
provide a small part of the source. Although benzene is the only
neutral in this study which has been identified in ISC [4] and Titan’s
atmosphere [6], the possibility of other homo- and also heterocyclic
compounds is likely [9].

All products of the pyrrolidine reactions occur also on the EI
spectrum [26]. Therefore, it is reasonable to conclude that all prod-
ucts were formed after charge transfer to the neutral and can be
produced by known EI fragmentation mechanisms [25]. Both reac-
tions with pyrrolidine give the major product at m/z 43, which could
be C3H7

+ and/or C2H5N+. When pyrrolidine loses an electron by
EI ionization, it will most likely be taken from the nitrogen’s lone
pair since those electrons are in the highest occupied molecular
orbital (HOMO) [28]. The same is expected after charge transfer
in ion–molecule reactions, placing the radical-site on the nitrogen.
Starting here with known EI fragmentation mechanisms, the ion
C2H5N+ can be assigned to m/z 43 after two consecutive radical-site
initiated � cleavage reactions [28].

3.2. Benzene and cyclohexane

The benzene reactions in the current study have product distri-
butions that agree reasonably well with the literature. The reaction
of benzene with N+ yields products shown on its EI spectrum
[26], except for C5H4

+, which is only a small product (7%) in this
reaction. Thus, it should be formed after ionization by a channel
other than charge transfer. All observed products of the reaction
with N2

+, as well as the remaining N+ products, are considered
to result after charge transfer since they are visible on benzene’s
EI spectrum. It is possible that the products C5H3

+ and C6H4
+ are

formed via another fragmentation channel because their EI peak
abundances are small, although their product abundances in this
reaction with N2

+ are also low. The major product in the reaction
of benzene with N2

+ is C4H4
+, and this product not seen when

reacting benzene with N+. (Note though that small percentages
of both cyclic and linear isomers of C4H4

+ have been reported in
the literature [21].) This could result from the smaller �E value
and benzene’s aromatic stability. The C5H4

+ product ion of the
reaction of benzene with N+ again gives the neutral product HCN
and is energetically feasible. As noted before, the reaction between
benzene and N+ is the only reaction in this series which gives
non-dissociative charge transfer as the major product channel. This
is consistent with benzene’s aromatic stability and the small �E
value.

Reactions of N2
+ and N+ with neutral cyclohexane give similar

product ions and distributions. The literature product distribu-
tion for the reaction of cyclohexane with N2

+ has been previously
reported [25] and matches well with the current study. Products

of both reactions are seen in the EI spectrum for cyclohexane [26].
C5H7

+ and C6H11
+ have small EI abundances, in agreement with

the fact that they are not seen in the reaction with N+ and may be
negligible in the reaction with N2

+. Additionally, these ions are not
reported in the literature product distribution.
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.3. Aromaticity

Aromatic species are more stable than their saturated coun-
erparts. Part of their stability comes from having full bonding

olecular orbitals and empty nonbonding and antibonding molec-
lar orbitals. Taking away or adding an electron will destabilize the
ompound. Another stabilizing characteristic is the delocalization
f electrons in the � system. This effect can be seen by examining
he compound’s resonance contributors.

Pyrrole and pyrrolidine have the same ring structure but differ
n aromaticity. Pyrrole has six � electrons which are delocalized in
conjugated ring. The structure of pyrrole is not simple; instead it is
escribed by five contributing resonance structures. The lone pair
n the nitrogen is included in this aromatic system and nitrogen
s given a partial positive charge as a result of this delocalization.
ne measure of aromaticity is a compound’s resonance energy.
arge resonance energies indicate stability and that the resonance
ontributors are more equivalent [29]. Resonance energy can be
etermined by comparing the experimental heat of hydrogena-
ion of the molecule with a calculated heat of hydrogenation of
molecule which has isolated double bonds [30]. For pyrrole, the

esonance energy is approximately 88 kJ/mol [29]. This can account
or some of the difference in reactivity of pyrrole and pyrrolidine.
n comparing the pyrrolidine reactions to the pyrrole reactions,
ne would expect the pyrrole reactions to produce less fragment
ons since pyrrole is aromatic, but the opposite occurs when N+ is
he reactant ion, which may be due to the smaller �E value of the
eaction of N+ with pyrrolidine. The pyrrole reactions have slightly
arger non-dissociative charge transfer product percentages than
he corresponding pyrrolidine reactions, which is expected based
n aromaticity arguments.

