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Abstract

Ion chemistry has become increasingly important in the evolution of the
chemical inventory of extraterrestrial environments. Isomers of ions have
also come to play an important role as, in many instances, the cold envi-
ronments in the interstellar medium and high layers of planet and satellite
atmospheres do not supply enough energy to overcome isomerization barri-
ers and the isomers effectively act as separate molecules.

In this licentiate thesis, several studies of the [CH3N]+ isomers are
presented. Reactivity studies of the two isomers, the methanimine radi-
cal cation (H2CNH+) and aminomethylene (HCNH2

+) with hydrocarbons
C2H4, C2H2 and CH4, and IRPD spectroscopy of both species have been
performed. Complimentary ab initio calculations aid in the determination
of formation pathways of observed product channels and in the assignment
of the vibrational bands seen in the IRPD spectrum.

The results show that reaction pathways of the two isomers generally
involve adduct formation followed by hydrogen ejection where the prod-
uct or pathway is dependent on the ingoing reactant isomer. The IRPD
spectrum allows identification of the different isomers via vibrational transi-
tions. Isomer generation by electron ionization favours methanimine cation
production with an abundance of 70% while with VUV photoionization it is
possible to selectively produce isomers. It is concluded that isomerism must
be considered when investigating the chemical environment of interstellar
objects.
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1 Introduction

The study of molecules and molecular ions in extraterrestrial environments
began in the early 20th century. The first revelation was the conclusion that
there had to be ions present in the atmosphere of Earth for radio waves to
be able to travel over the Atlantic. This conducting layer was later named
the ionosphere [1, and references therein]. From this time, it took almost
40 years until an ion, CH+, was detected in space. As the efficiency of
methods of observations has been increasingly enhanced, so has the list of
known molecules substantially grown. Today, molecular chemistry plays a
decisive role in the study of the universe and ions, in particular, are believed
to be responsible for the production of many of the more complex compounds
found in different astronomical environments.

Although major progress has been accomplished in the study of interstel-
lar and planetary ions, there are yet challenges remaining. Many different
environments in space are still subject to research to complete the chemical
inventory of these regions. Some of the observed phenomena, like the absorp-
tion lines labelled Diffuse Interstellar Bands (DIBs) for example, have yet
to be assigned to a corresponding compound. The deuterium fractionation,
the ratio of heavy hydrogen containing two nucleons versus ordinary hydro-
gen, in many interstellar compounds needs to be explained and the origin
of organic molecules in the interstellar medium and planetary atmospheres
has to be traced down. The key to understand these observations lies in
experimental and theoretical studies which must both explain and in turn
be supported by observations [2]. Understanding a chemical environment
means understanding the reactions that occur in that region. Reactions in-
clude ingoing reactants and outgoing products and often a transition state
(a local maxima along the reactant coordinate) with higher energy needed
to be surpassed in order for the reaction to proceed. There are also bar-
rierless reactions in which transition states are absent. Quantities which
describes the chemistry include: energies along potential energy surfaces
(PES), which describe the various pathways of how molecules can be formed,
the cross-section, which gives a probability for a reaction to occur, and the
rate constant, describing how fast a certain reaction occurs. From the rate
constants of different pathways, branching ratios can be obtained, which
give the ratio of products coming out of the reaction. These quantities are
in general dependent on the characteristics of the reactants, such as energy
and geometrical structure, and environmental factors, such as temperature
[3].

1.1 Ion chemistry

Ions are primarily created through ionization of neutral molecules. A typical
process is the absorption, by an atom or molecule, of some form of ionizing

6



agent, causing the molecule to be excited from its ground state to an excited
state. An ionizing agent can be cosmic or ultra-violet (UV) radiation, x-
ray photons, magnetospheric electrons or other high energy particles. The
energy absorbed by the molecule can be transformed into kinetic energy, or
it can be distributed internally among its vibrational (or rotational) modes.
If the vibrations are powerful enough, they can lead to dissociation of the
molecule and subsequent ionization of its products. An illustrative example
is the dissociative ionization reaction

AB + hν → A + B+ + e−. (1)

Here, a neutral molecule, AB, is ionized by the radiation hν, whereupon
the bond in the neutral molecule is broken and leaves a neutral atom A
and a positively charged cation, B+, in addition to energy released. An
intermediate of the process, not shown in reaction (1), is the molecule AB
in an excited state. A and B can here either be single atoms or molecules.
Excitation of molecules can lead to different subsequent processes: If the
energy is not distributed among any vibrational modes that will lead to
dissociation the molecule can relax back to its ground state (AB), the neutral
can undergo simple photoionization leading to AB+, or it can form two ions
under dissociation, (A+ + B+ + 2e−), the latter process being highly energy
demanding and not so common.

In secondary reactions, the resulting electron(s) can further ionize other
species while the products, in particular the resultant ions, can partake in
ion-neutral reactions which include, but are not limited to, charge transfer
reactions

B+ + C→ B + C+, (2)

where an electron on C is transferred to B resulting in the positive charge
of B is transferred to C, cation transfer reactions

BD+ + C→ B + CD+, (3)

where a cation D+ is transferred from B to C (often referred to as proton
transfer when involving the H+) ion, hydrogen transfer reactions

BH+ + C→ B+ + CH, (4)

where a hydrogen atom is transferred from B to C, and adduct formations

BH+ + C→ BC+ + H. (5)

Adduct formations under release of small entities (e.g. hydrogen atoms)
are particularly important since they are the stepping stones towards more
complex, heavier and larger molecules like hydrocarbons and alcohols. The
rate constants of such reactions have often been found to have an inverse
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dependence on temperature which makes them feasible to occur in the cold
environments of the interstellar medium [1]. They can also be formed bar-
rierlessly or through initially formed pre-reaction complexes.

Other than the creation of cations, destruction mechanisms of cations
and negatively charged ions, anions, are also of great importance for ionic
chemistry in space. As they are not relevant for any studies included in
this thesis, they will only be briefly addressed here for the sake of complete-
ness. The closest ionic destruction mechanism at hand would be mutual
neutralization

A+ + B− → A + B, (6)

where the cation, A+, and the anion, B– , exchanges an electron and both
products come out as neutrals. The reaction could also result in a neutral
adduct, AB, being formed. Electrons can also destroy ions. In dissociative
recombination,

AB+ + e− → A + B, (7)

an ion reacts with an electron and the resulting energy is, at least partly, used
for the fragmentation of the intermediately formed neutral AB. Conversely,
electrons can create anions through, for example, dissociative attachment,

AB + e− → A− + B, (8)

a molecule AB reacts with an electron and creates an anion, A– and a
neutral, B.

1.2 Chemical environments in space

The various environments in space differ in their chemical composition and
how the atoms and molecules are distributed, e.g. scattered across large
distances or clustered forming high density regions. Since the ionizing agents
listed above have different energies, the chemical processes of a certain region
is dependent upon both the chemical inventory of that region as well as the
accessibility of these agents. While some forms of radiation might be able to
penetrate a layer of dust, for instance, they need also to be energetic enough
to ionize the species located there.

Some of the more chemically interesting environments include interstellar
clouds which are, generally, irregular formations of smaller compounds. The
matter is asymmetrically distributed resulting in a fluctuating density across
the region with electromagnetic radiation being shielded off some parts of the
cloud. The light from background stars is absorbed by the cloud to various
extents, prompting their labelling as either dark, diffusive or translucent
clouds depending on the rate of absorption. The dark clouds are too dense
for UV radiation to penetrate into and it instead ionizes carbon in the regions
close to the edges. Cosmic rays, however, can penetrate into the cloud and
ionize hydrogen. In translucent clouds on the other hand, ionization from
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UV radiation is more prominent throughout. It was in interstellar clouds
that some of the first absorption lines of molecules were detected [4].

Interstellar clouds are also the precursors of stars and planetary systems.
When sufficient mass has been accreted, gravitational collapse occurs form-
ing a star in the middle and a proto-planetary disk surrounding it. Like the
molecular clouds they originate from, proto-planetary disks have a varying
density both radially and vertically but the temperature has a strong radial
dependence which dictates much of the chemistry in these environments. In
the inner regions, temperatures are high while the ionization fraction is low,
resulting in neutral-neutral reactions with high barriers to take prevalence.
Further out, ionization sources have a better access resulting in a rich and
abundant chemistry [5]. In the end in the lifetime of a star, there are circum-
stellar envelopes, which are accumulations of material the star has ejected
over time. Similar to the proto-planetary disks, the observed chemistry in
these objects is dependent on the proximity to the star, where high tem-
peratures are dominant closer to the star and ionization is prevalent further
out [6].

