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Combined experimental and computational study
of the reactivity of the methanimine radical cation
(H2CNH�+) and its isomer aminomethylene
(HCNH2

�+) with propene (CH3CHCH2)†

Vincent Richardson, *ab David Sundelin, c Claire Romanzin,de Roland Thissen, de

Christian Alcaraz, de Miroslav Polášek, f Jean-Claude Guillemin, g Jan Žabka, f

Wolf D Geppert c and Daniela Ascenzi *b

The gas phase reactivity of the radical cation isomers H2CNH�+ (methanimine) and HCNH2
�+

(aminomethylene) with propene (CH3CHCH2) has been investigated by measuring absolute reactive

cross sections and product branching ratios, under single collision conditions, as a function of collision

energy (in the range B0.07–11.80 eV) using guided ion beam mass spectrometry coupled with VUV

photoionization for selective isomer generation. Experimental results have been merged with theoretical

calculations to elucidate reaction pathways and structures of products. The H2CNH�+ isomer is over a

factor two more reactive than HCNH2
�+. A major channel from both isomers is production of proto-

nated methanimine CH2NH2
+ via hydrogen-atom transfer reaction but, while H2CNH�+ additionally gives

charge and proton transfer products, the HCNH2
�+ isomer leads instead to protonated vinylimine

CH2CHCHNH2
+, produced alongside CH3

� radicals. The reactions have astrochemical implications in the

build up of chemical complexity in both the interstellar medium and the hydrocarbon-rich atmospheres

of planets and satellites.

1 Introduction

Propene (a.k.a. propylene, CH3CHCH2) is the second simplest
alkene (after ethene, C2H4) and has been detected in many
different astronomic environments. It was first discovered
towards Taurus Molecular Cloud (TMC-1),1 where the observed
column density of 4 � 1013 cm�2 was in the range of other well-
known interstellar hydrocarbons. Following this, propene has
been detected towards nine different other dark clouds includ-
ing Lupus-1A, L1495B, L1521F, and Serpens South 1a,2 indica-
tive of a ubiquitous presence in such objects. In addition to

dark interstellar clouds, warm (75 K) propene has recently been
observed towards the hot corino IRAS 16293-2422B,3 though
attempts to observe a range of propene derivatives have so far
proven unsuccessful.4

Propene has also been observed in Titan’s stratosphere by
the composite infrared spectrometer (CIRS) onboard the Cas-
sini spacecraft, its vertical abundance slowly increasing with
altitude from 2.0 � 0.8 ppbv at 125 km, to 4.6 � 1.5 ppbv at
200 km.5 Further to this, the presence of propene has been
predicted by photochemical models of Titan’s atmosphere.6,7

Notably, propene also displays a different latitudinal trend than
propane (C3H8) and propyne (CH3CCH). Whereas the latter two
show abundance maxima at the winter pole, the one of propene
is located at the equator.7

The abundance, distribution and ubiquitous presence of
propene in many astronomic environments raises the question
of its formation and destruction mechanisms. Earlier investiga-
tions have predicted the formation of propene by dissociative
recombination of the C3H7

+ cation, while theoretical calcula-
tions predicted that this latter species can be efficiently formed
from the propargyl ion (CH2CCH+) by two consecutive radiative
association with molecular hydrogen.8 However, later com-
bined experimental and theoretical studies have concluded
that these radiative association reactions do not produce
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protonated propene (C3H7
+) efficiently under interstellar con-

ditions due to substantial activation energy barriers,9 leading to
the proposal of the following radical formation mechanism:10

CH3
� + CH� - CH3CH (1)

CH3CH + CH2 - CH3CHCH2 (2)

in high-density gas formed by sudden and total sublimation of
ice mantles of interstellar dust grains. However, in a recent
review11 it was concluded that efficient formation of interstellar
propene in the gas phase is not possible and, instead, the
compound is synthesized by hydrogenation of C3 on the surface
of dust grains. Production on grain surfaces is also in line with
recent model calculations that include hydrogenation and
radical–radical additions happening on grain surfaces, which
succeed to reproduce observed abundance of propene in the
hot corino IRAS 16293-2422B.3

Most importantly, propene can serve as a basis for the
production of more complex species via ion-neutral elongation
reactions followed by dissociative recombination of the result-
ing larger ions. It is well established that hydrocarbon cations
as well as radicals (e.g. CH, C2H) can lead to chain elongation
reactions with propene to give C4 and C5 hydrocarbons.12,13

Additionally, an investigation of the reactions of 2-, 3-, and 4-
dehydroanilinium radical cations with propene both experi-
mentally, using an ion trap, and theoretically, through ab initio
calculations at the M06-2X/6-31G(2df,p) and G3XK levels, found
that such reactions led to the formation of heavier ions under
elimination of smaller radicals.14 In this way, reactions of
nitrogen-containing radicals and radical ions which could lead
to more complex ions and, subsequently, neutrals in Titan’s
atmosphere can ultimately lead to the tholins, which are
thought to make up the orange-coloured haze that envelopes
Titan. To assess the importance of these reactions, it is vital to
have detailed and accurate data on the reaction rates and
branching ratios of those processes, since these parameters
serve as the key inputs for the large chemical reaction network
models used to simulate the chemistry of interstellar clouds as
well as planetary and satellite atmospheres.

Furthermore, as the chemical complexity of the species
increases, so does the potential impact of isomer-specific
reactivity, both in terms of reactants and products. A prime
example of this is the [CNH3]�+ radical cation isomers methy-
lenimine (H2CNH�+) and aminomethylene (HCNH2

�+), which
have been shown to exhibit quite different reactivity with a
range of smaller hydrocarbons species such as CH4,15 C2H2

16

and C2H4.17 Though the majority of the m/z 29 signal recorded
by the Ion Neutral Mass Spectrometer (INMS) onboard the
Cassini spacecraft was assigned to the C2H5

+ ion, models
predict a density of H2CNH�+ and its isomers of 1.1 � 10�2

cm�3 in Titan’s ionosphere.18 Importantly, as many protonated
nitrile ions have been shown to be largely unreactive with
unsaturated hydrocarbons,18 the reactivity of the [CNH3]�+

radical cations are potentially key to the formation of larger
nitrogen-containing hydrocarbons on Titan. Additionally, as
neutral methanimine is ubiquitous in the ISM19–21 and

possesses a low ionization energy of 9.97 eV,22 the reactivity
of both isomers is also expected to be significant in other
astrochemical environments.

