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Abstract

To provide insights on the molecular growth mechanisms leading to large
carbon and nitrogen-bearing species in Titan’s ionosphere, laboratory
measurements of ion-neutral reactions were conducted and the results
are presented in the following doctoral dissertation. The product ions
of the C

2

H
2

N+ reactions with saturated and unsaturated neutral hy-
drocarbons have been investigated using Guided Ion Beam Mass Spec-
trometer (GIB-MS). The data have been used to reveal the dependence
of product ion intensity on pressure and also with respect to collision
energy variations to derive useful insights on the nature of chemical
reactions leading to the observed species. Complementary theoretical
calculations have been also carried out to assist in the interpretation
of these measurements and to elucidate the chemical reaction schemes.
This study provides comprehensive understanding on the formation of
long chain and heavy carbon-nitrogen bearing ions through exothermic
and barrierless ion-neutral reactions which are likely to play a signifi-
cant role in the formation routes of heavy positive ions of interest, which
have been detected in Titan’s ionosphere by Cassini’s Ion Neutral Mass
Spectrometer (INMS).
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1. Introduction

Since the past few decades, through tremendous e�orts and
parallel advancements in observational, experimental and the-
oretical techniques, significant strides have been made in our
understanding of the chemical composition of the interstellar
medium (ISM) for which, prior to this era, even the notion of
the existence of large carbon-rich molecules was inconceiv-
able. The breakthrough in developments of observational
techniques combined with dedicated laboratory experiments
illuminated the complexity of the cosmic chemical inventory
enriched by ubiquitous neutral, ionic and radical molecules
[1]. Around 200 species have been identified to this date in
comets, satellite and planetary atmospheres, atmospheres of
exoplanets revolving around stars, the interstellar medium
and circumstellar envelopes [2–4], for which the formation
pathways of many have yet remained unresolved [5]. De-
tected molecular species are found to exist in remarkable
diversity in the interstellar medium and the majority of ob-
served species with six or more atoms are commonly defined
as complex organic molecules [6]. The life cycle of molecules
has been a matter of controversy in modern astrophysics
considering the transformation of simple atoms to complex
organics in various astronomical sources, ranging from dif-
fuse ISM and dark clouds in the ISM to planetary systems.
To understand the origin of organic compounds in molecular
clouds, their role in the formation of stars, planetary systems
and eventually in the emergence of life, has been a subject of
considerable interest over the years [7]. A crucial step that
could assist in the quest to understand the origin of life on
Earth is to explore and investigate the existence of complex
organic molecules, that are present in other planetary envi-
ronments and the ISM, which may serve as precursors to bio-
logically important molecules [7]. These species can seed the
protoplanetary disks around stars in which the composition
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may exert a profound and direct influence on the chemical
and biological evolution on the planets that are formed in the
process [8]. Molecular species can serve as diagnostic tools
and useful probes for the physical conditions such as the tem-
perature of the ambient gas, and also exert an unequivocal
influence on the evolution of di�erent astronomical objects
and the build-up of the molecular complexity throughout the
universe [6; 9].
Dark clouds with low temperatures ≥ 10 K are of special in-
terest as they harbour a rich chemistry and are regarded as
the factories of complex species. In many cases complex re-
action networks account for the chemical variety observed in
the cold regions. Influential gas phase reactions operative at
low temperature environments must have no energy barrier
and be devoid of any activation energies along the path from
the reactants to the products on the potential energy sur-
face; such criteria are often fulfilled by ion-neutral reactions
[10]. As a consequence of the relatively high density in these
molecular clouds, UV radiation cannot permeate into these
regions and is absorbed in the outer layers, preventing photo-
destruction; instead cosmic rays are known to play a key role
in the chemistry through ionization of the neutral species.
In such environments, molecules can form and are preserved
which results in a rise of their abundance during the lifetime
of the clouds. It is worth mentioning that the environmental
conditions in dark molecular clouds also enable the produc-
tion of more exotic compounds, e.g. molecular ions, negative
ions, radical and subvalent (carbon) species, which do not
form under terrestrial conditions. These molecular clouds
are also found to contain dust grains which are porous with
sizes in the nano and micro range, presumably containing sil-
icon cores and may be coated with water ice, carbon monox-
ide, carbon dioxide, ammonia, methane, methanol, hydrogen
cyanide and in some cases formaldehyde. The relatively high
density along with the low temperature prevalent in dark
clouds causes the gas phase molecules to accrete onto the
grain’s surface and upon increase of the temperature during
star formation, desorption occurs and complex species are
released into the ambient gas [9]. In a recent attempt by
Potapov et al. (2016) to detect the CO ≠ H

2

O cluster [3],
the authors managed to obtain a tentative spectral line sur-
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vey which allowed for serendipitous detection of complex or-
ganic molecules (COMs)i e.g. CH