Figure 1: Titan with its characteristic yel-
low haze as taken by the Cassini space-
craft. Image from [7].

Planetary atmospheres are an-
other example of regions in space
that possess a rich and interest-
ing chemical environment. In par-
ticular, the Kronian moon Titan,
see Figure 1, has been found to
encompass a very diverse chemical
inventory based on readings from
the Cassini INMS (Ion and Neu-
tral Mass Spectrometer) [8]. In
correspondence with the radial de-
pendence of temperature in the as-
tronomic environments mentioned
above, the chemistry of Titan differs
between atmospheric layers. While
electromagnetic radiation and mag-
netospheric electrons are the pri-
mary ionizing agents in the upper parts, only cosmic radiation has the power
to penetrate the very dense atmosphere to reach lower altitudes [9, 10].
Molecular cations with masses of up to 350 amu, and anions with masses
of up to several thousands amu have been detected [11]. The chemistry
is believed to be primarily driven by ionization of molecular nitrogen (N2)
and methane (CH4), the most abundant species in Titan’s atmosphere1,
through UV radiation and magnetospheric electrons [13]. Subsequent reac-

1Titan’s atmosphere contains roughly 94% N2 and 1.5-5.5% CH4 depending on alti-
tude, in addition, about 0.1% H2 [12].
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tions with charged nitriles [14] and larger hydrocarbons lead towards heavier
compounds [15, 16].

1.3 The role of isomers

From the conclusion that the universe harbours a multitude of molecules
comes also the realisation of the importance of isomers of ions. Isomers are
molecules that consist of the same set of atoms such that their mass is the
same, but the structure or configuration of the molecules is different. This
means that isomers usually have different spectroscopic characteristics as
well as react in different ways with other molecules. Since two isomers are
separated by an isomerization barrier, and when considering the low temper-
atures prevalent in interstellar space, these barriers are usually significantly
higher in energy than the thermal energies of the molecules, isomers have
to be considered as completely different molecules. However, due to their
mass being the same, ionic isomers are usually not possible to distinguish
with mass spectrometric detection methods often used in experiments and
on spacecrafts. Thus it is important to study the distinctive properties of
isomers, such as reactivity with other molecules and their spectra. To this
end, it is desirable to either be able to selectively produce one isomer in an
experiment, isolating it for reactivity or kinetics studies, or determine the
relative abundance between isomers in known reactions. An early example
of the latter includes the observation of the relative abundance of HCO+

and HOC+ based on an emission line of the molecular cloud Sagittarius B2
[17] which also shows that these relative abundances can be significant.

On Titan, a mass signal at m/z 29 has been detected. It is mainly
believed to be due to the presence of C2H5

+ and, to a lesser extent, N2H+,
but a significant part of it could be due to the methanimine cation H2CNH+

or its isomer aminomethylene, HCNH2
+, Figure 2, for which models predict

a density of 1.1 · 10−2 cm−3 [8]. In addition, a possible precursor for the
mentioned isomers, CH2NH2

+ was also detected [18]. The relatively small
abundance would be readily explained by their radical character and in
consequence, their reactivity which also sparks the interest in the isomers
as potential important intermediate compounds in the formation pathways
of complex molecules in the atmosphere of Titan, possibly also including
formation of amino acids [19]. The spectral characterisation of them is
needed for their detection in other astrochemical environments, and with
a selective generation process kinetics studies of the different isomers are
enabled.
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Figure 2: Structural formulas for the methanimine cation (left) and its isomer
aminomethylene (right). Notice the distonic nature of aminomethylene with its
radical site and charge located on different atoms as compared to methanimine.

The two isomers are both radical cations, but whereas H2CNH+ has
its charge and radical site at the nitrogen, HCNH2

+ is distonic meaning
its charge and radical site is placed on different atoms, the former at the
nitrogen and the latter at the carbon. Thus it can be expected that they
will behave differently in reactions with neutrals and, since an isomerization
barrier unlikely to be surpassed in cold environments separates them [20],
interconversion between isomers is estimated to be limited in the interstellar
medium and planetary atmospheres.
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2 Experimental methods

2.1 Reactivity measurements at SOLEIL synchrotron

Experimental measurements of the reactivity of H2CNH+ and HCNH2
+

with hydrocarbons C2H4, CH4 and C2H2 were carried out at the DE-
SIRS (Dichröısme Et Spectroscopie par Interaction avec le Rayonnement
Synchrotron) beamline [21] located at the SOLEIL (Source optimisée de
lumière d’énergie intermédiaire du LURE (Laboratoire pour l’utilisation du
rayonnement électromagnétique)) synchrotron in France with the CERISES
(Collisions Et Réactions d’Ions Sélectionnés par des Electrons de Seuil) ap-
paratus [22]. A guided ion tandem beam mass spectrometer, CERISES con-
sists of a ion source, a reaction cell surrounded by a reaction chamber and a
mass filtered dynode electron multiplier detector. In the ion source, kept at
a pressure of 10−6 mbar, photoionization occurs by the vacuum ultraviolet
(VUV) radiation provided by DESIRS, irradiating suitable precursor gases
using photons typically in the energy range of about 9.5-14 eV with a reso-
lution of 20-40 meV. The energy range is chosen to limit the internal energy
of the produced ions to reproduce them in conditions in which they ap-
pear in the chemical environments in space. While the ionization procedure
might not be representative for the chemistry on Titan, where ionization by
photons is limited, the final ionization product should be. The application
of VUV radiation has proven fruitful in earlier attempts for selective pro-
duction of isomers [23]. Precursor gases should be carefully chosen in order
to limit generation of undesirable fragmentations which would contaminate
the experiment while simultaneously optimize the generation of the ions
under investigation. The generated ions are then mass filtered through a
octopole-quadrople pair and led to a reaction cell where the neutral reac-
tant is introduced. The reaction cell is 4 cm long and is held at a pressure of
about 2.6 · 10−7 bar. Again, the pressure is chosen in a way that guarantees
that the parent signal is optimized while keeping unwanted collisions and
secondary reactions to a minimum. The resulting products of the reactions
are again mass filtered through a quadrupole-octopole pair and measured
at the detector. The quadrupole-octopole pairs which filters ions from the
ion source and from the reaction cells according to their masses must be
optimized as to maximise the flux of the product mass channel in question
and limit the flux of those adjacent to this, considered as contaminations. It
is estimated that 0.01% of the first mass filtering consists of contaminants
while the second filter lets through 0.1% of contaminants.

By comparing the ion yields of products and parents, and weighing
against experimental factors such as gas density, length of the reaction cell
and cell pressure, cross-sections and branching ratios can be obtained [24].
The cross-section is recorded dependent on either the photoionization en-
ergy or the collision energy, where for the latter the zero point is determined
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by the retarding potential method [25]. This involves recording the reactant
ion yield as a function of the applied voltage, the first derivative maximum
then corresponds to the zero point of the kinetic energy. Typically, energies
of 0.06-10 eV can be achieved (in the center of mass frame).

In all experiments carried out, cyclopropylamine was chosen as precursor
for HCNH2

+ and azetidine was used to generate H2CNH+ according to the
reactions

c-C3H5NH2 + hν → HCNH2
+ + C2H4, (9)

c-CH2CH2CH2NH + hν → H2CNH+ + C2H4. (10)

In addition, in the case of C2H2, neutral methanimine H2CNH was also
employed to obtain its radical cation H2CNH+ through photoionization.

Precursors are chosen, as described above, to maximize the output of
the desired reactant and simultaneously minimize the creation of other ions
(isomers in particular) which can interfere with the measurements of the
experiments. Possible contaminations stemming from the stated precursors
were thoroughly investigated in Paper II where the appearance energies of
various fragmentation products were obtained from the measured photoion-
ization curves, where the ion yield is given as function of the photon energy
of the photoionization. Referring to the paper for details, a brief summary
is presented here.

