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bstract

We report here the results of a flowing afterglow-selected ion flow tube laboratory study of the ion–molecule reactions of a series of hydrocarbon
ons and simple nitrile ions with methylamine, CH3NH2, methylenimine, CH2NH, and propionitrile, C2H5CN at room temperature. When an

vailable exchange proton on the reactant ion was present, collision-rate proton transfer was observed in almost all reactions. The work was
otivated by recent observations by the ion neutral mass spectrometer aboard the Cassini space craft as it traversed the upper atmosphere of Titan,
aturn’s largest satellite.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Ever since the discovery in 1944 of a substantial atmosphere
n Titan [1], Saturn’s largest satellite, there has been a growing
nterest in its atmospheric chemistry. This interest has height-
ned with the arrival of the Cassini space craft at Saturn after
ndergoing orbital insertion in 2004 [2]. The orbiter has a sched-
led tour-of-duty of around 4 years which will take it through
he upper atmosphere of Titan around 1200 km above the surface
n a number of orbits. During these occasions, measurements
ave been and will be made of Titan’s ionosphere using a suite
f instruments on board the orbiter [3] including a mass spec-
rometer (INMS or ion neutral mass spectrometer) which can
xamine both neutrals and ions [4].

In parallel with Earth’s atmosphere, the major component
f Titan’s atmosphere is nitrogen [5] although there are few
ther similarities. The minor atmospheric species in Titan’s
tmosphere are hydrocarbons (mainly methane but also ethane,

cetylene, ethylene and others present at mole fractions of less
han 2 × 10−5) [6]. The ion chemistry of N+ and N2

+ with these
pecies is both complex and interwoven [7]. In an effort to
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nravel the ion chemistry of Titan, a number of laboratory studies
f hydrocarbons in a nitrogen environment have been undertaken
8–15]. These laboratory studies have resulted in a model which
an be used to provide a quantitative comparison of the in situ
bservations from the Cassini orbiter. The first results from the
assini INMS instrument have shown that the current model,
lthough accounting for many ion abundances, cannot explain
ll of them [16,17]. In order to explain the under-reporting of
n ion observed at m/z 30, Vuitton et al. [17] have proposed
hat a molecule that is likely to be present on Titan but has not
et been observed is methylenimine, CH2NH (also known as
ethanimine or formaldimine). Although not directly measured

n Titan, the formation of methylenimine has been proposed as
product of the neutral reaction between N (2D) and CH4 [18]

nd it is also produced in the reaction of NH with CH3 [19].
ethylenimine has been observed in the interstellar medium

20]. Methylenimine is not a particularly stable molecule in the
aboratory at room temperature as it undergoes rapid condensa-
ion at temperatures above −80 ◦C [21]. In order to evaluate the
ole played by methylenimine on Titan it is necessary to examine
ts ion chemistry. We report here the results of an ion–molecule

nvestigation of a series of ions of relevance to Titan with neutral
H2NH. In addition, higher densities of propionitrile, C2H5CN

also known as ethyl cyanide), were required to account for the
bundance of an ion at m/z 56 in the ion mass spectrum on Titan

mailto:murray.mcewan@canterbury.ac.nz
dx.doi.org/10.1016/j.ijms.2008.01.006
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17]. A number of reactions of neutral propionitrile with ions
elevant to Titan’s ion chemistry have also been investigated in
rder to broaden our understanding of the ion chemistry model.

. Experimental

These experiments were undertaken using the flowing
fterglow-selected ion flow tube (FA-SIFT) which has been
escribed previously and a detailed description will not be given
ere [22]. In brief, mass-selected ions are introduced into the
ow tube after generation in the flowing afterglow ion source.
he product ions formed in ion–molecule reactions taking place

n the flow tube between the mass-selected ion and an added
eutral reagent are sampled by the quadrupole mass filter at the
ownstream end of the flow tube. The rate of reaction is nor-
ally found from the semi-logarithmic decay of log(reactant

on density) against neutral reagent flow. A modification to this
pproach was made for methylenimine as the pure reagent was
ot available as discussed in the next section.