Benzene and cyclohexane also have the same ring structure,
iffering in aromaticity. Benzene’s six � electrons are delocalized
hrough two equivalent resonance contributors, giving 151 kJ/mol
f resonance energy [29]. Benzene fragments less upon reaction,
hich is expected by its aromaticity, and gives much larger non-
issociative charge transfer product percentages than the same
eactions with cyclohexane.

.4. Isomers

When looking at the data from the reaction of benzene with
2

+, product ions C4H4
+ and C6H5

+ showed indications of being
omposed of two isomers, one reactive and one unreactive with
eutral benzene. The counts of each product increased and then
egan decreasing until a constant signal remained. To determine the
roduct percentages of each isomer, a kinetic model was fitted to
he data according to the integrated rate laws given by the following
quations:

N2
+] = [N2

+]0 exp(−k1[C6H6]t) (1)

c-C6H5
+] = fs[N2

+]0(1 − exp(−k1[C6H6]t)) (2)

l-C6H5
+] = k1fl[N2

+]0

k2 − k1
(exp(−k1[C6H6]t) − exp(−k2[C6H6]t)) (3)

n these equations, [] denotes the concentration. The rate coeffi-
ient of the initial reaction of N2

+ with benzene is given as k1, which
ncludes fl and fs as the product fractions of reactive and unreactive
somers produced. The rate coefficient k2 is for the further reaction
f one of the isomers with benzene. The variables k1, k2, fl, and fs

ere changed until the modeled curve fitted the experimental data.
n example of this situation is given in Fig. 1. Although this effect
as not seen in the literature for C6H5

+ [21], we observed differing
eactivities with benzene and were able to determine the percent-
ges of the reactive versus unreactive isomers of C6H5

+. Despite the
Fig. 1. Behavior of the C6H5
+ ion product from the reaction of N2

+ with benzene
illustrating two isomeric forms and the modeled curve.

fact that we were unable to determine these structures experimen-
tally, we assume the reactive isomer is the lower energy phenylium
ion based on its reactivity with other hydrocarbons [31,32].

Similar equations were used to find product percentages of the
C4H4

+ isomers. For the linear C4H4
+ isomer, vinyl acetylene ion, it

has been established that there is a reaction whereas for the cyclic
isomer, methylene cyclopropene ion, there is none [33].

4. Conclusions

The current study includes reactions with primary ions N2
+

and N+, which are produced from the major neutral component of
Titan’s atmosphere, N2, and gives kinetic data useful for modelers.
In Titan’s atmosphere, the H2 present [5] rapidly reacts with N2

+

[14,19,34–36] and therefore its reactions are more relevant in ISC.
However, N+ does not react with H2 due to the large reaction barrier
[37,38], so its chemistry is important in modeling Titan’s iono-
sphere. Most of the reactions give many assorted fragmentation
products, but there are some common ion products with sizable
abundances. The ion product at m/z 41 (C3H5

+ and/or C2H3N+) is
observed in all studied reactions except for those with benzene.
This m/z has been detected in Titan’s atmosphere and is presumed
to be C3H5

+ [7]. The assignment is logical since C3H5
+ does not react

with H2 or CH4 [39,40] and C2H3N+ will accept a proton from both
species [41]. Common ions in the reactions of pyrrole and benzene
are those at m/z 39 (C3H3

+ and/or C2HN+). This m/z has also been
noted in Titan’s ionosphere and is believed to be C3H3

+ [7]. The pos-
sibility of C2HN+ contributing to the ion density is not established
because its reactions with H2 and CH4 have so far not been stud-
ied. The neutral HCN produced in reactions of N2

+ with pyrrole and
N+ with both pyrrole and benzene is significant since this neutral
is an important part of the chemistry of Titan and ISC and these
reactions could provide partial sources. Benzene has been identi-
fied in both ISC [4] and Titan’s atmosphere [6]. Pyrrole has yet to be
detected, but PANHs are thought to be responsible for unidentified
IR emissions [9] so the possibility of finding pyrrole is promising.
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