The experimental appearance energies of HCNH2
+ from cyclopropy-

lamine and H2CNH2
+ from azetidine were both found to be 10.2 eV. In the

case of HCNH2
+, this is slightly lower than earlier findings (11.00 eV, [26])

but H2CNH+ is in good agreement with [27] (10.32 eV). Computed values
also range somewhat higher, being 10.41 eV for HCNH2

+ and 10.35 eV for
H2CNH+. Possible contaminants in the generation of the isomers include
C2H5

+ at m/z 29, and HCNH+ and C2H4
+ at m/z 28 on account of the

13C isotope.
C2H5

+, appears at the same product channel as the target ions. How-
ever, depending on the formation pathway, it is of more relevance when
generating HCNH2

+ from cyclopropylamine and using higher photon ener-
gies. Potential contaminant reactions involving C2H5

+ includes: reacting
with CH4 to produce C3H7

+ at m/z 43, reacting with C2H4 to produce
C3H5

+ at m/z 41 and reacting with C2H2 to give C3H3
+ at m/z 39. How-

ever, in the case of CH4, no products at m/z 43 was detected, no matter
the precursor or level of photon energy. For C2H4 and C2H2, C2H5

+ must
be considered at higher photon energies.

Regarding the adjacent product channel m/z 28, appearance energy was
found to be 10.40 eV for cyclopropylamine and 10.22 eV for azetidine, which
is close to the appearance energy of the target ion product channel, m/z
29. In the case of cyclopropylamine, the m/z 28 signal is also stronger
in intensity than m/z 29, while with azetidine it is only so at low photon
energies, suggesting the contamination would be kept at a minimum when
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using the latter as a precursor. HCNH+ would appear at the same energies
as the target ions, but it is not known to readily react with any of the
target reactants [28]. Although there are theoretical reactions that could
occur, these are endothermic and would not interfere with any of the results
presented. Indeed, in the CH4 study when selecting m/z 28, no products
was observed, while in the cases of C2H4 and C2H2, these contaminations
would theoretically occur at channels m/z 29 and m/z 27 but only at higher
photon energies. The formation pathway of C2H4

+ involves higher energies
than the corresponding target ion HCNH2

+ when using cyclopropylamine
as precursor while for azetidine it would appear at the same energies as
H2CNH+. It could potentially react with C2H4 yielding C3H5

+ at m/z 41
or C4H7

+ at m/z 55 and with C2H2 yielding C3H3
+ at m/z 39 or C4H5

+

at m/z 53. This contaminations would only be relevant at higher photon
energies (for cyclopropylamine) or limited due to the intensity of m/z 28
being inferior to that of m/z 29 (for azetidine). Again, selection of m/z 28
in the CH4 study showed no products which also agrees with existing data
[28].

In the study of the reaction of [CH3N]+ isomers with acetylene, H2CNH+

was also generated via photoionization of neutral methanimine H2CNH to
limit contaminations present when using azetidine as a precursor, as dis-
cussed above. Indeed, for the only potential contaminant, HCNH+, the
appearance energy of channel m/z 28 is much larger, 11.02 eV, than for the
channel m/z 29 which was measured to be at 10.01 eV, both values being
in good agreement with earlier findings [29]. Thus, isobaric contaminations
should not be an issue here.

2.2 IRPD spectroscopy at FELIX Laboratory

Experimental measurements of the vibrational spectrum of [CH3N]+ iso-
mers were performed with the FELion apparatus located at FELIX (Free
Electron Laser for Infrared eXperiments) Laboratory in Nijmegen, the Nether-
lands. FELIX operates with a wide tunability in the mid and far infrared
regions, 100-2000 cm−1 with a high pulse power of 10 Hz and energy con-
tent of up to 50 mJ. Additionally, using a Laservision pulsed optical oscil-
lator/amplifier (OPO/OPA) system, wavelengths of 2800-3400 cm−1 can be
scanned, which is covering the range of the C-H and N-H stretching vibra-
tions. FELion consists of an ion source chamber, a quadrupole mass selector,
a 22 pole ion-trap, a second mass filter and finally a Daly detector [30]. The
apparatus and the noble gas tagging technique have been successfully used in
earlier attempts at spectroscopic characterisation and determining relative
abundances between isomers [31, 32].

The ion source is a radio frequency (RF) one [33] and is kept at a pres-
sure of around 10−5 mbar. Precursor gases are subjected to electron impact
ionization in the range of 11-70 eV to produce the desired ionic isomers for

14



investigation. The ions are then filtered according to mass by a push pull
type RF generator and led to the ion trap as ms pulses, allowing for sev-
eral thousands of ions in total to reach the trap while a pumping system
minimizes the leakage of precursor gases to the same. The ion trap is con-
structed in a 22-pole configuration and is kept at a temperature of a few
Kelvins. The ions are cooled down by a buffer gas consisting of the tagging
agent (Ne) in a mixture with helium and stored in the trap for several sec-
onds. As they form weakly bound complexes with the tagging agent, they
are subsequently irradiated by the FELIX laser at different frequencies and
become vibrationally excited in case the laser frequency is in resonance with
an IR-active normal mode of the ion. Predissociation of the ion-noble gas
cluster then can lead to dissociation of the ion cluster leading to a decrease
in the mass signal. The decrease of ions dependent on the laser frequency
yields a vibrational spectrum of the excited ion, assuming that the frequen-
cies of the normal mode are not changed fundamentally upon clustering.
The ion-noble gas complexes are mass-filtered when they exit the ion trap
and the yield as a function of the laser frequency at the detector is recorded.

The depletion due to predissociation of excited clusters is then given as

D = 1− Non(ν)

Noff
,

where Non is the number of detected ions at a laser frequency corresponding
to a vibrational transition and Noff is the number of detected ions at a off
resonance frequency. To account for variations in the laser pulse energy, P,
and the number of pulses, n, during the scan, the intensity I is calculated
as

I =
ln(Non(ν)/Noff )

n · P/hν
. (11)

Gaussian fits are then applied obtaining band positions, intensities, FWHM
and statistical errors.

For this experimental campaign, frequencies covering the region 250-1950
cm−1 were scanned with the FEL-2 at FELIX Laboratory. Cyclopropy-
lamine (C3H7N) was used as a precursor with electron impact ionization
energies of 33(2) eV. 10 Hz was used for lases pulses with energies of the
pulses reaching 2-34 mJ/pulse.

Experimental measurements to determine the ratio between isomers in
the sample was also performed. This was done by subjecting the ions in the
trap to increasingly longer storage, up to 56 laser pulses, and subsequently
growing irradiation, at a certain given frequency in order to completely
drain the sample of the isomer which has a vibrational normal mode with a
frequency equal to the one of the laser. A second measurement at a frequency
which does not correspond to any vibrational transitions is also made to
adjust for natural losses occurring in the trap. The relative depletion is
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then given as

D(E) = 1− Non(E)

Noff (E)
,

where Non is the ion yield at the corresponding vibronic frequency and Noff

is the ion yield with the laser frequency being off the vibronic frequency. For
an exponential decay, these can be written

Non(E) = Nae
−(Koff+Kon)E +Nne

−KoffE ,

Noff (E) = Ne−KoffE ,

which gives for the relative depletion

D(E) = A(1− e−KonE), (12)

where N = Na + Nn is the sum of active and non-active isomers at the
specific frequency. This given then yields the fractional abundance A = Na

N .
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3 Theoretical methods

The behaviour of electrons is described by their orbitals, how they move
about the nucleus, and the orbitals are described by the wave function, Ψ.
It is obtained by solving the Schrödinger equation:

HΨ = EΨ, (13)

here presented in its time independent form. From it, the Hamiltonian, H,
are solved for the energy, E and the wavefunction. In general, H will take on
a very complicated form containing kinetic and potential terms of nucleus
and electrons as well as their interactions. Thus in order to solve it, even
numerically, approximations needs to be done. A standard approximation
is the Born-Oppenheimer approximation, considering the nuclei, since they
are so much heavier than the electrons, to be stationary and neglect any
interactions that the electron has on them. The main challenge, and what
constitutes the main difference between the methods of quantum chemistry
calculations is then how to calculate the interactions between electrons. Be-
ing fermions and indistinguishable, any wave function describing them must
be antisymmetric. A basic approach is to consider them independent of
each other and approximate their individual interactions with an average,
the so called Hartree-Fock (HF) method. The method is a self-consistent
field method (SCF) meaning that a solution is found iteratively. When so-
lutions no longer differ between each other, i.e. changes in orbitals and/or
energy, the final solution has been obtained. By the variational principle,
the set of orbitals of lowest energy, expressed as a Slater determinant, gives
the solution to Eq. (13).