This paper presents a combined computational and experi-
mental reactivity study of both H2CNH�+ and HCNH2

�+ with
propene using dissociative single photon ionization of neutral
precursors which have been shown to selectively generate the
charged isomeric species.15–17 We report reactive cross sections
(CSs) and branching ratios (BRs) for a number of pathways
involving both common gas-phase processes such as proton,
charge and H-atom transfer as well as a number of bond-
forming processes leading to an increase in chemical complex-
ity. All pathways are rationalized through comparison with
relevant potential energy surfaces (PESs) obtained by ab initio
calculations.

2 Experimental methodology

The data on the reactivity of the two [CNH3]�+ isomers has been
collected using the CERISES apparatus23,24 in combination with
the DESIRS beamline25 of the SOLEIL synchrotron in Saint-
Aubin (France). CERISES is a guided ion beam tandem mass
spectrometer consisting of two octopoles located between two
quadrupole mass filters. This allows for the mass-selection of
reagent and product ions of ion-neutral reactions, with the
neutral reagent being introduced into a scattering cell sur-
rounding the final part of the first octopole.

Neutral reagent pressures used were of the order of 1 � 10�7

bar, in order to ensure operation close to the single collision
regime. In this way, we are able to reduce the contribution from
secondary collisions and limit attenuation of the parent beam
to under 10%. Absolute pressures were measured using a MKS
398H differential manometer.

HCNH2
�+ ions are generated through dissociative photo-

ionisation of cyclopropylamine,15,26 while H2CNH�+ ions are
generated via direct ionisation of methanimine,16 using the
tunable output of the DESIRS beamline. Data are collected as a
function of the photon energy which, in turn, acts as a proxy for
the internal energy of the reagent ions. The photon energies
used were in the range of 9.5–14 eV, with a resolution of 20–40
meV defined by the monochromator slit setting. Photons of
energies greater than 15.7 eV were removed by an Argon gas
filter.27 Photon energies in the absolute scale were obtained
using the absorption lines of argon around 11.823 and 14.304
eV,28,29 with systematic shifts of 10–20 meV above the tabulated
values.

The collision energy available to the reactants depends on
both the ionic charge (in this case +1) and the potential
difference between the ion source and reaction cell. The
retarding potential method30 has been used to determine the
maximum of the first derivative of the parent ion yield,
the corresponding voltage of which defines the zero of the
kinetic energy in the laboratory frame, which can then be
converted into centre-of-mass collision energies (ECM). By chan-
ging the potentials of the reaction cell and all subsequent
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elements, we are able to scan a collision energy range from
B0.07 to B11.80 eV in the centre of mass frame. The FWHM of
the collision energy is 0.06 eV in the ECM frame.

Data as a function of both photon and collision energies
were collected in the ‘‘multi-scan’’ mode where the signals for
all ionic species of interest are collected at a given point before
moving to the next one. In this way, we are able to drastically
reduce any potential effects from drifts in source or reaction
cell pressure.

3 Theoretical methodology

The mechanisms for the reactions of H2CNH�+ and HCNH2
�+

leading to the observed products were studied using GAUSSIAN
16, Revision D.01.31 Geometries for intermediate structures, i.e.
minima and transition states (TSs), were optimized at the MP2/
6-31G(d) and MP2/6-311++G(d,p) levels of theory. The identity
of TSs and minima were checked by frequency calculations and
zero-point energy corrections were applied to the obtained
energies. Intrinsic reaction coordinate (IRC) calculations were
performed at the MP2/6-31G(d) level to ensure that the TSs
connect the correct minima. In instances where the IRC calcu-
lations proved unsuccessful due to program failure, the geo-
metry of the molecule was slightly distorted in both directions
along the normal coordinate of the negative frequency vibra-
tion (corresponding to the reaction coordinate that passes
through the transition state) prior to optimization in order to
ensure transition states are connected to the relevant minima.

For barrierless dissociation processes, relaxed potential
energy surface (PES) scans were performed along the bond
dissociation axis. In some cases, this requires the freezing of
one or two angles and/or dihedral angles in order to prevent the
scan from leading either to the previous adduct or a separate
minimum entirely. Single point energy calculations were car-
ried out for all stationary points at the CCSD(T)/6-311++G(d,p)
level with zero-point energy corrections taken from the opti-
mized geometries calculated at the MP2/6-311++G(d,p) level.
Reactants and product geometries and energies were also
calculated at the same level (including zero-point energy correc-
tions) and the reactants’ energies subtracted from the optimi-
zations of the TS and minima, resulting in the relative energies
Erel. Cartesian coordinates, structures and electronic energies
of reagents, products, minima and TSs are reported in the ESI.†

In calculations of van der Waals clusters one often encoun-
ters basis set superposition errors (BSSEs), which result in an
artificial strengthening of the intermolecular interaction. To
test for BSSEs, we performed calculations on all three levels of
theory employed in this work using counterpoise corrections on
the following clusters: V1, V3, V5, W1, W2 and W3. The
structures of these different species are detailed in Section 5,
but here we only note that they cover both entrance (reactant)
and exit (product) clusters. The BSSE corrections are either
considerably lower (in the case of V5 and W3) or in the range of
the error bars of the relative translation energies of the reac-
tants (for V1, V3, W2 and W1) and are also insufficiently large to
affect the validity of the predictions based on the calculated
PES. Further details are given in the ESI.†

Table 1 Reaction enthalpies for the reaction: HCNH2
�+/H2CNH�+ + CH3CHCH2 - productsa

Products m/z Eqn

DH1 with HCNH2
�+ (eV) DH1 with H2CNH�+ (eV)

Lit.a (298 K) Calc.b (0 K) Lit.a (298 K) Calc.b (0 K)