3

CN , CH
3

OH, CH
3

CCH
as well as their deuterated isotoplogues in the nearest star
forming region Taurus molecular cloud (TMC-1C) where also
cyanodecapentayne HC

11

N , the largest linear molecule that
has so far been detected [11].
Processes in which biochemically relevant species are formed
from certain chemical elements and molecules, under the pre-
sumed conditions of the prebiotic Earth, can be regarded as
chemical evolution. It is found that the cyano compounds
play a crucial role as potential precursors of amino acids as
building blocks of life on the early Earth. Amino acids and
other compounds like simple carbohydrates, which later have
undergone polymerization reactions resulting in a variety of
macromolecules, are of particular interest in order to obtain
insights in the emergence of terrestrial, and possibly even
extraterrestrial life [9; 12].
Based on the current state of knowledge on the premise of
"life as we know it", life only occurs under special circum-
stances. In order to fully understand the origin of terrestrial
prebiotic chemistry which can be helpful in the quest to ex-
plore the existence of extraterrestrial life, several preliminary
conditions are likely to be of relevance e.g. the presence of
organic material, existence of liquid water and supply from
an energy source and thus planetary targets, which in partic-
ular fulfill these requirements, are of astrobiological interest
[13].

1.1 Titan

During the past decades Titan, the second largest satellite
in the solar system, has become a target planetary body
of tremendous interest and intensive studies. The Voyager
and Cassini-Huygens missions unraveled many of the mys-
teries associated with Titan, which is serving as an atmo-
spheric chemical reactor with an active organic chemistry,
and research into the reactions occurring in its atmosphere

i Complex organic molecules (COMs) are here defined to include 6 or more
atoms [6].
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can be helpful in providing insights on the chemical pro-
cesses on the primitive Earth. Titan has distinct character-
istics that makes it distinguishable amongst other planetary
bodies in our solar system in fundamental respects. The
Cassini-Huygens mission confirmed the existence of a com-
plex methane cycle, similar to terrestrial hydrological cycles
in terms of clouds, rainfalls and lakes. So far, Titan is the
only planetary object, other than the Earth, with the pres-
ence of liquid bodies on its surface, which di�erentiates it
amongst planetary bodies in the solar system. Based on
data delivered through Cassini-radar observations, there is
strong evidentiary support for the presence of an internal
water ocean beneath its surface [13–15]. Moreover, the ni-
trogen (N

2

) dominated atmosphere with a considerable mole
fraction of methane (CH

4

), which has enabled the formation
of a wide variety of organics, appears to be of potential sig-
nificance to provide insights in relevance to terrestrial prebi-
otic chemistry [13]. The chemistry originating from N

2

and
CH

4

has clearly induced the formation of many organic com-
pounds e.g. hydrocarbons, nitriles and complex refractory
organics. Data delivered by experimental studies of Titan’s
aerosol composition, using the Aerosol Collector and Pyrol-
yser onboard the Huygens probe, has revealed that nitrogen
is clearly embedded inside these species, in contrast to pre-
vious assumptions that aerosols have consisted solely of hy-
drocarbon compounds [16]. Timescale, density and temper-
ature of the upper atmosphere mainly govern the gas-phase
reactions and the organic chemistry in the satellite’s atmo-
sphere. As a consequence of low translational energies of the
molecular species, notably in the order of 1kJmol≠1 in the
atmosphere, even slightly endothermic reactions are unlikely
to occur, alternatively such criteria advocate for the sole oc-
currence of exothermic reactions with no entrance barrier.
Thus, this category of reactions is of particular interest in
the current study. Furthermore, it is worth noting that as a
result of the low density in an environment like Titan’s at-
mosphere, ternary reactions involving three-body collisions
are also unlikely to take place [17].
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1.2 Chemical composition of Titan’s atmosphere

Methane (CH
4

) was first detected in Titan’s atmosphere by
the observations of Kuiper in 1944 [18] which were followed
by further investigations in 1970s when the CH

4

-to-H
2

ratio
was established to be larger than the one encountered in the
atmospheres of giant planets. Following these observations,
studies by Gillet from 1973 to 1975 resulted in the detec-
tion of acetylene (C

2

H
2

), ethane (C
2

H
6

), monodeuterated
methane (CH

3

D) and ethylene (C
2

H
4

) [19; 20]. Earlier ob-
servations showed that organic compounds were present in
the haze layers of Titan’s atmosphere. The V oyager mis-
sions in the 1980s played a crucial role in increasing our un-
derstanding of the constituents of Titan’s atmosphere and es-
tablished molecular nitrogen (N

2

) as the most abundant and
CH

4

as the second abundant species. Moreover, it revealed a
complex chemistry consisting of a multitude of hydrocarbons
and nitriles e.g. hydrogen cyanide (HCN), cyanogen (C

2

N
2

)
and cyanoacetylene (HC

3

N) [21]. After the V oyager mis-
sions, various ground based observations by Bézard et al.
in 1993 [22] led to the detection of acetonitrile (CH

3

CN).
Furthermore in 1997, the infrared space observatory (ISO)
detected benzene (C

6

H
6

) in Titan’s atmosphere.