In the present study, methylenimine was synthesized in situ
rom methylamine by pyrolysis at 1400 ◦C according to the
ethod of Johnson and Lovas [23]. A quartz pyrolysis tube

50 mm long by 10 mm i.d. was electrically heated to tem-
eratures between 1380 and 1425 ◦C. A small flow of a dilute
typically 1%) mixture of methylamine in helium, was intro-
uced into the quartz pyrolysis tube via a variable leak valve
nd the heated tube was positioned within 25 cm of the flow
ube in which the ion-neutral chemistry took place. The onset
f methylenimine production was apparent from an ion prod-
ct at m/z 30, CH2NH2

+, arising from the reaction of H3O+

nd CH2NH. At temperatures below 1000 ◦C no methylenimine
as observed. It was not possible to monitor the absolute flow
f methylenimine directly using this method of preparation
s only partial conversion of methylamine into methylenimine
ccurred with typically ∼15% conversion. Trace amounts of
ther species, HCN and NH3, were also generated in the pyroly-
is reactor but these did not interfere with the reactions observed.
n all the reactions studied the predominant neutral reactant was
ethylamine, CH3NH2. It was therefore necessary to investigate

he reactions of each ion with methylamine before interpreting
he data with methylenimine as obtained using the methylen-
mine/methylamine mixture.

It was observed that the production of methylenimine was
on-linear with flow through the pyrolysis reactor and this non-
inearity prevented the determination of absolute reaction rate
oefficients. However, as the reaction rate coefficients for methy-
amine were directly measured for each reaction, relative rates
o those for methylamine were found for methylenimine. The
bsolute uncertainty for all of the rate coefficients measured in
his study is estimated at ±30%. The absolute uncertainty in the
roduct branching ratios is estimated at ±15% for methylamine
ut is significantly larger for methylenimine at ±50%.

The ions generated in this study were produced from

icrowave discharge in helium of the following neutral reagents:
3O+ from H2O; O2

+ from oxygen; C2H5
+ from methane;

3H3
+ from allene, C3H5

+ from ethene; HCNH+ from HCN;
H3CNH+ from CH3CN; C2H3CNH+ from C2H3CN; HC3NH+

t
c
i
w
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rom HC3N; C5H5
+ and C7H7

+ from cycloheptatriene and
4H3

+ from C4H2. No attempt was made to determine the nature
f the reagent ions produced where the formation of isomers
as possible. Previous experience using these methods of ion
eneration would suggest that a mixture of C5H5

+ and C7H7
+

somers were produced from cycloheptatriene, that linear C3H3
+

as the principal ion generated from allene and that the lowest
nergy allyl form of C3H5

+ was produced from ethane. All of
he reagents were obtained from commercial sources and puri-
ed by several freeze–pump–thaw cycles. The exceptions were
CN, HC3N and C4H2. HCN was prepared by the action of

ulfuric acid on KCN [24]. The preparation of HC3N required
wo steps. Methyl propiolate was added to liquid ammonia to
btain propiolamide. Dehydration of this amide by P2O5 pro-
uced cyanoacetylene [25]. C4H2 was generated by the reaction
f KOH and 1,4-dichloro-2-butyne at 70 ◦C [26]. Propionitrile
or ethyl cyanide) was obtained in its pure form (99%) from
ldrich and further purified by freeze–pump–thaw iterations

nd was introduced into the flow tube as a 1% mixture in
elium.

. Results and discussion

The results of the measurements of the reactant ions with
ethylamine are summarized in Table 1.
All of the reactant ions with the exception of O2

+ have
transferable proton. The proton affinity of methylamine at

53 kJ mol−1 [32] is larger than most of the neutral species
rom which the ions are derived (an exception is C5H4, 1,3-
entadiyne) and proton transfer (when exothermic) occurs
ssentially at the collision rate as expected. The two hydrocarbon
ons C2H5

+, C3H5
+ (PAs of C2H4 = 680.5 kJ mol−1 and allene,

3H4 = 775.3 kJ mol−1) [32] also exhibited an association chan-
el in competition with proton transfer. The rate coefficients for
roton transfer from the ions C5H5