CH2NH2
+ + CH2CHCH2

� 30 (4a) �1.37 � 0.04 �1.28 �1.55 � 0.04 �1.48
CH2NH2

+ + CH3CCH2
� 30 (4b) �0.49 � 0.04 �0.67 � 0.04 �0.59

CH2NH2
+ + CH3CHCH� 30 (4c) �0.34 � 0.04 �0.23 �0.52 � 0.04 �0.43

CH3CHCH2
�+ + [CNH3]c 42 (5) +1.53 � 0.04 +1.35 �0.20 � 0.03 �0.20

CH2CNH2
+ + C2H5

� 42 (6) �0.41 � 0.12d �0.38
CH3CHCH3

+ + H2CN� 43 (7) �0.26 � 0.03 �0.20
CH3CHCH3

+ + HCNH� 43 (8) +0.27 � 0.04e +0.61 +0.09 � 0.04e +0.41
NH2CHCH2

�+ + C2H4 43 (9a) �1.80 � 0.11f �1.55
CH2NHCH2

�+ + C2H4 43 (9b)g �1.27
CH2NHCHCH2

+ + CH3
� 56 (10a) �1.18 � 0.10h �1.10

c�CH2NHCHCH2
+ + CH3

� 56 (10b) �1.14 � 0.10h �1.14
CH2CHCHNH2

+ + CH3
� 56 (10c) �1.56 � 0.10h �1.56

c-NH2CHCHCH2
+ + CH3

� 56 (10d) �0.53 � 0.10h �0.51
c-CH(CH3)CH2NHCH+ + H� 70 (11a)g �0.81
CH2CHCH2NHCH2

+ + H� 70 (11b)g �0.74
CH3CHCHNHCH2

+ + H� 70 (11c)g �0.98
CH2C(CH3)NHCH2

+ + H� 70 (11d)g �0.90
CH3CHCHCHNH2

+ + H� 70 (11e)g �1.22
CH2CHCH2CHNH2

+ + H� 70 (11f)g �0.98
c-NH2CH(CH3)CHCH+ + H� 70 (11g)g �0.32

a Unless stated otherwise, all formation enthalpies have been taken from ATcT.32 b Present work. c [CNH3] should be read as HCNH2 for the
reaction of HCNH2

�+ and as H2CNH for the reaction of H2CNH�+. d The formation enthalpy for the CH2CNH2
+ ion, having the structure of

protonated ketenimine, has been taken from.33 e The values refer to production of the lowest energy trans-HCNH isomer. The cis-HCNH isomer is
B0.20 eV higher in energy.32 f The formation enthalpy for the NH2CHCH2

+ ion has been taken from.34 g No literature values are available for the
ionic products. h The formation enthalpies for all [C3NH6]+ isomers have been calculated using the relative energies from35 in combination with
the formation enthalpy for the CH3CH2CNH+ isomer given in.36 For CH2CHCHNH+ see also.37
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4 Experimental results

The generation of HCNH2
�+ (m/z 29) via dissociative photo-

ionization of cyclopropylamine (c-C3H5NH2) is described by the
following equation:

c-C3H5NH2 + hv - HCNH2
�+ + C2H4 (3)

The characterization of the process has been described
previously,15,26 with the AE of this channel previously measured
as 10.2 � 0.1 eV. The generation of the H2CNH�+ isomer
through direct photoionization of methanimine has also been
described in detail previously,16 with an appearence energy (AE)
of 10.01� 0.08 eV. In both cases the AE have been measured
using the same set-up here presented, and the interested reader
is directed to the relevant references for further details.15,16

Here, we will focus on the reactivity of both isomers with
propene (CH3CHCH2), as well as on the potential impact of
isobaric contaminants on the observed product channels.

4.1 Identification of product channels

The reaction of HCNH2
�+ with propene yields products at m/z

30, 43, 56 and 70, while the reaction of H2CNH�+ shows an
additional product at m/z 42. Assignments for the m/z 30, 42,
43, 56 and 70 products are given by reactions (4)–(11) respec-
tively, while literature and computational reaction enthalpies
for the pathways identified in Section 5 are given in Table 1.
The charge transfer reaction for the HCNH2

�+ isomer is not
considered in reaction (5) due to its significant endothermicity,
as shown in Table 1.

HCNH2
�+/H2CNH�+ + CH3CHCH2

- CH2NH2
+ + [C3H5] m/z 30 (4)

- CH3CHCH2
�++ [CNH3] m/z 42 (5)

- [C2H4N]+ + C2H5
� m/z 42 (6)

- CH3CHCH3
+ +H2CN� m/z 43 (7)

- CH3CHCH3
+ + HCNH� m/z 43 (8)

- [C2H5N]�+ + C2H4 m/z 43 (9)

- [C3H6N]+ + CH3
� m/z 56 (10)

- [C4H8N]+ + H� m/z 70 (11)

To the best of our knowledge, the reaction of the H2CNH�+

isomer with CH3CHCH2 has not been studied previously. The
reaction of the HCNH2

�+ isomer with CH3CHCH2 has been
studied using FT-ICR,38 where a major product (BR = 0.93) was
observed at m/z 56 in addition to a minor m/z 70 product (BR =
0.07), but without any CSs or reaction rates being reported. In
the same study, the majority of the m/z 56 flux was assigned to
the CH2CHCHNH2

+ isomer on the basis of reactions with
differently deuterated propenes, with at least one unknown
pathway via NH2CHCH(CH3)CH2

�+, a covalently-bound adduct
of the reactants, being inferred to account for the small amount
of scrambling observed. In this work, we report CSs for the
various channels, and we identify two new products, one at m/z

30 (assigned to the hydrogen atom transfer (HAT) process,
channel (4)) and another one at m/z 43 (assigned to a mixture
of proton transfer and bond-forming adduct pathways, chan-
nels (7)–(9)).

A detailed analysis of potential isobaric impurities in the
reagent ion beams is provided in the ESI.† Notably, the gen-
eration of H2CNH�+ is free from isobaric contaminants. In
contrast, C2H5

+, 13CH2CH2
�+ and H13CNH+ ions (m/z = 29) can

form during the generation of HCNH2
�+. Contamination by

C2H5
+ can be ignored by considering only data taken at Ephot o

12.5 eV, while the contamination from 13CH2CH2
�+ is negligible

and does not affect any of the recorded mass channels. How-
ever, contamination from H13CNH+ results in a product at m/z
43, which overlaps with a recorded product channel. We have
determined that, while H13CNH+ is present at all Ephot, the
resultant contamination in the m/z 43 channel is o30% at Ephot

above 11.0 eV, decreasing to below 25% at Ephot = 11.5 eV. This
is the lowest photon energy at which trends as a function of
collision energy have been measured. The error bars for this
channel have been adjusted to reflect this greater uncertainty.

4.2 Experimental results: data as a function of the photon
energy (Ephot)

For both isomers, data as a function of Ephot at low collision
energies (ECM = 0.12 � 0.06 eV for HCNH2

�+ and 0.09 � 0.06 for
H2CNH�+) has been collected for the m/z 30, 43, 56 and 70
products. Additionally, m/z 42 product data has been collected
for H2CNH�+. Results for both isomers are shown in Fig. 1. For
all product channels, the large error bars for the HCNH2

�+

isomer at low photon energies are the result of the small
reactant ion flux.