During the early studies of Titan’s atmosphere, the neutral-
neutral reactions were thought to mainly drive the chemistry
in Titan, which manifested in early models being focused
on reactions of hydrocarbons; assuming that the very few
positive ions have a low impact on the abundance of the
neutral species and overall chemistry of the satellite.

This was a commonly accepted approach and still prevailed
until Cassini entered orbit around Saturn on June 30, 2004
(PDT), followed by the first fly-by in October 2004. This
mission opened a new horizon and revolutionized our under-
standing of the extremely complex chemistry in Titan’s iono-
sphere. The data revealed the presence of heavy positive ions
with masses up to 99 Da detected by the ion and neutral mass
spectrometer (INMS) and ions up to 350 Da were observed
by Cassini plasma ion beam spectrometer (CAPS/IBS), fol-
lowed by the detection of negative ions with masses up to
4000 Da through the Cassini plasma electron spectrome-
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ter (CAPS/ELS). This significant discovery expanded our
knowledge on the versatile chemistry present in Titan’s at-
mosphere which is viewed as one of the most complex ones
in the solar system known to this date [21]. Since then it is
well established that N

2

and CH
4

are the main constituents
of the atmosphere and the onset of the complex chemistry
is likely to take place through ionization and/or dissociation
of these species through interactions with solar UV irradi-
ation, high energy saturnian magnetospheric electrons, and
to a lesser extent by cosmic radiation.

Reactions outgoing from the products of these primary pro-
cesses (e.g. N+

2

, CH+

3

, CH+

4

and etc.) can further lead to a
mixture of hydrocarbons and nitrogen bearing species which
have been identified by Cassini. The significance of the re-
leased data from Cassini triggered many research e�orts to
satisfy the need to elucidate the exact composition and struc-
ture of species responsible for the detected mass signals as
well as to identify their formation processes, intriguing ques-
tions that are still subjects of controversy to this date [21].

Special attention has been recently paid to formulating at-
mospheric models to account for the relevant chemical reac-
tions which prevail in Titan’s ionosphere and great e�orts
are made to improve the chemical models and to interpret
the results with a higher accuracy. Albeit the sustained ef-
forts by researchers, resulting in a considerable body of ex-
perimental and theoretical data currently available, there is
still an evident inadequacy corresponding to heavy carbon-
nitrogen bearing ionic species and their corresponding reac-
tion pathways. There is an explicit deficit of experimental
data associated with these species, hence modellers had to
make assumptions about the rate constants and the prod-
uct branching ratios of their formation and destruction re-
actions [21]. As a consequence of experimental di�culties in
characterizing the isomeric structures of the heavy species,
which directly have a profound influence on the reactivity of
the species, another restraining factor is that models do not
often di�erentiate between the isomers and their associated
reactivities. As a result, major obstacles exist in the predic-
tions by the atmospheric models, which do not conclusively
reflect the complex chemical network occurring in Titan’s
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atmosphere giving rise to the growth of heavy ionic species.
These models cannot solely unravel the versatile chemistry,
which entails the necessity of extensive laboratory measure-
ments to interpret the observations by Cassini. Nonetheless,
experimental studies of the reaction kinetics associated with
heavy ionic species are indeed very few and targeted stud-
ies are required to fulfil this need. Unavoidably, due to lack
of experimental measurements resulting in the exclusion of
chemical pathways associated with heavy ionic species, ma-
jor uncertainties lie in the picture portrayed by the present
models. In order to e�ciently address these shortcomings
and improve the precision and accuracy of the present mod-
els, comprehensive investigations through combined experi-
mental and theoretical approach are necessary [23]. Thus, it
is a pragmatic approach to conduct laboratory measurements
in order to provide insights on the chemical identity and the
formation and destruction pathways of the detected species
as aimed in the present study. The current investigation was
undertaken to reveal the complex transformations associated
with the reactions between a nitrogen bearing ion (C

2

H
2

N+)
with unsaturated (i.e. C

2

H
2

described in Paper I, C
2

H
4

in
Paper IV) and also saturated (i.e. CH

4

described in Paper II,
C

2

H
6

in Paper III) hydrocarbon molecule, which are among
the most common hydrocarbons in Titan’s atmosphere, us-
ing a guided ion beam mass spectrometer (GIB-MS). The
purpose of this study was to answer the intriguing question
of possible mechanisms for the molecular growth in this cold
environment and to establish if the title reactions play a key
role in formation of heavy species detected by INMS which
is the main focus of the following chapters.