To enhance treatment of the electron correlations, a subset of compu-
tation techniques has been developed, these are known as post-HF theory.
Widely used in the quantum chemical computation field, appreciated for its
relative accuracy with tolerable calculation cost is the Møller-Plesset per-
turbation theory. Perturbation theory is frequently used in many areas of
physics where a known system, H0 is perturbed with H ′, multiplied by a
small parameter, λ, according to

H = H0 + λH ′, (14)

By insertion in Eq. (13), new solutions can be obtained. Perturbation
theory includes all perturbations up to a desired order, MPn, where n sig-
nifies the order of perturbation, MP2 arguably being the most common. A
method which considers only one kind of corrections to the electron corre-
lation (excitations) but to infinite order is the coupled-cluster singles and
doubles (CCSD). It is very accurate, but significantly higher in computation
cost, thus it is used on systems of limited size. In this thesis, it is only used
for calculating energies of already optimized molecular structures.
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Not all quantum chemistry calculation methods rely on HF theory. One
example includes density functional theory (DFT) which instead used elec-
tron densities to model the correlation effects. Such methods have not been
employed within the scope of this thesis and are thus not elaborated on
further here [34, 35].

3.1 Computational details

To calculate the potential energy surfaces of the reactivity of [CH3N]+ iso-
mers with hydrocarbons, GAUSSIAN [36, 37], was used. Optimizations and
frequency calculations (including zero energy points corrections) of reactants
and products, minima and transitions states were performed at MP2/6-
31G*, MP2/6-311++G** and MP2/cc-pVTZ level of theory, with addi-
tional single point energy calculations done at CCSD(T)/6-311++G** and
CCSD(T)/cc-pVTZ level of theory with the zero point energy corrections
taken from MP2/6-311++G** and MP2/cc-pVTZ level of theory, respec-
tively. For transition states, IRC calculations was performed at MP2/6-31G*
level of theory as to ensure that the correct minima was connected by the
invoked transition state. For barrierless transitions, redundant coordinates
were used to perform energy scans along the dissociation coordinate. This
could be accompanied by restrainments of certain angles or bonds in order
to avoid those scans leading to other structures. All energies were then
related to the sum of the ingoing reactants using the lower energy isomer,
i.e. the sum of HCNH2

+ and the neutral reactants. For the C2H2 calcu-
lations, only levels MP2/6-31G* and MP2/6-311++G** for optimizations
and CCSD(T)/6-311++G** for single point energies were used due to the
computational limitations and the higher complexity of the system. For
the potential energy surfaces calculations of the dissociative photoioniza-
tion yield of cyclopropylamine and azetidine, Spartan ’18, Wavefunctions
Inc, was used. Stable structures like minima used G3 level while transition
states used the wB97X-D/cc-pVTZ level of theory.

For the calculations of the vibrational spectra of [CH3N]+, computations
were performed at CCSD(T)/ANO0 and CCSD(T)/ANO1 level of theory
using the CFOUR program package and the frozen core approximation.
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4 Results and discussion

4.1 Reactivity experiments

Aminomethylene (HCNH2
+) has been calculated to be the more stable

isomer of the two, with methanimine (H2CNH+) being roughly 18 kJ mol−1

higher in energy and an isomerization barrier of 280 kJ mol−1 (relative
to the energy of methanimine) separating the isomers, which agrees well
with previous findings [20]. It must then be considered that isomerization
could occur in the ion source whenever high photon energies are used. The
experimental conditions in the reaction cell, however, should not lead to
isomerization.

4.1.1 Reactivity of [CH3N]+ with ethylene (Paper I)

For the reaction of aminomethylene and methanimine with ethylene there
are three product masses observed, m/z 30, m/z 42 and m/z 56, for both
isomers, with H2CNH+ showing an additional fourth product mass signal
at m/z 28. The product channels are summarized in Table 1 and experi-
mentally determined cross-sections as function photon energy and collision
energy are shown in Figure 3. Theoretically calculated formation pathways
are illustrated in Figure 4.

The reaction pathways generally start with formation of an adduct after
which further processes occur leading to the observed products. In the
case of HCNH2

+, the adduct A2, in which the carbon end of the ion is
attached to the neutral, acts as an intermediate for many of the reactions.
For the H2CNH+ isomer, the adduct B1, which is formed without a barrier
and involves the nitrogen atom of the ion attaching to the neutral, plays a
similar role. Alternatively, reactions can also proceed via the intermediate
B2 which is a rotamer of B1 formed from the latter by a mere rotation
around the central C-N bond. All the product pathways observed during
the experiment are calculated to be exothermic, with the sole exception of
the product from the additional fourth channel leading to m/z 28 from the
H2CNH+ isomer.
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Figure 3: Experimentally obtained cross-sections as function of photon energy (left)

and collision energy (right) for the reaction [CH3N]+ + C2H4. The vertical dashed
lines indicate the fixed photon and collision energy used for the respective colli-
sion and photon energy scans, with the exception of product channel m/z 42 for

HCNH2
+ where a photon energy of 12.48 eV was used. The solid gray line and

the red points in the collision energy scan are relevant for Langevin and total cross-
section estimates for which the reader is referred to Paper I for details.

The most prominent channel, m/z 56, consists of adduct formation fol-
lowed by a subsequent hydrogen ejection, i.e.

H2CNH+/HCNH2
+ + C2H4 → C3H6N+ + H. (15)

For the HCNH2
+ isomer, this formation pathway is particularly simple

since the hydrogen ejection can occur on the A2 intermediate resulting
in CH2CHCHNH2

+ (-112.8 kJ/mol). A similar pathway exists for the
H2CNH+ isomer, which proceeds after the rotation of B1 into B2 through
a hydrogen ejection from the central carbon atom to give CH2NHCHCH2

+

(-58.4 kJ/mol). Another formation pathway involves cyclisation of B1, in
which the two terminal carbons form a bond (yielding B3) and a hydrogen
atom is subsequently ejected resulting in c-CH2CH2CHNH+ (-51.3 kJ/mol).

The cross-section of channel m/z 56 is the largest one for all photon
energies as well as for low collision energies. As a function of photon energy,
it is relatively constant until it decreases at larger photon energies, while
for H2CNH+ it initially decreases to eventually flatten out, albeit still be-
ing the largest of all observed channels. For both isomers, the cross-section
decreases with increasing collision energy, indicating an exothermic and bar-
rierless pathway, the decrease being steeper in the case of H2CNH+. The
differences in cross-sections between isomers is in part due to the contami-
nation of C2H5

+. At higher photon energies, C2H5
+ production increases

and effectively limits the proportion of the target ions. But there is also a
difference in accessible pathways for the two isomers. The H2CNH+ shows
two pathways leading to a linear and a cyclic product, while reactions in-
volving HCNH2

+ only proceed via linear structures according to ab initio
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calculations. While the energy of the final cyclic product of H2CNH+ is
slightly above the linear product, the hydrogen ejection barrier of the path-
way, both being submerged relative to the energies of the reactants, is higher
in energy for the linear form.

In terms of energy, the m/z 56 channel products are the most exother-
mic products observed. Because of this, in combination with the simple
nature of their production pathways, involving only two transition states
and simple geometrical rearrangements, the dominance of the this channel
can be rationalized. The energy differences between these products can in
turn be rationalized by their structures. While the CH2CHCHNH2

+ has a
very stable C-C double bond and its formation yields a much larger energy
release than the others, the products of the reaction of the H2CNH+ leading
to the m/z 56 channel, c-CH2CH2CHNH+ and CH2NHCHCH2

+, involve
N-C bonds which give the molecule an open shell configuration.

The product channel m/z 30, corresponding to a hydrogen transfer from
the neutral to the ion,

H2CNH+/HCNH2
+ + C2H4 → H2CNH2

+ + C2H3, (16)

is the second most dominant channel for HCNH2
+ and its product energy

is calculated to lie 28 kJ/mol below the reactants. For both isomers it can
proceed either via direct hydrogen transfer or via indirect adduct-mediated
pathways. For HCNH2

+, the pathway via the adduct proceeds via the
above mentioned adduct A2 and is followed by hydrogen migration between
the two central carbon atoms (forming A3) and subsequent fragmentation.
For the H2CNH+ isomer, this pathway proceeds via B2, hydrogen shift
occurs from the central carbon atom to the nitrogen (leading to B5) and
then fragmentation. Notably, the barrier involving the hydrogen transfer is
substantially higher in this case compared to HCNH2

+, even being larger in
energy than the sum of the ingoing reactants. In the direct hydrogen transfer
formation pathway, initial clusters (A4 and B4) are formed in which hy-
drogen is later transferred from the neutral to the ion, via the post-reaction
complex A5. For H2CNH+, this pathway involves a transition state (B4-
A5) which is below the pre-reaction complex in energy, likely the effects of
the zero-point energy corrections.