For the HCNH2
�+ isomer (Fig. 1, left panel), the major m/z 56

product ([C3H6N]+, reaction (10)) is approximately independent
of Ephot, as are the medium intensity m/z 30 (CH2NH2

+, reac-
tions (4)) and 43 ([C3H7]+, reaction (8)/[C2H5N]�+, reaction (9))
products. The m/z 70 product ([C4H8N]+, reaction (11)) is very
minor throughout, but again shows no significant dependence
on the photon energy. As none of the products show any
marked trends as a function of Ephot, we infer that the reactivity
of this isomer is largely independent of the internal energy of
the reactant ion. However, the possibility that increasing the
photon energy above that required for fragmentation does not
lead to any increase in the internal energy of the HCNH2

�+

fragments cannot be dismissed.
For H2CNH�+ (Fig. 1, right panel), the major ionic product at

all photon energies is m/z 30 (CH2NH2
+, reaction (4)) corres-

ponding to the H-abstraction channel, which is approximately
independent of Ephot. The next most intense channel is charge
transfer detected at m/z 42 (CH3CHCH2

+, reaction (5)), which
shows a sharp increase in intensity above the appearance
threshold of the parent ion before reaching a plateau above
Ephot = 10.5 eV. Products with lower intensities are observed at
m/z 43, corresponding either to the proton transfer ([C3H7]+,
reaction (7)) or the formation of [C2H5N]�+ via reaction (9) and
at m/z 56, corresponding to the formation of [C3H6N]+ (reaction
(10)). In both cases, CSs are broadly independent of Ephot.
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Finally, a minor channel is detected at m/z 70 ([C4NH8]+,
reaction (11)) that can be due to H-ejection from one or more
covalently-bound adducts. This channel has a much smaller CS
than any of the others and once again shows little-to-no
dependence on the photon energy and by extension, due to
the direct nature of the ionization for this isomer, the internal
energy of the reactant ion.

4.3 Experimental results: data as a function of the collision
energy (ECM)

In Fig. 2 absolute CSs data as a function of ECM are presented
for HCNH2

�+ (left panel, measured at Ephot = 11.5 eV) and for
H2CNH�+ (right panel, measured at Ephot = 11.1 eV).

For the HCNH2
�+ isomer the CSs of products at m/z 56

([C3H6N]+, reaction (10)) and at m/z 70 ([C4H8N]+, reaction
(11)) decrease with increasing ECM, consistent with the expected
barrierless formation via one or more covalently-bound adduct.
The m/z 43 product ([C3H7]+, reaction (8)/[C2H5N]�+, reaction
(9)) also shows a decrease with increasing ECM, though this is
more gradual than for the m/z 56 product, with a non-zero
contribution at high collision energies indicative of a pathway
proceeding either via a covalently-bound adduct or a van der

Waals complex with an additional direct component. Given that
the proton transfer from this isomer is B0.3 eV endothermic (see
Table 1), the contribution at higher energies is consistent with an
endothermic proton transfer, though no clear appearance thresh-
old is observed. Finally, the m/z 30 product shows an initial
decrease with increasing ECM followed by a plateau at higher
collision energies (above ECM B 0.5 eV), consistent with a combi-
nation of complex/adduct and direct mechanisms.

For the H2CNH�+ isomer (Fig. 2, right panel), the m/z 30
product (CH2NH2

+, reaction (4)) decreases with ECM, but with a
non-zero contribution at high ECM corresponding to a direct
pathway. The m/z 42 product (CH3CHCH2

+, reaction (5)) shows
no strong dependence on ECM, typical for a charge transfer
process, while the m/z 43 product ([C3H7]+, reactions (7) and (8)/
[C2H5N]�+, reaction (9)) shows a similar trend to the m/z 30
product, albeit with a greater relative contribution at high ECM.
The CSs for products at m/z 56 ([C3H6N]+, reaction (10)) and at
m/z 70 ([C4H8N]+) decrease with increasing ECM, consistent with
pathways proceeding via one or more covalently-bound adduct.
However, we note that the CS of m/z 56 remains non-zero at
higher collision energies, indicative of some contribution via
one or more direct mechanism.

Fig. 2 Left: Cross sections as a function of ECM for the reaction of HCNH2
�+, generated via dissociative photoionization of cyclopropylamine, with

CH3CHCH2 at Ephot = 11.5 eV. Right: Cross sections as a function of ECM for the reaction of H2CNH�+, generated by direct photoionization of
methanimine, with CH3CHCH2 at Ephot = 11.1 eV.

Fig. 1 Left: Cross sections as a function of Ephot for the reaction of HCNH2
�+, generated through dissociative photoionization of cyclopropylamine, with

CH3CHCH2 at ECM = 0.12 � 0.06 eV. Right: Cross sections as a function of Ephot for the reaction of H2CNH�+, generated through direct photoionization
of methanimine, with CH3CHCH2 at ECM = 0.09 � 0.06 eV.
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The observed trends and differing reactivity (both in terms
of absolute CSs and relative BRs) of the two isomers are
considered alongside proposed mechanisms in Section 5.

4.4 From CSs to rate constants

For applications where the rate constants are needed instead of
CSs (e.g. in astrochemical modelling), Table 2 presents the BRs
and the total rate constants (ktot(Eave)), determined from the
measured CSs following a well-established method.17,39,40 For
both isomers, the rates have been reported at both low (Eave =
0.12 � 0.03 eV) and high (Eave = 3.01 � 0.06 eV) representative
average energies. The ktot(Eave) so obtained can be compared
with values predicted by the Langevin (kL

41) and Su-Chesnavich
(kSC

42–44) capture models. In both cases, as the ion is treated as
a point charge, no differentiation is made between the two
isomers.

The values obtained from these models, using an average
polarizability of 5.99 Å3 45 and a dipole moment of 0.36 D45 for
propene, are kL = 1.38 � 10�9 cm3 molecule�1 s�1 and kSC = 1.49
� 10�9 cm3 molecule�1 s�1, at 300 K. Notably, the kSC rate is
approximately 4.0 and 1.5 times higher than the experimental
values for the HCNH2

�+ and H2CNH�+ isomers, respectively.
However, it should be stressed that the capture model values
represent upper limits to the actual rate coefficients, and a
direct comparison with our experimental values should be
made with caution as they refer to energy-dependent rate
coefficients estimated at a collision energy of 0.12 � 0.03 eV.
With this caveat in mind, these results underscore the signifi-
cance of experimental, isomer-specific data, as a reliance on
capture theory often fails to replicate the significantly different
reactivities among various isomeric ions.