1.3 Nitrogen chemistry in Titan’s atmosphere

Nitrogen chemistry plays a substantial role in Titan’s atmo-
sphere. As described earlier, it mainly stems from the disso-
ciation/ionization of molecular nitrogen through interaction
with solar UV radiation. To produce nitriles, in addition
to nitrogen, the presence of reactive hydrocarbons is also
necessary which may be supplied through the dissociation
of methane. The simplest nitrile, hydrogen cyanide (HCN),
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can be formed in a two step process through the reaction of
ground state atomic nitrogen and the methyl radical, a prod-
uct of methane photolysis, as denoted in Reaction (1.1):

N(4S)+ CH
3

æ H
2

CN +H

H
2

CN +H æ HCN +H
2

(1.1)

The photolysis of HCN yields the cyanide radical (CN .)
and atomic hydrogen and the former could undergo follow-
ing processes: a) destruction of hydrogen molecules and un-
saturated hydrocarbons and/or b) production of heavier ni-
triles through replacement of a hydrogen atom of a hydro-
carbon molecule by a CN functional group [21; 24]. Ni-
trile compounds e.g. HCN , HC

3

N and C
2

N
2

have been
detected by the Cassini spacecraft and are thought to be
produced through reaction schemes containing photochemi-
cal processes. Nitriles can be transported to lower altitudes
as a consequence of vertical mixing processes. Nevertheless,
it is noted that compounds with shorter life time (e.g. HC

3

N
and HCN) undergo photolysis and, hence, might not be de-
tectable at lower altitudes which results in a steeper verti-
cal concentration profile gradient [24]. In earlier investiga-
tions, the role of ionic nitriles was fairly underestimated and
thus, they were not included in the models of Titan’s atmo-
sphere which mainly focused on the hydrocarbon chemistry.
Nevertheless, extensive attempts in the post-Cassini era ac-
counted for this deficiency and therefore model predictions
were significantly improved [25]. It was speculated that ni-
trile cations are mainly protonated nitriles which are fairly
stable in Titan’s atmosphere as a consequence of the higher
proton a�nity of their parent neutrals compared to hydro-
carbons. Nevertheless, this does not apply to all cations
containing a cyano group. In particular, the new model pre-
dicted the presence of the HC

2

NH+ cation at m/z 40 (which
has a closed-shell configuration) which nicely corresponds
with the ion density at this mass measured by the INMS.
This ion is an abundant species and its density is predicted
to be 2.3 cm≠1 in the models of Titan’s atmosphere [26].
It has four isomeric structures of which the cyclic isomer is
found to be the most stable structure both experimentally
and theoretically and also is shown to be fairly non-reactive.
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The next stable ion is predicted to be CH
2

CN+ ion and our
theoretical calculations highlight its significance in order to
explain the observed product ions in the mass spectrum (fur-
ther details can be found in Paper I). In addition, it is noted
in passing that this ion is also included in models of dark
interstellar clouds and is speculated to be mainly destructed
through dissociative recombination processes [27].

1.4 Ion-neutral reactions

Ion-neutral reactions i involve an interaction between a charged
entity and a neutral species. This class of reactions tends to
be much faster compared to neutral-neutral reactions be-
cause its course involves an attractive potential due to in-
teraction forces between the ion and a polarizable neutral.
The attractive induced-potential is inversely proportional to
the fourth power of the distance ≥ R≠4. It is generally ac-
cepted that these reactions play a significant role in ion beam
attenuation amongst other processes e.g. elastic scattering
and space charge e�ects [29] which are often observed in the
low kinetic energy mass spectrometry (less than 10 eV). In
this section a few categories of ion-neutral reactions are de-
scribed:

1.4.1 Charge transfer

Charge transfer reactions involve a transfer of an electron be-
tween the reagent species. Particularly in the charge trans-
fer reactions associated with cations, an electron is trans-
ferred from the neutral species to the ion as shown in Reac-
tion (1.2):

AB+ +CD æ AB +CD+ (1.2)

i Also referred as ion-molecule reaction, but with inclusion of atomic neutrals
[28].
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1.4.2 Atom abstraction

This category of reactions involves an atom transfer either
from the neutral to the ionic entity as shown in Reaction (1.3) [29]:

AB+ +CD æ ABD+ +C (1.3)

or from the ionic species to the neutral reaction partner as
shown in Reaction (1.4):

AB+ +CD æ A+ +CDB (1.4)

1.4.3 Ionic abstraction

Ionic abstraction reactions often involve a displacement of an
ionic species from the reagent ion precursor to the neutral
counterpart as shown in Reaction (1.5)[29]:

AB+ +CD æ A+CDB+ (1.5)

Proton transfer reactions can be classified as the ionic ab-
straction reactions which usually involve H+ transfer from
the protonated form of the neutral with a lower proton a�n-
ity to the neutral with a higher proton a�nity e.g. Reac-
tion (1.6):

CH+

4

+CH
4

æ CH+

5

+CH
3

(1.6)

1.4.4 Collision-induced dissociation

Collision-induced dissociation reactions of ionic species occur
when the kinetic energy supplied by a collision with a neutral
partner is converted into the dissociation energy e.g. Reac-
tion (1.7). One of the characteristics of a collision-induced
dissociation of a singly charged ion is its endothermicity [29].