The cross-section of product channel m/z 30 shows a similar behaviour
as channel m/z 56. In the photon energy scan, the cross-section is relatively
constant but much smaller for small photon energy values and the decrease
seen for larger photon energies again is attributed to C2H5

+ contamination.
In the collision energy scan, the decrease in cross-section with rising energy
is not as dramatic as was the case with m/z 56, primarily due to the access
of a non adduct-mediated formation pathway.

The most notable difference in product channels between isomers is the
m/z 28 channel which is similar in prominence as m/z 30 for H2CNH+
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Table 1: Summary of observed product channels for the reaction [CH3N]+ +
C2H4, with branching ratios and theoretically determined possible products
and calculated energies. All energies are relative to the sum of reactants
HCNH2

+ and C2H4.

Channel BRs Products Energy

HCNH2
+ H2CNH+ (kJ/mol)

28 0.05 0.24 ± 0.11

C2H5 + HCNH+ -21.7

H2CNH + C2H4
+ +53.0

30 0.43 ± 0.16 0.23 ± 0.10

C2H3 + H2CNH2
+ -28.0

42 0.010 ± 0.005 0.08 ± 0.03

CH3 + CH2CNH2
+ -51.2

CH3 + CH2NCH2
+ -49.2

56 0.51 ± 0.20 0.44 ± 0.18

H + CH2CHCHNH2
+ -112.8

H + c-CH2CH2CHNH+ -51.3

H + CH2NHCHCH2
+ -58.4

but extremely small in the case of HCNH2
+. Due to the latter, the cross-

section as function of either photon energy or collision energy is not shown
for HCNH2

+. The reaction leading to m/z 28 would be either

H2CNH+/HCNH2
+ + C2H4 → HCNH+ + C2H5, (17)

or a simple charge transfer to yield HCNH2/HCNH2 and C2H4
+. While

the sum of the energies of the products of the hydrogen transfer from the
ion to the neutral is calculated to be 21.7 kJ/mol below the reactants, the
charge transfer reaction is estimated to be endothermic (+53.0 kJ/mol).
For H2CNH+, the hydrogen transfer products are reached starting from
B1, a hydrogen transfer occurs between the two terminal carbon atoms,
leading to B6, after angular adjustment of the remaining hydrogen (forming
B7) the C-N bond is broken (leading to B8) and dissociation occurs. For
HCNH2

+, the reaction involves several intermediate steps. Starting from
A2, it proceeds via a first rotation of the central C-C bond (yielding A9),
then a hydrogen transfer between the nitrogen and the terminal carbon atom
(forming A10), a small angular adjustment of the remaining hydrogen on
the nitrogen (giving A11), and finally dissociation (to A12). The cross-
section as function of photon energy of m/z 28 is nearly identical as in
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the case of m/z 30 while for the collision energy scan it starts out similar
but increases towards a second peak with increasing energy indicating the
presence of the charge transfer reaction which requires more energy due to
its endothermic nature.

The final product channel is the one leading to m/z 42:

H2CNH+/HCNH2
+ + C2H4 → C2H4N+ + CH3. (18)

For HCNH2
+, these products are reached starting out from A2. The hy-

drogen located on the carbon atom adjacent to the N-atom is transferred
to the terminal carbon, leading to A6, following a rotation (to A7), the
methyl group is then fragmented off resulting in A8, eventually yielding
CH2CNH2

+ (-51.2 kJ/mol). The pathway is similar for H2CNH+, here
the process begins from B2 and hydrogen is transferred from the nitrogen
to the terminal carbon atom originally from the neutral, forming B9, after
rotation around the C-N bond (leading to B10) it yields CH2NCH2

+ (-
49.2 kJ/mol). The cross-sections, somewhat more prominent in the case of
H2CNH+, are inferior to those of m/z 30 and m/z 56, the reason believed
to be the complicated formation pathways consisting of several barriers and
rearrangements. As function of collision energy, the cross-sections has a
peak for low energies and decreases with increasing collision energy after
which it again increases towards a new, local, maximum. The cross-sections
are independent of the photon energies.

The most significant difference between isomers is the m/z 28 channel
being much more prominent for the H2CNH+ isomer. Also, the appearance
of separate products of channel m/z 56 is important, showing that prod-
ucts are dependent upon the structure of the reactant isomer. The chemical
differences between isomers points towards them being selectively produced
in the present experimental setup as well as isomerization before the reac-
tions not being an issue. Additionally, in all the observed product channels,
cross-sections as function of collision energy are decreasing with increasing
energy implying them to be barrierless. This is a requirement for the reac-
tions to be considered to occur in the harsh energy-scarce requirements like
cold interstellar medium and the planetary atmospheres.
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Figure 4: Reaction scheme of possible products of the reaction [CH3N]+ + C2H4
as determined by ab initio calculations. Minima are labelled as (A/B)x while
transition states connecting (A/B)x and (A/B)y are labelled as (A/B)x-y. All

energies are in kJ/mol and relative to the sum of reactants HCNH2
+ and C2H4.

4.1.2 Reactivity of [CH3N]+ with methane (Paper II)

Only one product channel, at m/z 30, was observed in this experiment,

HCNH2
+/H2CNH+ + CH4 → H2CNH2

+ + CH3. (19)

The reactions are both exothermic according to calculations, with an energy
-62.1 kJ/mol below the sum of the ingoing reactants (using HCNH2

+).
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Experimentally determined cross-sections as function of photon energy and
collision energy are shown in Figure 5 while the theoretically calculated
formation pathways are illustrated in Figure 6.

The formation pathways proceed via initially formed pre-reaction clus-
ters, A2 for HCNH2

+ and A1 for H2CNH+, driven by the dipole moment
of the reactant ions. However, as the radical nature of the ions initiates
the hydrogen transfer, HCNH2

+ is in need of a re-orientation (towards A3)
before hydrogen is transferred. The barrier of the hydrogen transfer for
this isomer (TS3) is also relatively larger than for the other isomer (TS1),
suggesting that the H2CNH+ reaction would be more efficient. The post
reaction cluster, A4, is the same for both isomers. From the collision en-
ergy scans of the cross-sections it is also seen that at low energies, where the
pre-reaction complexes are formed, the H2CNH+ isomer does have a larger
cross-section than HCNH2

+. Increasing the collision energy leads in both
cases to an initial decrease in the cross-section, as is expected from barri-
erless reactions, after which it again increases. A higher collision energy
favours a direct H stripping mechanism over the formation of complexes.
The increase of the cross-section with collision energy in the case of the
H2CNH+ isomer is not as steep as for HCNH2

+ due to a more efficient
pathway already available at low energies. The cross-sections as function
of the photon energy are somewhat constant over the entire range. The
above reasoning can further be supported by a comparison with hydrogen
transfer reactions involving other hydrocarbons. In experimentally obtained
cross-sections of [CH3N]+ isomers with unsaturated hydrocarbons, Figure
7, a steady decrease was observed with increasing energies, suggesting that
at low energies the reactions proceed in a barrierless manner via adduct for-
mations. Such formations are favoured for unsaturated hydrocarbons since
the electrons of the multiple bonds offer good attack sites to the ion.

Figure 5: Experimentally obtained cross-sections as function of photon energy (left)

and collision energy (right) for the reaction [CH3N]+ + CH4. The vertical dashed
lines indicate the fixed photon and collision energy used for the respective collision
and photon energy scans.
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Figure 6: Reaction scheme of possible products of the reaction [CH3N]+ + CH4
as determined by ab initio calculations. Minima are labelled as Ax while transition
states connecting minima are labelled as TSx. All energies are in kJ/mol and

relative to the sum of reactants HCNH2
+ and CH4.