5 Computational results

Theoretical calculations show that the HCNH2
�+ isomer is lower

in energy than the H2CNH�+ isomer by �18.82 kJ mol�1 (�0.20
eV), consistent with literature values46 giving a difference in the
heat of formations of the two isomers, calculated at the

UQCISD(T)/6-311++G(3df, 2p) and RCCSD(T)/cc-pVTZ levels of
theory, equal to 16 kJ mol�1. All single point energies are
calculated with the GAUSSIAN suite of programs at the
CCSD(T)/6-311++G** level of theory, with ZPEs calculated at
the MP2/6-311++G** level. Full details have been given in
Section 3. Unless noted otherwise, relative enthalpies are given
(in eV and in parenthesis after each structure) with respect to
the sum of the separated reactants having the highest energy,
i.e. H2CNH�+ plus CH3CHCH2. For the sake of readability, the
rotamers of a given isomer, formed by rotations around single
bonds, are treated as a single species in the following descrip-
tion and in the PES figures included in the main manuscript.
Rotamer-specific pathways and PESs are given in the ESI† (Fig.
S5–S10).

5.1 H2CNH�+ PES

For the H2CNH�+ isomer, two product channels can proceed via
direct mechanisms. The lowest energy of these is the H-
abstraction of a CH3 hydrogen to give CH2NH2

+ (m/z 30) in
combination with CH2CHCH2 (�1.48, black lines in Fig. 3),
with the higher energy channel being charge transfer to give
CH3CHCH2

+ (m/z 42) plus H2CNH (�0.20, red line in Fig. 3).
Proton transfer can proceed either directly or through a
complex mediated mechanism via the van der Waals inter-
mediates V1 (�0.77) and V2 (�0.77), separated by the transition
state V1-2 (�0.78), see light green lines in Fig. 3. The lower
energy of V1-2 with respect to the structures it joins is an
artefact induced by the zero-point energy correction. Such
behaviour is sometimes observed if the transition state is very
close to the minima it connects, both geometrically and ener-
getically. If one excludes ZPE, the energy of the transition state
exceeds those of the adjacent minima by 0.08 and 0.06 eV,
respectively.

Pathways involving the formation of one or more covalent
bond proceed through different covalently bound adducts. The
first one, CH2NHCH(CH3)CH2

�+, hereafter referred to as A1
(�2.30), can form directly from the reactants via a barrierless
radical attack of the central carbon (pink line in Fig. 3).

Table 2 Branching ratios (BRs) and total rate constants ktot (cm3 molecule�1 s�1) for the reactions of HCNH2
�+ and H2CNH�+ with CH3CHCH2,

measured at two collision energy values. Unless stated otherwise, the uncertainty in the average energy is �0.06 eV. See the text for details

HCNH2
�+ a H2CNH�+ b

Branching ratios (BRs)

Product m/z Eqn Eave = 0.12 � 0.03 eV Eave = 3.01 eV Eave = 0.12 � 0.03 eV Eave = 3.01 eV

30 (4) 0.23 � 0.02 0.65 � 0.15 0.53 � 0.01 0.13 � 0.02
42 (5) and (6) — — 0.28 � 0.01 0.77 � 0.07
43 (7)–(9) 0.15 � 0.03 0.18 � 0.02 0.14 � 0.01 0.08 � 0.01
56 (10) 0.59 � 0.04 0.15 � 0.05 0.04 � 0.00 0.02 � 0.01
70 (11) 0.03 � 0.00 0.02 � 0.00 0.01 � 0.00 0.00 � 0.00

Total rate constants (ktot)

Eave = 0.12 � 0.03 eV Eave = 3.01 eV Eave = 0.12 � 0.03 eV Eave = 3.01 eV

ktot(Eave) (4.0 � 2.2)�10�10 (2.5 � 0.5)�10�10 (9.9 � 5.3)�10 (1.3 � 0.2)�10�9

a Generated via dissociative photoionization of cyclopropylamine at at Ephot = 11.5 eV, see Fig. 2, left. b Generated via direct photoionization of
methanimine at at Ephot = 11.1 eV, see Fig. 2, right.
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Similarly, the CH2NHCH2CHCH3
�+ adduct, hereafter referred to

as A2 (�2.29), can form from V3 (�0.77), a van der Waals
complex of the reactants, by radical attack of the terminal CH2

group via V3-A2 (�0.72) (dark green in Fig. 3). The rotamer-
specific pathways for A1 and A2 are shown in Fig. S5–S7 of the
ESI.†

As well as the direct pathway to form CH2NH2
+ in combi-

nation with CH2CHCH2
� noted above, this pair of products can

also form from both A1 and A2. In both cases this proceeds via
V4 (�1.96), a van der Waals complex of the products that can
dissociate without a barrier and which can be formed from A1
via A1-V4 (�0.71, black lines in Fig. 3) and from A2 via A2-V4
(�0.72, dark green lines in Fig. 3).

The majority of the adduct pathways for the H2CNH�+

isomer proceeds via A2 and its rotamers. The lowest energy
rearrangement (dark blue lines in Fig. 4) is the [1,4] cyclisation
of A2 to give c-CH(CH3)CH2NHCH2

�+ (�2.03), hereafter referred
to as A3, via A2-3 (�1.20). A3 can then eject one of the H atoms
of the CH2 group via A3-V5 (�0.55) to give V5 (�0.81), a van der
Waals complex of c-CH(CH3)CH2NHCH+ (m/z 70) and H� that
can dissociate into the separated products (�0.81) without a
barrier.