+ and C7H7
+ were much less

han the collision rate which is indicative of endoergonic pro-
on transfer. The neutral products of these reactions were not

easured.
The estimated rate coefficients and product ion distributions

or the same ions as in Table 1 are summarized in Table 2 for
ethylenimine.
The PA of methylenimine at 852.9 kJ mol−1 [32] is similar

o that of methylamine and this similarity is exemplified in the
eaction chemistry. The rate coefficients shown are approximate
n that the ratio of methylenimine to methylamine in the pyrol-
sis reactor was estimated from the reaction of H3O+. Once the
ate coefficients for the reactions of CH3NH2 were known, the
elative product amplitudes of each ion with methylamine and
ethylenimine enabled an estimate of the rate coefficient for
ethylenimine. Rate coefficients of all of the reactions studied,
ith the exception of C5H5

+ and C7H7
+, were indistinguishable

rom the calculated collision rate [27] and thus the collision rate
stimates have been shown in Table 2. The rate coefficients for

he two exceptions were obtained again from the relative rate
oefficients of these ions with methylamine. It is worth not-
ng that the two hydrocarbon ions, C2H5

+ and C3H5
+ which

ere observed to exhibit rapid association as well as proton
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Table 1
Reactions of named ion with methylamine

Reagent ion Neutral Products Branching ratio ko
a kc

a,b klit −�Hr
c

H3O+ CH3NH2 CH3NH3
+ + H2O 2.1 2.4 199

C2H5
+ CH3NH2 CH3NH3

+ + C2H4 0.80 1.9 2.1 1.8d 216
CH3NH2·C2H5

+ 0.20

C3H5
+ CH3NH2 CH3NH3

+ + C3H4 0.40 1.9 1.9 121
CH2NH2

+ + C3H6 0.25 158
CH3NH2·C3H5

+ 0.35

HCNH+ CH3NH2 CH3NH3
+ + HCN 2.0 2.1 ∼1.0e 178

CH3CNH+ CH3NH2 CH3NH3
+ + CH3CN 1.8 1.9 109

C2H3CNH+ CH3NH2 CH3NH3
+ + C2H3CN 1.7 1.8 102

HC3NH+ CH3NH2 CH3NH3
+ + HC3N 1.6 1.8 143

O2
+ CH3NH2 CH3NH2

+ + O2 0.65 1.9 2.0 1.6f 531
CH2NH2

+ + HO2 0.35 388

C5H5
+ CH3NH2 CH3NH3

+ + C5H4 0.80 0.25 1.8 −7
CH2NH2

+ + C5H4 + H2 0.10 26
CH3NH2·C5H5

+ 0.10

C7H7
+ CH3NH2 CH3NH3

+ + C7H6 0.90 0.018 1.6
CH3NH2·C7H7

+ 0.10

C4H3
+ CH3NH2 CH3NH3

+ + C4H2 0.65 2.0 1.8 143
CH2NH2

+ + C4H2 + H2 0.25 9
CH3NH2·C4H3

+ 0.10

a Observed rate coefficient in units of 10−9 cm3 s−1.
b Collision rate coefficient calculated using variational transition state theory in Ref. [27].
c Energy in kJ mol−1.
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d Ref. [28].
e Ref. [29].
f Refs. [30,31].

ransfer with methylamine, also showed the same two product
hannels with methylenimine. That rapid proton transfer did not

ccur with C5H5

+ and C7H7
+ is an indication that these reac-

ions are endoergic although it should be remembered that in
ll these studies the neutral fragment from the reaction was not
dentified.
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able 2
eactions of named ion with methylenimine

eagent ion Neutral Products

3O+ CH2NH CH2NH2
+ + H2O

2H5
+ CH2NH CH2NH2

+ + C2H4

CH2NH·C2H5
+

3H5
+ CH2NH CH2NH2

+ + C3H4

CH2NH·C3H5
+

CNH+ CH2NH CH2NH2
+ + HCN

H3CNH+ CH2NH CH2NH2
+ + CH3CN

2H3CNH+ CH2NH CH2NH2
+ + C2H3CN

C3NH+ CH2NH CH2NH2
+ + HC3N

2
+ CH2NH CH2NH+ + O2

5H5
+ CH2NH CH2NH2

+ + C5H4

7H7
+ CH2NH CH2NH2

+ + C7H6

4H3
+ CH2NH CH2NH2

+ + C4H2

CH2NH·C4H3
+

a Observed rate coefficient in units of 10−9 cm3 s−1.
b Calculated using variational transition state theory in Ref. [27].
c Energy in kJ mol−1. Calculated using an enthalpy for CH2NH2

+ from Ref. [33].
The relatively large proton affinity of methylenimine resulted
n proton transfer dominating the chemistry with simple hydro-

arbon ions. A similar situation exists with propionitrile which
as a PA of 794.1 kJ mol−1 [32]. A summary of the reactions of
arious ions with propionitrile that were measured in this study
re presented in Table 3.