Figure 7: Experimentally obtained cross-sections (of product channel m/z 30,

CH2NH2
+) as function of collision energy for the reaction [CH3N]+ with different

hydrocarbons.
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4.1.3 Reactivity of [CH3N]+ with acetylene (Paper III)

There are four different channels observed in this study: m/z 54, m/z 39,
m/z 28 and m/z 27, a summary is found in Table 2. Figures 8-9 shows
the cross sections as function of photon energy and collision energy, respec-
tively. Formation pathways based on ab initio calculations are illustrated
in Figure 10. Channels differ in prominence between isomers and, to some
extent in the case of H2CNH+, depend on which precursor (azetidine or
methanimine) was used for isomer production. All four channels are ob-
served for H2CNH+, independent of the employed precursor (azetidine or
methanimine) as seen in the photon energy scan. Collision energy scans,
however, were only performed for the two more prominent channels, m/z 39
and m/z 54 for the azetidine precursor.

The use of methanimine as a precursor eliminates the potential contam-
inations from C2H5

+ and 13CCH4
+ that are present with azetidine since

no co-fragments are created at m/z 29. However, observed cross-sections
could also depend on the choice of precursor. The excess energy of the pho-
toionization, in the case of azetidine, can increase the internal energy the
produced isomer, H2CNH+, or be carried away by the photofragment or the
electron. With methanimine, only the electron is formed as a by-product,
thus the internal energy of the isomer can be expected to be higher in this
case. Ultimately, no qualitative differences between use of precursors for
H2CNH+ synthesis was observed, see Figures 8-9. The large uncertain-
ties seen for small values of the photon energy is due to limited parent ion
abundance.

Figure 8: Experimentally obtained cross-sections as function of photon energy with
precursors cyclopropylamine and azetidine (left) and methanimine (right) for the

reaction [CH3N]+ + C2H2. The vertical dashed lines indicate the fixed photon
energy used for the respective collision energy scan.
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Figure 9: Experimentally obtained cross-sections as function of collision energy with
precursors cyclopropylamine and azetidine (left) and methanimine (right) for the

reaction [CH3N]+ + C2H2. The vertical dashed lines indicate the fixed collision
energy used for the respective photon energy scan. The solid gray lines and the
magenta points are relevant for Langevin and total cross-section estimates for which
the reader is referred to Paper III for details.

Reactions proceed via initially formed adducts from which further forma-
tion pathways are branching off. In the case of HCNH2

+, A2 is formed by
attachment of the carbon atom of the ion to acetylene and with H2CNH+,
B3 is formed by attachment of the nitrogen atom to one of the carbon atoms
of the acetylene molecule. Another important intermediate adduct, labelled
A4 which is accessed by a rotation of A2 (towards A3) followed by a hy-
drogen transfer from the nitrogen atom to the terminal carbon, is common
for both isomers and subsequently forms a passageway through which all
products are theoretically accessible for both isomers. From H2CNH+, it is
reached via cyclisation of B3 into B5 and then breaking of the C-N bond
yielding A4. The behaviour of the cross-sections as function of the collision
energy, i.e. initial decrease with increased energy, can be rationalized by
looking at the calculated initial complexes that these basic intermediates
are formed through. Generally, barrierless reactions are more efficient at
low energies, due to lower centrifugal barriers while increased collision en-
ergy also results in the initial van der Waals complexes being more difficult
to form. In some cases though, even higher collision energies open up new
different pathways.

The m/z 54 channel

H2CNH+/HCNH2
+ + C2H2 → C3H4N+ + H, (20)

has six possible products, for which formation pathways have been suggested
by ab initio calculations. It is the major channel for HCNH2

+ but only
second most dominant for H2CNH+. The lowest energy isomer of this
channel is protonated vinyl cyanide, CH2CHCNH+ (-107.5 kJ/mol). The
product is formed from A4 when a hydrogen is ejected from the carbon atom
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contributed by the reactant ion. Alternatively, for HCNH2
+, it can proceed

from A2 and transfer hydrogen from a central carbon atom to the terminal
carbon atom (forming A9) and then eject hydrogen from the nitrogen. This
pathway, however, is hindered by a potential barrier substantially higher
than that of the pathway through A4.

A cyclic product of channel m/z 54, is formed via cyclisation of A2.
The terminal and the central carbon atoms attach to each other, forming a
3-ring structure (A7) and the hydrogen of the carbon connecting the ring
with the nitrogen is ejected, yielding c-CHCHC(NH2)+ (-73.6 kJ/mol). En-
ergywise, this is the second most stable product observed in this experiment,
however, its formation pathway intermediates have energies lower than the
counterparts of protonated vinyl cyanide.

A third product, CHCCHNH2
+ (-65.3 kJ/mol), an aminic ion, is formed

from the rotation of A2 (towards A3) and hydrogen ejection from the cen-
tral carbon atom contributed by the acetylene molecule.

These three products, amongst which the protonated vinyl cyanide is
accessible for both isomers are the three energetically most stable ones ob-
served. In the photon energy scans, the cross-section of channel m/z 54
of H2CNH+ can be seen to initially decrease rather dramatically to later
flatten out and continue constantly while for HCNH2

+ it appears rather
constant throughout (the decrease at high energies being due to increas-
ing contamination of C2H5). While HCNH2

+ formation proceeds via open
linear structures, the decrease seen for H2CNH+ could be due to the cycli-
sation pathway if a too large internal energy would cause the ring structure
to open again, favouring open structures at these energies. The cross-section
as function of collision energy are for both isomers decreasing steadily with
increasing energy, reflective of the submerged pathways available to both
isomers. It is not possible to determine which of the above-mentioned iso-
mers is mainly produced at m/z 54, although, protonated vinyl cyanide is
the energetically most favoured product out of these, and its pathway is
also the only available one at low photon energies. It can then arguably be
said that at low photon energies, the product yield would be dominated by
CH2CHCNH+.

Several other products exist for m/z 54 but are not deemed as plausible
as the ones above. This includes CH2CCNH2

+ (-23.6 kJ/mol), which is
again formed from A2. After the direct hydrogen transfer from one of the
central to the terminal carbon (forming A9) seen in the alternative pathway
for protonated vinyl cyanide, it proceeds via several steps (A10-A12).

Other than the protonated vinyl cyanide mentioned above, there is a
product only formed from H2CNH+. Starting from B3, after a minor ad-
justment (B4), hydrogen migration occurs between the nitrogen and the
terminal carbon of the neutral reactant to give B9, then hydrogen ejection
from one of the terminal carbon atoms to yield protonated vinyl isonitrile,
CH2CHNCH+ (-65.2 kJ/mol). The barrier of hydrogen migration is very
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large, even surpassing the sum of the ingoing reactants, but the pathway can
not be ruled out at large photon energies. Surpassing the large hydrogen
migration barrier mentioned above, the reaction can also lead to another,
higher energy product of H2CNH+ as it was in the case for the other isomer
as well. In this case, a second hydrogen migration occurs, now between the
central carbon and the carbon atom stemming from the ion (forming B12).
This recently transferred hydrogen is then ejected to give CH2CNCH2

+

(-24.4 kJ/mol). Alternatively, a second hydrogen migration can occur be-
tween the central carbon and the terminal carbon coming from the neutral
(B11) after which the hydrogen is ejected to yield the same products. Again,
however, these pathways involve large barriers for both the migration and
ejection and are very unlikely to proceed.

Table 2: Summary of observed product channels for the reaction [CH3N]+ +
C2H2, with branching ratios and theoretically determined possible products
and calculated energies. All energies are relative to the sum of reactants
HCNH2

+ and C2H2.

Channel BRs Products Energy

HCNH2
+ H2CNH+ (kJ/mol)

27 n.d. 0.010 ± 0.003

H2CN + C2H3
+ +104.0

HCNH + C2H3
+ +145.1

28 0.22 ± 0.06 0.74 ± 0.15

C2H3 + HCNH+ -9.0
39 0.03 ± 0.01 0.005

NH2 + c-C3H3
+ 3.9

54 0.74 ± 0.16 0.25 ± 0.05

H + CH2CHCNH+ -107.5

H + c-CHCHC(NH2)+ -73.6

H + CHCCHNH2
+ -65.3

H + CH2CHNCH+ -65.2

H + CH2CCNH2
+ -23.6

H + CH2CNCH2
+ -24.4

The most dominant product channel for the H2CNH+ isomer is the m/z
28 corresponding to the hydrogen transfer

H2CNH+/HCNH2
+ + C2H2 → HCNH+ + C2H3. (21)