The next lowest energy rearrangement (cyan lines in Fig. 4)
is a [1,2] H-shift from A2 to give CH2NHCHCH2CH3

�+ (�2.74),
hereafter referred to as A4 via A2-4 (�0.88). The latter can in
turn fragment along the CH2–CH3 bond via A4-V6 (�0.94)
to give V6 (�1.44), a van der Waals complex of CH2NHCHCH2

+

(m/z 56) and CH3
� which can dissociate into the separated

products (�1.10) without a barrier. The final rearrangement of
note (light green lines in Fig. 4) is an alternative [1,2] H-shift
from A2 to give CH2NHCH2CH2CH2

�+ (�2.14), hereafter
referred to as A5 via A2-5 (�0.46). A5 can then fragment into
CH2NHCH2

�+ (m/z 43) and C2H4 (�1.27) via A5-P (�1.08).
Additionally, there are two direct fragmentation pathways

from A2, the lowest energy of which (pink lines in Fig. 4)
involves the ejection of one of the central CH2 hydrogens via
A2-P1 (�0.48) to give CH3CHCHNHCH2

+ (m/z 70) plus H�

(�0.98). The higher energy fragmentation (dark green lines in
Fig. 4) involves the ejection of one of the CH3 hydrogens via A2-
P2 (�0.48) to give CH2CHCH2NHCH2

+ (m/z 70) plus H� (�0.74).
Starting from A1 and its rotamers, the lowest energy pathway

(cyan lines in Fig. 5) involves a cyclisation of A1 to give
c-CH2NHCH(CH3)CH2

�+ (�2.13), hereafter referred to as A6,
via A1-6 (�1.16). A6 can then fragment along the CH–CH3 bond
via A6-V7 (�1.12) to give V7 (�1.26), a van der Waals complex of
c-CH2NHCHCH2

+ (m/z 56) and CH3
�, that can dissociate into

the separated products (�1.14) without a barrier. The next
lowest energy pathway (dark green lines in Fig. 5) proceeds
via the fragmentation of the CH–CH3 bond of A1 via A1-V6a
(�0.63) to give V6a (�1.20), a van der Waals complex
of CH2NHCHCH2

+ and CH3
� (see Fig. 5), that can fragment

into the separated products (�1.10) without a barrier.
Another fragmentation of note (dark blue lines in Fig. 5)
involves the ejection of the CH hydrogen of A1 via A1-P

Fig. 3 Schematic potential energy surface for the reaction of H2CNH�+ with CH3CHCH2 via a series of van der Waals adducts, as well as those leading to
the initial covalently-bound adducts A1 and A2. The zero of the energy scale (in eV) is given by the sum of the energies of the separated H2CNH�+ plus
CH3CHCH2 reactants. Calculations are at the CCSD(T)/6-311++G(d,p) level of theory. Molecular structures are shown only for intermediates and
products, with TS structures given in the (ESI†).
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(�0.42) to give CH2C(CH3)NHCH2
+ (m/z 70) plus H� (�0.90).

Finally, A1 can interconvert into A2 via A1-2 (�1.18, pink lines
in Fig. 5).

5.2 HCNH2
�+ PES

For the HCNH2
�+ isomer, the majority of the observed reaction

pathways proceeds through one or more covalently-bound
adduct, with the notable exception of HAT (black lines in
Fig. 6). This channel proceeds following the formation of W1
(�0.75), a van der Waals complex of the reactants, which can
then proceed to V4 (�1.96), a van der Waals complex of
CH2NH2

+ (m/z 30) and CH2CHCH2
� that is common to the

PESs of both isomers (see Fig. 3), via W1-V4 (�0.59). V4 can
then fragment into the separated products (�1.48) without a
barrier. This pathway is also able to proceed directly at collision
energies where complex formation is not feasible.

The only covalently-bound adduct that can form from the
HCNH2

�+ isomer without a barrier is CH3CHCH2CHNH2
�+

(�2.66, dark green lines in Fig. 6), hereafter referred to as B1.
The lowest energy pathway from B1 involves an initial [1,2] H-
shift to give CH3CH2CHCHNH2

�+ (�3.12), hereafter referred to
as B2, via B1-2 (�1.79). B2 can then cleave the CH2–CH3 bond
via B2-W2 (�1.53, cyan lines in Fig. 6) to give W2 (�1.60), a van
der Waals complex of CH2CHCHNH2

+ (m/z 56) and CH3
�, than

can dissociate into the separated products (�1.76) without a
barrier. The higher energy of W2 with respect to the products is
due to the ZPE correction, without which W2 is approximately
0.05 eV below the products.

The next lowest energy pathway stems from a rotamer of B1
via the ejection of one of the CH2 hydrogens (see the dark blue
lines in Fig. 6) via B1-W3 (�1.23) to give W3 (�1.63), a van der
Waals complex of CH3CHCHCHNH2

+ (m/z 70) and H� that can
dissociate into the separated products (�1.42) without a bar-
rier. There is an alternative pathway, slightly higher in energy
(pink lines in Fig. 6) to form a m/z 70 product that involves the
direct ejection of one of the CH3 hydrogens of B1 via B1-P
(�0.95) to give CH2CHCH2CHNH2

+ plus H� (�1.18).
As the proton transfer process is endothermic for this

isomer, the only pathway leading to a m/z 43 product (light
green lines in Fig. 6) involves a [1,2] H-shift from B1 to give
CH2CH2CH2CHNH2

�+ (�2.47), hereafter referred to as B3, via
B1-3 (�0.84). B3 can fragment into CH2CHNH2

�+ (m/z 43) plus
C2H4 (�1.75) without a barrier. In addition to the pathways
presented here, we have identified pathways leading to higher
energy product isomers (both ionic and neutral) which are
described in the ESI,† since they are not expected to play a
significant role in the reactivity of either isomers.

6 Discussion

As described for other systems,15–17 we observe different reac-
tivity for the two [CNH3]�+ isomers, indicative of a high level of
isomer selectivity in their generation methods. Unlike in the
Computational Results section, when mentioning barrier
heights in the following, the energies are given (in eV) relative

Fig. 4 Schematic potential energy surface for the reaction of H2CNH�+ with CH3CHCH2 from the initial covalently-bound adduct A2. The zero of the
energy scale (in eV) is given by the sum of the energies of the separated H2CNH�+ plus CH3CHCH2 reactants. Calculations are at the CCSD(T)/6-
311++G(d,p) level of theory. Molecular structures are shown only for intermediates and products, with TS structures given in the (ESI†).
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Fig. 6 Schematic potential energy surface for the reaction of HCNH2
�+ with CH3CHCH2. To allow for a direct comparison with the PESs

shown in Fig. 3–5, the zero of the energy scale (in eV) is given by the sum of the energies of the separated H2CNH�+ plus CH3CHCH2 reactants.
Calculations are at the CCSD(T)/6-311++G(d,p) level of theory. Molecular structures are shown only for intermediates and products, with TS structures
given in the (ESI†).