AB+ +CD æ A+ +B +CD (1.7)

All the above-mentioned processes have been observed in
guided beam experiments and could play a significant role
in the reactions investigated in the present work.
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1.5 Langevin theory

This section makes assertions based on the simplistic ap-
proach to probe the collision dynamics associated with a two-
body collision. Regardless of the direction of the approaching
particles, the collision can be treated as a one-body system
with a reduced mass µ located at the position vector r at an
angle „ with respect to the center of mass frame where b is
the distance of the closest approach, as portrayed in Fig. 1.1
[30; 31]:

Fig. 1.1 – Illustration of a one-body system with a reduced mass µ seen at the

position vector r with deflection angle „ from the center of mass frame

with x and y coordinates, credit to: [31].

where the relation between r and „ and the cartesian coor-
dinates is deduced as Equation (1.8):

x = rcos(„), y = rsin(„). (1.8)

The derivatives
dx

dt
,

dy

dt
can be expressed as the following

Equation (1.9):

dx

dt
=

dr

dt
cos(„)≠ rsin(„)

d„

dt
,

dy

dt
=

dr

dt
sin(„)+ rcos(„)

d„

dt
(1.9)

On the other hand, the kinetic energy is determined as the
following:
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ET =
1
2µv2

0

=
1
2µ

CA
dx

dt

B
2

+
A

dy

dt

B
2

D

(1.10)

Inserting the derivatives, based on (1.9) into (1.10), gives
below expression for the kinetic energy:

ET =
1
2µ

CA
dr

dt
cos(„)≠ rsin(„)

d„

dt

B
2

+
A

dr

dt
sin(„)+ rcos(„)

d„

dt

B
2

D

=
1
2µ

CA
dr

dt

B
2

+ r2

A
d„

dt

B
2

D

Furthermore, in order to theoretically investigate the colli-
sion dynamics between an ion and a neutral with no perma-
nent dipole, Langevin theory is applicable, aimed at describ-
ing the molecular interaction potential between the colliding
pair [32]. An ion of charge Zq induces a dipole in the neutral,
with polarizability –, located at distance r which is denoted
by µi and is proportional to its electric field shown in Equa-
tion (1.11) [30], where ‘

0

is the permittivity of the vacuum:

µi = –E =
–Zq

(4fi‘
0

)r2

. (1.11)

The force exerted on the neutral by the ion is determined as
the product of dipole and the derivative of the electric field
as illustrated in Equation (1.12):

F (r) = µi .
d

dr

A
Zq

(4fi‘
0

)r2

B

=
≠2–Z2q2

(4fi‘
0

)2r5

. (1.12)

The work required to bring two molecules primarily located
at an infinite distance Œ close to each other at distance r,
is saved in the system in terms of intermolecular potential
energy and can be expressed by Equation (1.13) [30; 33]:

V (r) = ≠
⁄ r

Œ
F (r)dr =

≠–Z2q2

2(4fi‘
0

)2r4

. (1.13)
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Moreover, an alternative expression for the induced long-
range attractive potential due to electrostatic interaction be-
tween an ion and a polarizable neutral is also shown in Equa-
tion (1.14):

Vinduction(r) = ≠
1
2–E2 = ≠

–Z2q2

2(4fi‘
0

)2r4

. (1.14)

For infinite distances this potential energy is zero and the
kinetic energy is given by Equation (1.15), nonetheless by
decreasing the distance r the potential energy starts to in-
crease and at separation r the total energy of the colliding
pair is determined as Equation (1.16):

ET =
1
2µv2

0

(1.15)

E =
1
2µ

CA
dr

dt

B
2

+ r2

A
d„

dt

B
2

D

+V (r) (1.16)

The final term of Equation (1.16) is the intermolecular poten-
tial energy due to ion-neutral interaction denoted in Equa-
tion (1.13) whilst the first term is the kinetic energy in the
radial direction and the second term is associated with the
rotational kinetic energy perpendicular to the radial direc-
tion due to the centrifugal force which prevents the particles
from getting too close to each other. Overcoming this force
can promote the course of the reaction and is known to be
a�ected by the relative kinetic energy when particles are too
far apart (ET ) as well as the impact parameter (b), defined
by how close particles can get with no active intermolecular
force, as noted in Equation (1.19).
Since the potential only depends on r, the motion occurs in
a plane and considering the conservation of angular momen-
tum, defined as the vector product of distance ◊ momentum
or moment of inertia ◊ angular velocity during the course of
the collision, the initial L at a large distance is equal to L at
separation r, yielding the following Equation (1.17):