Branching ratio ko
a kc

a,b −�Hr
c

1.0 ∼3.0 3.0 223

0.95 ∼2.7 2.7 240
0.05

0.70 ∼2.5 2.5 145
0.30

1.0 ∼2.7 2.7 202
1.0 ∼2.5 2.5 133
1.0 ∼2.4 2.4 126
1.0 ∼2.4 2.4 167
1.0 ∼2.6 2.6 555
1.0 ∼0.32 2.3 17
1.0 ∼0.034 2.2

0.80 ∼2.4 2.4 167
0.20
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Table 3
Reactions of named ion with propionitrile

Reagent ion Neutral Products Branching ratio kobs
a kc

a,b klit
a −�Hr

c

N+ C2H5CN N2
+ + C3H5 0.55 4.2 4.50 262

C3H3
+ + N2 + H2 0.20 748

C2H4CN+ + NH 0.25 630

N2
+ C2H5CN C2H4CN+ + N2 + H 0.65 3.4 5.80 416

CH3
+ + CH2CN + N2 0.20 216

C2H2
+ + CH2NH + N2 0.15 92

HCNH+ C2H5CN C2H5CNH+ + HCN 1.00 4.2 4.50 88

CH3CNH+ C2H5CN C2H5CNH+ + CH3CN 0.95 4.3 3.97 20
C2H5CN·CH3CNH+ 0.05

H3O+ C2H5CN C2H5CNH+ + H2O 1.00 4.6 5.20 110

C2H2
+ C2H5CN C3H5

+ + CH2CN >0.95 4.2 4.60 ∼2.2d 189
C2H5CNH+ + C2H <0.05 39

C2H4
+ C2H5CN C2H5CNH+ + C2H3 1.00 4.5 4.50 1.8d 77

C2H5
+ C2H5CN C2H5CNH+ + C2H4 0.95 4.3 4.45 126

C2H5CN·C2H5
+ 0.05

C3H3
+ C2H5CN C2H5CN·C3H3

+ 1.00 ∼0.3 4

C3H4
+ C2H5CN C2H5CNH+ + C3H3 0.95 3.9 4.00 120

C2H5CN·C3H3
+ 0.05

C3H5
+ C2H5CN C2H5CNH+ + C3H4 0.65 4.1 4.00 59

C2H5CN·C3H5
+ 0.35

C4H2
+ C2H5CN C2H5CN·C4H2

+ 1.00 3.6 3.80

a Observed rate coefficient in units of ×10−9 cm3 s−1.
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b Calculated using variational transition state theory in Ref. [27].
c Energy in kJ mol−1.
d Ref. [34].

Proton transfer occurred at the collision rate for hydrocarbon
ons and protonated HCN and CH3CN, although some termolec-
lar association channels were also able to compete with proton
ransfer for CH3CNH+, C2H5

+, C3H4
+ and C3H5

+.

. Conclusions

Measurements made by the INMS instrument on board
he Cassini orbiter have detected observable concentrations of
pecies which have been deduced to be methylenimine and pro-
ionitrile on the basis that ions containing a single N atom
ave even masses when protonated, whereas closed-shell hydro-
arbons have odd masses when protonated [17,35]. The large
As of both of these species ensure that most of their reac-
ion chemistry is dominated by proton transfer reactions in
he Titan environment. From the variety of hydrocarbon ion
eactions with methylenimine examined in this work, it is rea-
onable to assume a peak at m/z 30 from CH2NH2

+ might
ppear in the ion mass spectrum of the Cassini INMS instru-
ent as suggested by Vuitton et al. [17] A similar situation

xists for propionitrile where proton transfer reactions of hydro-
arbon ions and smaller nitriles result in an ion at m/z 56

orresponding to C2H5CNH+ as suggested by Vuitton et al.
17]. The association products observed in some reactions in
his work, arising from collisional-stabilization competing with
roton transfer at flow tube pressures, would not be appar-
nt at the much lower pressures encountered by the Cassini
rbiter.
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