Fig. 5 Schematic potential energy surface for the reaction of H2CNH�+ with CH3CHCH2 from the initial covalently-bound adduct A1. The zero of the
energy scale (in eV) is given by the sum of the energies of the separated H2CNH�+ plus CH3CHCH2 reactants. Calculations are at the CCSD(T)/6-
311++G(d,p) level of theory. Molecular structures are shown only for intermediates and products, with TS structures given in the (ESI†).
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to the sum of the energies of CH2CHCH3 and the relevant
isomer of [CNH3]�+.

6.1 Reactivity of the H2CNH�+ isomer

The reactivity of this isomer is dominated by pathways proceed-
ing either directly or via one or more van der Waals complex. At
low collision energies, the major product (BR = 0.53) is
CH2NH2

+ (m/z 30), formed via HAT. This ion can be produced
in combination with either CH2CHCH2

� (see Fig. 3), CH3CCH2
�

or CH3CHCH� (both shown in Fig. S4, ESI†), corresponding to
reactions (4a)–(4c) in Table 1. Although all of these pathways
can proceed without a barrier, formation of CH2CHCH2

� is
expected to dominate due to its greater exothermicity (�1.48 eV
compared to �0.59 eV for CH3CCH2

� and �0.43 eV for
CH3CHCH�), as well as the possibility for this isomer to form
directly from the reactants (as shown in Fig. 3). Additional
pathways proceeding via multiple covalently-bound adducts
can be disregarded due to the presence of comparatively higher
energy barriers (see Fig. 3 and Fig. S5, S6, ESI†).

The two other main products for this isomer are the m/z 42
channel (BR = 0.28) corresponding to the exothermic charge
transfer reaction (5) and the m/z 43 (BR = 0.14) proton transfer
channel (7). The former can proceed directly from the reac-
tants, consistent with the collision energy profile observed in
Fig. 2, while the latter can proceed either directly or via the van
der Waals complexes V1 and V2 (see Fig. 3). Although there is
an additional channel leading to the isobaric m/z 43 products
CH2NHCH2

�+ and C2H4 (reaction (9b)), see light green lines in
(Fig. 4), this pathway involves a comparatively high barrier
(�0.46 eV) and multiple rearrangement steps, and so is
expected to be minor.

For the minor channel at m/z 56 ([C3H6N]+, BR = 0.04)
observed at low collision energies we have identified barrierless
pathways leading to the formation of the isomeric ions
CH2NHCHCH2

+ (reaction (10a), cyan lines in Fig. 4) and c-
CH2NHCHCH2

+ (reaction (10b), cyan lines in Fig. 5). The
lowest energy pathway corresponds to the cyclic isomer, but
previous measurements on similar systems16 have shown that
such process can be kinetically inhibited by even comparatively
small amounts of internal energy. Due to the relatively small
signal-to-noise ratio for this channel, we therefore refrain from
drawing any conclusions about the yields of the two [C3H6N]+

isomers.
Finally, calculations have identified submerged pathways

leading to the formation of various [C4H8N]+ isomers (detected
at m/z 70, BR = 0.01) via reactions (11a)–(11d). Once again, given
the small CS and the lack of clear energetic preferences based
on the PES, no preferential pathway can be suggested.

6.2 Reactivity of the HCNH2
�+ isomer

For this isomer, reactivity is dominated by processes proceed-
ing via one or more covalently-bound adduct. The major
product at low collision energies is [C3H6N]+ (m/z 56) formed
in combination with CH3

� (BR = 0.59). The most plausible
pathway corresponds to the formation of CH2CHCHNH2

+,
protonated 2-propen-1-imine, via reaction (10c) (see cyan lines

in Fig. 6), but the reader is referred to the ESI† for the
description of a further higher energy pathway.

The second most significant product at low collision ener-
gies is CH2NH2

+ (m/z 30), formed via HAT (BR = 0.23). Unlike for
the H2CNH�+ isomer, we have only been able to identify path-
ways leading to the formation of the CH2CHCH2

� and
CH3CHCH� isomers as neutral products, corresponding to
reactions (4a) and (4c) respectively. As the formation of
CH2CHCH2

� is the more exothermic pathway and has the lower
barrier height, we expect the majority of the reactive flux to
correspond to the formation of this isomer. We also note that,
as the sole pathway that can proceed directly for this isomer,
this is by far the most significant channel at higher collision
energies, where covalent adduct formation is not viable.

Minor products are observed at m/z 43 (BR = 0.15) and m/z 70
(BR = 0.03). Due to the endothermicity of the proton transfer
process, reaction (8), the former can be assigned to the
formation of [C2H5N]�+ and the latter to the formation of
various [C4H8N]+ isomers. For the m/z 43 channel, we have
identified only one barrierless pathway leading to the
CH2NHCH2

�+ isomer (reaction (9b)). For the m/z 70 channel,
although several isomers are possible (CH3CHCHCHNH2

+ via
reaction (11e), CH2CHCH2CHNH2

+ via reaction (11f) and c-
NH2CH(CH3)CHCH+ via reaction (11g)) the most probable
pathway is reaction (11e) that gives the CH3CHCHCHNH2

+

isomer, as it is both the most exothermic (�1.22 eV) and has
the smallest barrier height (�1.03 eV).

Considering the relative intensities of the different adduct
pathways for this isomer, the dominance of the m/z 56 channel
is easily explained by the lower barrier heights and greater
overall exothermicity. What is more challenging to explain,
however, is the limited contribution from the m/z 70 channel.
We tentatively attribute this to the relatively high kinetic strain
associated with trans radical H-ejection steps from linear
species.

6.3 Similarities and differences in the reactivity of H2CNH�+

and HCNH2
�+ with propene

The greater contribution from direct pathways (m/z 30, 42 and
43 products, cumulative BR = 0.95) in the case of the H2CNH�+

isomer compared to HCNH2
�+ (m/z 30, BR = 0.23) is rationalised

by the fact that, for the HCNH2
�+ isomer, both the charge and

proton transfer channels are endothermic (by 1.35 and 0.61 eV
respectively). The endothermicitiy of the charge transfer chan-
nel is attributed to the absence of a stable HCNH2 neutral
species, while the endothermicity of the proton transfer chan-
nel can be explained by a combination of two factors. Firstly,
the presence of the NH2 and CH moieties in the reactant ion
precludes proton transfer to form the lower energy H2CN�

isomer of [CH2N]�. Consequently, proton transfer can only
proceed to yield the higher energy HCNH� isomer. Secondly,
the lower energy of HCNH2

�+ compared to H2CNH�+ implies
that this pathway is also higher in energy than the equivalent
pathway from H2CNH�+.