A pathway leading to this product starts from A4 and is thus accessible
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from both isomers. From A4, following a rotation (forming A5), the mid-
dle C-C bond is broken (towards A6) forming the products HCNH+ and
C2H3 (-9.0 kJ/mol). Alternatively, these products can be formed from B3
where hydrogen migration first occurs between two carbon atoms (to yield
B6). After rotation (leading to B7), the C-N bond is broken yielding the
same product (B8). There is also a pathway to B7 via hydrogen migra-
tion of B5 (to B10) and ring opening (and from B10 to B6, see Figure
10). These pathways, however, are unique for H2CNH+. The efficiency
of these reactions are independent of the internal energy of the reactants,
as seen from the constant cross-section as function of the photon energy.
This is true for both isomers. Notably, the channel m/z 28 is the dominant
one over the entire photon energy range when H2CNH+ is produced from
methanimine. Conversely, in the azetidine case it becomes the dominant
one at larger photon energies on account of it being constant as the yield
of m/z 54 is decreasing. In the collisional energy scans, the reaction cross-
sections of both isomers behave similarly. They first decrease to a global
minimum after which they increase again, indicating formation with only
submerged pathways at lower energies and opening of one or more pathways
with barriers at higher ones. The cross-section of the pathways for the reac-
tion involving H2CNH+, however, is significantly larger than the one of the
reaction of its isomer counterpart, in addition to being the most dominant
channel over the entire energy range. This could be because a more energeti-
cally favoured pathway is available for HCNH2

+ in the leading channel m/z
54 which might outcompete m/z 28. Note the large uncertainties seen for
larger collision energies with HCNH2

+, these are probably due to collisional
induced dissociation of the ion into HCNH+.

The remaining channels are more or less unique for each isomer, albeit
very minor. The one leading to m/z 27 was only observed for H2CNH+.
The reaction can be written as

H2CNH+ + C2H2 → CH2N + C2H3
+, (22)

with two possible products, and highly endothermic according to calcula-
tions. Notably it is only seen at higher values of either the photon energy
or collision energy as its cross-section increases with increasing energies, al-
though some of the increase must be considered to be contaminations. A
possible pathway for this channel is follows: After the hydrogen migration
between the terminal carbon atoms of B3 to B6 seen for m/z 28, the C-
N bond dissociates and products C2H3

+ and HCNH (+145.1 kJ/mol) are
generated. Another pathway originates from the intermediate B9 seen in
the protonated vinyl isonitrile pathway (m/z 54). Here, the C-N bond is
broken to yield C2H3 and H2CN (+104.0 kJ/mol).

The second minor channel, m/z 39, is more active for the HCNH2
+
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isomer, however it has been detected for both isomers,

H2CNH+/HCNH2
+ + C2H2 → c-C3H3

+ + NH2. (23)

The products can be reached from the 3-ring structure A7 formed from
A2, however, instead of hydrogen ejection giving the cyclic product of m/z
54, the amino group breaks free (to form A8) with a calculated energy of
3.9 kJ/mol above the reactants. Due to endothermicity of this product,
the cross-section appears very small. The cross-section does increase some-
what at larger photon energies for both the cyclopropylamine and azetidine
precursors but since the effect is not seen for the neutral methanimine pre-
cursor, it would indicate a contamination. Based on the discussion about
contamination issues, this would in the cyclopropylamine case be C2H5

+

reacting with C2H2 to yield C3H3
+. In the azetidine case, it is arguably

the isobaric 13CCH4
+ which is contaminating and resulting in the same

product (C3H3
+). In the collision energy scans, the existence of pathways

with barriers is manifesting itself as a second increase at larger energies. As
mentioned previously, since A4 is a common structure for both isomers there
is also a pathway to this product from H2CNH+. However, this pathway
is arguably more unlikely since it involves cyclisation of B2 and subsequent
opening of the ring as well as hydrogen migration and rotations before cy-
clisation. On the other hand, it should be noted that this pathway is not
endothermic when H2CNH+ is the reactant. The complicated pathway is
reflected in the smallness of the cross-section at all photon and collision
energies.
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Figure 10: Reaction scheme of possible products of the reaction [CH3N]+ + C2H2
as determined by ab initio calculations. Minima are labelled as (A/B)x while
transition states connecting (A/B)x and (A/B)y are labelled as (A/B)x-y. All

energies are in kJ/mol and relative to the sum of reactants HCNH2
+ and C2H2.

4.2 IRPD spectroscopy of [CH3N]+ (Paper IV)

Figure 11 shows the complete recorded IRPD spectrum based on mass filter-
ing at m/z 49 compared with the theoretical data. The peaks were assigned
according to correspondence with calculations, Table 3, as well as the deple-
tion analysis. The latter indicated a relative abundance of 70% in favour of
HCNH2

+ following electron impact ionization of cyclopropylamine. Since
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the isomerization barrier lies about 2.2 eV, significantly lower than electron
energies used for ionization, above the lower energy isomer, HCNH2

+, it
is probable that isomerization occurred in the ion source. The majority of
bands were assigned unambiguously, seven assignments for HCNH2

+ and
five assignments for H2CNH+.

The features at 1525 cm−1, 1161 cm−1, 836 cm−1 and 951 cm−1 are
all in excellent agreement with the calculated frequencies, assigned to the
H2CNH+ isomer vibrational modes ν5, ν6, ν7 and ν8, respectively. For
the same isomer, the double peak feature to the furthermost blue of the
spectrum consist of 1643 cm−1 (ν4) and 1684 cm−1 (2ν7). The latter of these
is in good agreement with the predicted 1687 cm−1 but also suggest that
the overtone is stronger in intensity than the corresponding fundamental
band. This could be due to overlapping occurring between bands. The ν4
assignment is also redshifted, appearing at 1643 cm−1 rather than predicted
1660 cm−1. Assignment ν9 on the other hand is blueshifted, appearing at
884 cm−1 rather than at predicted 865 cm−1.

For H2CNH+, the bands at 1340 cm−1, 1015 cm−1 and 595 cm−1 are
assigned to ν5, ν8 and ν9, respectively. The ν5 assignment is blueshifted
with respect to predicted position, 1316 cm−1. The ν8 assignment shows
excellent agreement with theory but has a high depletion value, even ex-
ceeding the expected for the more abundant isomer HCNH2

+. The most
plausible explanation would probably be some overlapping that occurs with
a combination mode of HCNH2

+. The feature at 1448 cm−1 has been as-
signed to combination band ν6 + ν7 and 798 cm−1 is assigned to overtone
2ν7. Both are redshifted as compared with predictions, 37 cm−1 and 33
cm−1, respectively. Depletion analysis on 798 cm−1 was not possible due
to the smallness of the peak. There are three predicted bands, ν4 at 1667
cm−1, ν6 at 919 cm−1 and ν7 at 459 cm−1 which were not observed. The
former two have very low calculated intensities and could be expected to be
too faint to be observable, additionally there are other features present at
these locations possibly concealing these already weak bands. The latter is
predicted at a low wavenumber region, possibly too low in order to dissoci-
ate the Neon complex. If it were blueshifted alot it could be the unassigned
band observed at 688 cm1. However, on account of the very low depletion
value for this band, it is more likely to be resulting from some contamina-
tion, possibly N2H+ which both matches the mass to charge ratio and does
have a vibrational mode at calculated 686 cm−1. The origin of the other
unassigned band at observed 707 cm−1 remains inconclusive.

The above assignments will increase the understanding of the [CH3N]+

isomers and aid in further studies of these species and other isomeric ions,
which could include radiofrequency spectroscopy possibly allowing detection
of the them in extraterrestrial environments. Based on the relative abun-
dance measurements, HCNH2

+ is favoured over H2CNH+, however, both
isomers must nevertheless be considered.
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Figure 11: Experimentally obtained IRPD spectrum of Ne-tagged [CH3N]+ iso-
mers with Gaussian fit (blue) (top) and compared with theoretical predictions at
CCSD(T)/ANO0 level of theory (bottom). Solid lines indicate fundamental bands

and dotted lines indicate overtone/combination bands. For H2CNH+, the pre-
dicted bands at 919 cm−1, 1485 cm−1 and 1667 cm−1 have too low calculated
intensities to be visible here.
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Table 3: Summary of experimentally IRPD obtained vibrational band posi-
tions of [CH3N]+ isomers with subsequent assignments and correspondence
with theoretical predictions calculated at CCSD(T)/ANO0 level of theory.
Errors are given in parenthesis, ”n.c.” indicates not covered and ”-” indicates
not observed.