L = bµv
0

= µr2

d„

dt
(1.17)
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In consideration of Equations (1.16) and (1.17), the total
energy can be written as Equation (1.18):

E =
1
2µv2

0

+
L2

2µr2

+V (r) (1.18)

The sum of two latter terms of Equation (1.16) can be thought
of as a potential, called as e�ective potential (Veff ) and using
Equations (1.15) and (1.17), it can be expressed as:

Veff (r) =
L2

2µr2

+ V (r) =
ET b2

r2

+ V (r) (1.19)

where the first term is the repulsive term (≥ r≠2) and the
second term attributes to the attractive potential associated
with the ion-neutral electrostatic interactions (≥ r≠4). The
e�ective potential is regarded as a potential in the radial
direction and its derivative can serve as the radial force.
The variation of the e�ective potential with r is dependant
on the impact parameter and the translational energy (radial
kinetic energy). In a special case, with b = b

0

determined by
Equation (1.23) and r = r

0

determined by Equation (1.22),
the radial velocity becomes zero and the trajectory goes into
a metastable orbit which is a circular path with radius r

0

as
shown in Fig. 1.2.

Fig. 1.2 – Illustration of critical impact parameter and critical radius with corre-

sponding trajectories, credit to: [31].

In order for the approaching ion with the critical impact pa-
rameter (b

0

) to undergo a metastable orbit with the critical
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radius (r
0

), displayed in Fig. 1.2, two simultaneous condi-
tions should be met. Firstly, the centrifugal force should
balance the ion-induced dipole force which only occurs when
the e�ective potential is maximum; meaning that the deriva-
tive of the e�ective potential is zero, as shown in Equation
(1.20):

A
dVeff

dr

B

r0

= 0 (1.20)

Secondly, at the metastable orbit the radial velocity is zero,
hence based on Equation (1.16), the e�ective potential is
equivalent to the total energy as shown in Equation (1.21):

E = Veff (r
0

) (1.21)

In consideration of these conditions, the critical radius (r
0

)
and critical impact parameter (b

0

) can be determined by
Equations (1.22) and (1.23), respectively (to obtain further
details the reader is encouraged to refer to [30]):

r
0

=
A

–Z2q2

(4fi‘
0

)2µv2

0

B
1/4

(1.22)

b
0

=
Ô

2r
0

(1.23)

As discussed earlier, the approach of the colliding partners,
at a given collision energy, is dependant on the impact pa-
rameter. In order for the reaction to occur the reactant
molecules need to get close to each other so that the chemi-
cal forces can become operative, e.g. for bond breakage and
chemical rearrangements to form new products. For sub-
stantial impact parameters, the centrifugal barrier prevents
the species from getting too close to each other and hence
hinders the course of the reaction. Nonetheless, small im-
pact parameters are envisaged to promote the course of the
reaction.
The e�ective size that molecules present to each other during
a collision in terms of their propensity in order to react is
characterized as the cross section. The collision cross section
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(‡
0

) can be determined by Equation (1.24). On the other
hand, the opacity function P(b) is defined as the fraction of
collisions, with impact parameter b, that result in a reaction
0 Æ P (b) Æ 1. It is worth noting that not all collisions in
the reaction region ultimately result in a reaction, hence the
reaction cross section is likely to be lower than the collision
cross section (‡Reac Æ ‡

0

, ‡Reac = P‡
0

).
The critical impact parameter a�ects the capture collision
such that, if b < b

0

then the probability for collision is P=1
and for b > b

0

capture collision does not occur, and hence
P=0.

‡
0

= fib2

0

=
2fiZq

v
0

(4fi‘
0

)
1–

µ

2
1/2

(1.24)

The Langevin rate constant (kL) can then be deduced using
Equation (1.25):

kL = ‡
0

v
0

=
2fiZq

4fi‘
0

1–

µ

2
1/2

(1.25)

1.5.1 Experimental rate constant and cross section

Cross sections are classified into macroscopic (experimen-
tal or phenomenological) or microscopic (theoretical) entities
which can result in di�erent values. This distinction can be
attributed to di�erent approaches of experimental and the-
oretical studies, e.g. to determine the energy of the ions. In
the lower energy (less than 10 eV) experiments, the overall
energy of the ions is treated as an average which can vary
in a range between zero to the one corresponding to the ap-
plied voltage. However, theoretically this average energy is
assumed to be constant due to the presumption of a ho-
mogenous ion beam and the assumption that each collision
is reactive whilst under the conditions in real laboratory ex-
periments this might not apply [29]. The experimental cross
section can be obtained by Equation (1.26) (described in
Sec. 2.1.3):