The lower BR for the HAT channel from HCNH2
�+ can be

explained by a combination of a smaller exothermicity, due to
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the lower energy for this isomer (by 0.20 eV) compared to
H2CNH�+, and the orientational effect, as detailed in a previous
study using CH4 as neutral partner.15

There are, however, a pair of similarities between the
reactivities of the two isomers. Firstly, we note that none of
the channels recorded with either isomer exhibit a strong
photon energy dependence. This indicates that both reactions
proceed with limited dependence on the internal energy of the
reactant ions. Secondly, given the lack of symmetry around the
C–C double bond of CH3CHCH2, we note the preference for
CH3-ejection over H-ejection from reaction intermediates for
both isomers. As CH3-ejection is not kinetically favoured by
either terminal or central attack, this is instead rationalised by
the energetic preference for CH3-ejection, both in terms of
reaction enthalpies (0.34 eV preference for formation of
CH2CHCHNH2

+ compared to CH3CHCHCHNH2
+, see Table 1)

and barrier heights (0.30 eV difference between maximum
barriers B2-W2 and B1-W3, see Fig. 6).

Finally, we compare our results with those measured
previously,38 where HCNH2

�+ was generated via electron-
impact ionization. By employing D-labelled propenes, the
authors concluded that the predominant process involves the
loss of the CH3 group of propene. From this observation, they
inferred that the primary reaction pathway proceeds from B1 to
B2 before fragmenting to yield the CH2CHCHNH2

+ isomer, in
agreement with the conclusions drawn here on the basis of the
calculated PES. Likewise, the same earlier study38 proposed a
pathway involving central attack to rationalise the minor loss of
CD2H� with CD2CHCH3 and CH3

� with CH2CHCD3, consistent
with the higher energy pathways originating from B7, as
described in detail in the ESI.† The former observation could
also be compatible with a small degree of H/D scrambling via
the interconversion between B1 and B3.

7 Conclusions and astrochemical
implications

Absolute cross sections and branching ratios for the reaction of
HCNH2

�+ and H2CNH�+ isomers with propene (CH2CHCH3)
have been measured as a function of both collision and photon
energies, with the latter acting as a proxy for the internal energy
of the reagent ion. HCNH2

�+ ions have been generated via
dissociative ionization of cyclopropylamine, while H2CNH�+

ions have been generated by direct photoionization of metha-
nimine (H2CNH). Experimental data have been merged with
theoretical calculations to elucidate reaction pathways and
structures of products.

The H2CNH�+ isomer is overall more reactive with propene
than HCNH2

�+, with collision energy dependent total rate
constants at 0.12 � 0.03 eV equal to 9.9 � 5.3 � 10�10 and
4.0 � 2.2 � 10�10 cm3 molecule�1 s�1, respectively. For both
isomers we observe a significant HAT channel at this collision
energy, which gives protonated methanimine CH2NH2

+ in
combination with [C3H5]� radicals, with BR = 0.53 � 0.01 for
H2CNH�+ and 0.23 � 0.02 for HCNH2

�+. CH2NH2
+ is a key ion in

the synthesis of astrochemical methanimine, since it is pre-
dicted to recombine dissociatively with electrons to yield
H2CNH plus H,47 and although not (yet) detected in space, its
high-resolution rovibrational and rotational spectra have been
recently measured in the laboratory.48

The HAT pathway from both isomers has also been observed
with other hydrocarbons such as CH4

15 and C2H4,17 and we
underline here its relevance for improving gas phase models to
estimate the production of methanimine, a key prebiotic mole-
cule and an important component in the build up of chemical
complexity in both the ISM and the hydrocarbon-rich atmo-
spheres of planets and satellites such as Titan.49,50 The fact that
both isomers react significantly via HAT to produce CH2NH2

+

allows for the recycling of methanimine in environments where
the presence of energetic photons/particles leads to its destruc-
tion via ionization and isomerization. Collisions with hydro-
carbons, yielding CH2NH2

+ as the main product regardless of
the starting isomer, enable the regeneration of methanimine
via dissociative recombination with electrons.

Aside from the production of CH2NH2
+, the chemistry of the

two isomers is quite different. The other major channels for
H2CNH�+ are charge and proton transfer leading to
CH3CHCH2

�+ plus H2CNH (BR = 0.28 � 0.01) and CH3CHCH3
+

plus H2CN� (BR = 0.14 � 0.01), respectively. In both cases, the
large cross sections at higher collision energies are consistent
with direct pathways.

In contrast, in the case of the HCNH2
�+ isomer, the primary

product observed at low collision energy has been identified as
protonated vinylimine CH2CHCHNH2

+, produced alongside
CH3

� radicals via complex-mediated mechanisms with a BR =
0.59 � 0.04. Vinylimine (CH2CHCHNH) has been tentatively
detected during a spectral survey of the molecular cloud G
+0.693 in the central molecular zone of our galaxy51 (please
note that in the paper the molecule has been incorrectly named
as allylimine) and the reaction of HCNH2

�+ with CH3CHCH2,
followed by dissociative recombination with electrons, may well
contribute to its synthesis. This is noteworthy as it provides a
mechanism for the elongation of the imine hydrocarbon chain,
thereby leading to an increase in complexity while preserving
chemical functionality. It should be noted that, due to the
larger proton affinity of imines (B868 kJ mol�1 for methani-
mine and B915 kJ mol�1 for vinylimine37) with respect to
ammonia (B853.6 kJ mol�1 ref. 52) the alternative gas phase
mechanism for neutralization of complex organic molecules via
proton transfer to NH3, recently proposed in53 and applied, for
instance, in the modelling of hot cores,54 is not operative in the
case of protonated imines.

For both isomers, there are also further minor pathways
involving the formation of either C–C or C–N bonds. For the
H2CNH�+ isomer, this is in the form of the m/z 56 and 70
products (BRs r0.04 and r0.01) while, for the HCNH2

�+

isomer, the m/z 43 and 70 products (BRs = 0.15 � 0.03 and
r0.03) correspond to minor bond-forming process. As the
measured cross sections show negative collision energy depen-
dences, indicative of barrierless and exothermic processes,
these processes are therefore feasible at the low temperatures
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relevant to both the ISM and the ionospheres of planets and
their satellites.

Data availibility

Details on the geometries for the calculated structures
described in the paper are given in the ESI,† with experimental
data available at 10.5281/zenodo.12653872.
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