Mode IRPD FWHM Depl. (%) Calc.[Int.]
(this work) cm−1 (±10%) cm−1 [km/mol]

HCNH2
+

ν1(a
′) N-H, sym stretch n.c. 3314 [245]

ν2(a
′) N-H, asym stretch n.c. 3209 [176]

ν3(a
′) C-H stretch n.c. 3074 [58]

ν4(a
′) C-N stretch 1643 (1) 24 63 1660 [84]

ν5(a
′) NH2 scissoring 1525 (1) 27 78 1517 [28]

ν6(a
′) NH2 rocking 1161 (2) 27 72 1156 [16]

ν7(a
′) HCN bending 836 (1) 20 73 839 [31]

ν8(a
′′) torsion 951 (2) 35 72 945 [57]

ν9(a
′′) NH2 wagging 884 (2) 28 65 865 [171]

2ν7(a
′) 1684 (1) 28 69 1687 [54]

H2CNH+

ν1(a
′) N-H stretch n.c. 3386 [397]

ν2(a
′) C-H, asym stretch n.c. 2949 [77]

ν3(a
′) C-H, sym stretch n.c. 2820 [92]

ν4(a
′) C-N stretch - 1667 [1]

ν5(a
′) CH2 scissoring 1340 (12) 67 25 1316 [50]

ν6(a
′) CH2 rocking - 919 [1]

ν7(a
′) HNC bending - 459 [120]

ν8(a
′′) CH2 wagging 1015 (3) 48 83 1025 [53]

ν9(a
′′) torsion 595 (7) 25 20 607 [124]

ν6 + ν7(a
′) 1448 (3) 24 31 1485 [1]

2ν7(a
′) 798 (2) 13 831 [10]

-unassigned-
688 (8) 120 4
707 (14) 40
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5 Conclusions

[CH3N]+ isomers, the methanimine cation and aminomethylene, have been
studied for their reactivity with hydrocarbons and vibrational transition
modes. It was possible to selectively produce the isomers using VUV disso-
ciative photoionization from precursors cyclopropylamine (HCNH2

+) and
azetidine (H2CNH+) in the experimental setup of CERISES at the DESIRS
beamline in SOLEIL, which manifested itself in the difference in product
channels observed. IRPD spectroscopy carried out at the FELion apparatus
at FELIX Laboratory did not show the same selectivity when using cyclo-
propylamine and electron ionization as generation method. There, it was
concluded that about 30% of the generated isomers were H2CNH+ and 70%
were HCNH2

+. This is consistent with their calculated energies, placing the
latter isomer 18 kJ mol−1 below the former in energy.

For the reactivity studies with hydrocarbons C2H4 and C2H2, it can be
concluded that the most favoured pathway goes through an adduct forma-
tion, followed by a hydrogen ejection. In the case of C2H4, this corresponds
to channel m/z 56 with products C3H6N+ and for C2H2 the channel m/z
54 with products C3H4N+. Experimental results shows that the cross-
section of these channels decreases with increasing collision energy, suggest-
ing a barrierless reaction, while ab initio calculations indeed also found these
channels to be the most exoergic ones. Although it can not be deduced from
the experimental data which product is preferred, calculations show that the
formation, or favoured formation, of different products is dependent on the
ingoing reactant isomer. In some cases, products are exclusively produced
by one specific isomer, particularly in the reactions of C2H4. The results
stress the importance of the isomers methanimine cation and aminomethy-
lene when considering potential intermediates of larger, nitrogen-bearing
ions in interstellar environments and planetary atmospheres.

Of particular interest is the formation of protonated vinyl cyanide seen
in the C2H2 study. For both isomers, it is the most exoergic product accord-
ing to calculations, however, for H2CNH+, it is the sole product of channel
m/z 54 which has a barrierless pathway. Additionally, since H2CNH+ also
has the competing channel leading to m/z 28, it is reasonable to assume
HCNH2

+ as somewhat more potent to act as an intermediate of heav-
ier, nitrogen containing, species in interstellar environments. Protonated
vinyl cyanide has been argued for previously to exist in both the interstellar
medium [38] and the atmosphere of Titan [8]. Its unprotonated form has
indeed been concluded to exist in the latter based on spectroscopic measure-
ments [39]. A potential product of reactions with protonated vinyl cyanide
is acrylonitrile [40, 41].

In the reactivity studies with CH4, only one channel, m/z 30, was de-
tected resulting in products CH2NH2

+ and CH3. The formation pathway
of the two isomers to the products reveal the difference between complex
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mediated formation and direct hydrogen transfer depending on the config-
uration of the reactants. Preferably, further studies on the reactivity of the
methanimine cation and aminomethylene with other hydrocarbons will be
conducted and further detection of new species in interstellar environments
will assist in the mapping of chemical environments in space.

The vibrational transitions of the [CH3N]+ isomers show overall good
agreement with computed predictions and will hopefully aid in the further
confirmation of the existence of these isomers in extraterrestrial regions.
Although HCNH2

+ production is generally favoured through electron ion-
ization, both isomers must be considered when probing relevant regions for
detection. IRPD spectroscopy on the far infrared region > 2800 cm−1 to in-
clude C-H and N-H vibrations could possibly further confirm the above find-
ings, as could spectroscopy of deuterated species or rotational spectroscopy.

This thesis has shown that it is possible to distinguish between isomers
of ions, either by examining the reactions in which they take place or their
vibrational spectra. Thus, it is also of importance that future studies of
interstellar environments take the role of isomers into consideration.
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Sammanfattning

Studier av molekyler och deras joner i interstellära miljöer har p̊ag̊att i
ungefär 100 år. P̊a senare tid har det blivit alltmer intressant att undersöka
isomerer, molekyler med samma uppsättning atomer men med olika konfig-
urationer, d̊a de tros ligga till grund för bildningen av m̊anga större, kom-
plexa, molekyler. Eftersom m̊anga regioner i rymden är väldigt kalla finns
det ofta inte tillräckligt med energi för att isomerisering ska ske vilket gör
att isomerer i dessa miljöer beter sig som separata molekyler. Därav kan
det undersökas hur de reagerar olika i reaktioner med andra ämnen för att
se om de potentiellt kan ha ing̊att som reaktanter när n̊agra av de molekyler
som har detekterats bildades.

Den här licentiatuppsatsen presenterar experimentell data p̊a hur tv̊a iso-
merer, H2CNH+ och HCNH2

+ reagerar med olika kolväten, C2H4, C2H2
och CH4. Experimentet har utförts vid SOLEIL synkrotronen i Paris. Iso-
mererna har även undersökt spektroskopiskt för deras vibrationsöverg̊angar
vid FELIX laboratorium i Nijmegen. Teoretiska beräkningar har utförts för
att förklara hur de observerade produkterna har bildats och för att bist̊a med
tilldelningen av observerade spektrumtoppar till vibrationella överg̊angar.

För reaktivietsstudierna var det möjligt att selektivt producera endera
isomer med hjälp av vakuum ultraviolet fotonjonisering. Det visade sig ocks̊a
att isomererna främst reagerar med kolvätena C2H4 och C2H2 genom ad-
duktbildning där molekylerna sl̊ar sig samman varp̊a ett väteatom skjuts
ut och bildar produkterna C3H6N+ respektive C3H4N+. Hur formen p̊a
dessa produkter ser ut bestäms av vilken isomer som reagerar. Tvärsnittet
p̊a dessa reaktioner minskar d̊a energin med vilken molekylerna kolliderar
ökar vilket antyder att reaktionen sker med en fr̊angivande av energi vilket
är fördelaktigt i interstellära miljör. För reaktionen med CH4 producerade
b̊ada isomererna CH2NH2

+ och CH3 men bildningsvägen skiljde sig åt p̊a
grund av hur laddningen och elektronerna är fördelade olikt p̊a de b̊ada iso-
mererna. En viktig produkt som observades i C2H2 studien var protonerad
vinylcyanid vilkens existens i olika former har diskuterats mycket i olika rel-
evanta miljöer. För spektroskopistudierna användes elektronjonisering och
där noterades att isomeren HCNH2

+ fördelaktigt generades med ungefär
70%, vilket är rimligt eftersom den är energiskt lägre än H2CNH+ med 18
kJ mol−1. De olika topparna i spektrumet kunde med god överensstämmelse
med teori tilldelas vibrationsöverg̊angar.

Resultaten visar att isomererna verkligen skiljer sig åt i hur de reagerar
med andra ämnen och i deras vibrationer. Därför är det viktigt att fortsätta
överväga isomerers p̊averkan när man utröner den kemiska uppsättningen
av interstellära miljöer.
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