Ip/I
0

= ‡fll (1.26)
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where Ip is the intensity of secondary ions (products) and
I

0

is the intensity of primary ions both in s≠1cm≠3, ‡ is
the area or the cross section that the neutral exhibits to the
bombarding ion, fl is the neutral density in cm≠3 and the
distance that the primary ion travels through the neutral gas
is denoted by l. Furthermore, the experimental rate constant
(k) is deduced from Equation (1.27) [29; 33]:

k = ‡v (1.27)

The kinetic energy can be expressed as the product of the ion
charge (e), the field strength (E) and the traveled distance
(l), as illustrated in Equation (1.28) where M is the ionic
mass and v is the average relative velocity:

eEl =
1
2Mv2 (1.28)

The average relative velocity is then expressed by Equa-
tion (1.29):

v =
32eEl

M

4
1/2

(1.29)

In consideration of Equations. (1.27) and (1.29), the ex-
perimental rate constant is deduced by Equation (1.30):

k = ‡
32eEl

M

4
1/2

(1.30)

1.6 Exothermic and endothermic processes

Energy plays a substantial role in promoting chemical reac-
tions [33]. Based on their intrinsic characteristics, reactions
can be classified as endothermic and exothermic, which en-
tails the consumption of energy in the former case and en-
ergy release associated with the latter. During the course
of the reaction, the reactants undergo bond cleavage fol-
lowed by formation of new bonds leading to products, and
the enthalpy di�erence between the reactants and products
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is defined as the heat of reaction. Nevertheless, these trans-
formations might involve a potential energy barrier and for
the reaction to proceed, this energy barrier should be sur-
mounted. This activation energy can be supplied by the
relative kinetic energy of reagents i. Both in the case of pres-
ence or absence of an activation barrier, temperature plays
a key role in the chemical kinetics. The relation between
temperature, activation energy and rate of the reaction, for
reactions which require an activation energy, can be deduced
from Equation 1.31:

k = Ae≠Ea/RT (1.31)

where k is the reaction rate, T is the temperature, R is the
gas constant, Ea is the activation energy and pre-exponential
factor A is dependent on the characteristics of the reaction
(e.g. frequency factor and steric factor) and can be defined
as the maximum rate constant at very high temperatures, at
which the molecule has enough energy to overcome the ac-
tivation barrier and the term Ea/RT approaches zero. This
empirical expression was first introduced by Arrhenius de-
scribing the e�ect of temperature on the reaction rate. If
the temperature rises, the reactants gain more kinetic en-
ergy to overcome the potential energy barrier which results
in a higher reaction rate [34].
To gain a comprehensive understanding of the reaction dy-
namics, it is essential to know the dependence of the reaction
cross section on the collision energy. Below the minimum
threshold energy, reactive collisions do not occur which im-
plies that the reaction cross section is zero. It might be that
the reaction is thermodynamically allowed but, due to in-
su�cient energy, the activation barrier can not be overcome
which also leads to a non-reactive collision [33]. In endother-
mic processes and reactions which involve an energy thresh-
old, an increase in the collision energy above the threshold
energy results in a rise in the reaction cross section. On
the contrary, this trend is not observed in exothermic and

i If the reaction proceeds through one reactive collision, it is referred to as
bimolecular reaction and in the case of consecutive collisions it is denoted as a
multi-step reaction.
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barrierless processes in which the reaction cross section de-
creases with a rise in the collision energy [33]. It is mainly
observed that in exothermic and barrierless processes the
number of reactive collisions are higher at lower collision en-
ergy which can be attributed to higher e�ciency of inter-
molecular attractive forces at the low kinetic energies. The
exothermic and barrierless processes are crucial in the syn-
thesis of molecules in the interstellar medium. It is specu-
lated that because of very low temperature in this environ-
ment molecules do not obtain enough kinetic energy to over-
come activation barriers and therefore processes that involve
such thresholds are less likely to occur in cold regions like
the interstellar medium and planetary ionospheres [33; 34].
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2. Experimental Methods

2.1 Guided Ion Beam

This study examines the reactions of the cyanomethyl cation
with saturated and unsaturated hydrocarbons i.e. acetylene,
methane, ethane and ethylene i. Experimental studies were
carried out using guided ion beam mass spectrometer (GIB-
MS). The advent of this versatile instrument enabled mea-
surements over a wide energy range with high sensitivity and
also determination of the integral cross sections with high ac-
curacy [30]. Product ions with low kinetic energies (down to
0.04 eV) can be e�ciently collected, mass analyzed and de-
tected with this instrument. Partly, this accuracy is linked to
the octopole’s trapping potential field which focuses the ions
into the central beamline, regardless of their energies [35–
38]. The GIB-MS consists of two quadrupoles (Q1, Q2) and
two octopoles (O1, O2), connected in the O1, Q1, O2, Q2
sequence as illustrated in Fig. 2.1. The following discussion
covers the pertinent experimental procedures.

inert&gas& first&octopole&&
&&&(cooling)&

second&octopole&&
&&(reac2on&cell)&

O1& O2&Q1& Q2&

ion&source&

Fig. 2.1 – Schematic representation of guided ion beam mass spectrometer.

i To shed more light into the reactions, additional isotope-labelling experiments
were also performed. Experimental details can be found in Paper I, II, III and
IV.
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Initially, the C
2

H
2

N+ ions are produced via dissociation of
ClCH

2

CN+ as shown in Reaction 2.1:

ClCH
2

CN .+ æ Cl. +CH
2

CN+ (2.1)

The latter ions are formed by electron impact ionization
of ClCH

2

CN molecules which are introduced into the ion
source via a needle valve and collide with high energy elec-
trons emitted from a tungsten filament (i.e. 70 to 100 eV).
This is a very e�cient process, since the electron impact
(EI) mass spectrum of chloroacetonitrile shows a substan-
tial signal at m/z 40 which is interpreted as C

2

H
2

N+ [42].
Collisions with high energy electrons might also lead to un-
stable molecular ions with excess energy. Therefore, the first
octopole is devised as a cooling stage in which this excess
energy is eliminated through collisions with a third partner,
namely an inert gas such as argon or helium in order to
mainly produce stable ionic species. In the next stage, the
stable molecular ions are introduced into first quadrupole
in which the mass selection of the primary ions at m/z 40
is performed. Thereafter, the mass-selected ions are trans-
ferred into the second octopole located inside a chamber into
which the neutral reactant is introduced which reacts with
the reagent ions. Herein, the neutral pressure is varied in
the range of 10≠6 ≠ 10≠4 mbar, controlled by a spinning ro-
tor gauge (SRG MKS instruments, USA). Ultimately, the
beam enters the second quadrupole where the product ions
are collected, mass-analyzed and deflected to reach the de-
tector. A discrete-dynode electron multiplier (model SGE
14140) is employed as the detector, in which high energy in-
cident ions generate secondary emission electrons after strik-
ing the surface of the dynode. The yield of electrons is then
collected and converted into an electric signal.
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2.1.1 Multipole analyzers

The key advantage of employing multipoles in the GIB-MS
apparatus is to achieve a symmetric field trap potential along
with an e�cient focussing of the ion beam trajectory with-
out a�ecting the kinetic energy of the ions. The multipole
consists of symmetric parallel cylindrical rods equally spaced
from the central axis. A radio frequency (RF) voltage with
inverted polarity is applied to the non-adjacent rods (a pair
of four in the case of an octopole and a pair of two for a
quadrupole) to e�ciently focus the ion beam trajectory to
the central axis of the multipole [30; 43]. The e�ective po-
tential of a multipole is defined by Equation (2.2):

Ueff (r) =
C

n2q2V 2

0

4mÊ2r2

0

D3
r

r
0

4
2n≠2

(2.2)

where 2n is the number of poles, q is the charge, V
0

is the RF
amplitude, m is the ion mass, Ê is the angular frequency, r

0

is the inscribed radius and r is the radial distance of the ion
from the central axis of the multipole [36; 43]. This equa-
tion indicates that the e�ective trapping potential in the oc-
topole (n=4) is proportional to r6, whereas this dependance
in the quadrupole (n=2) is r2. Given that all other param-
eters are the same (at approximately |r/r

0

| ≥ 1), the maxi-
mum e�ective potential of an octopole is approximately four
times higher compared to a quadrupole as clearly shown in
Fig. 2.2 [37].

Fig. 2.2 – E�ective trapping potentials for octopole and quadrupole [37].
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2.1.2 Data analysis

Determination of the zero point of the ion energy (defined as
the relative kinetic energy at which the reaction starts) is a
di�cult task as the applied voltage to the octopole might not
correspond to the potential where product ions are formed.
Therefore, in the present study a method called retarding-
potential-curve is employed, in which the ion intensity is
measured as a function of the applied voltage in a wide en-
ergy range which includes the zero point of ion energy. Con-
sequently, ions with su�cient kinetic energy are collected and
the ions with energies less than the applied voltage are cut.
The associated retarding potential curve is then di�erenti-
ated to yield the kinetic energy distribution profile for the
ions. This can be fitted to a Gaussian function and the zero
point of ion energy corresponds to the center of this curve.
The full width half maximum (FWHM) of the kinetic energy
distribution curve, determines the energy spread of the ion
beam which is approximately 0.8 to 1.5 eV in the center of
mass frame [35; 37; 38].
As noted above, to establish a distinct kinetic energy of the
reactants throughout the guided ion beam apparatus, a cer-
tain voltage is applied to the octopole. However, this kinetic
energy is in the laboratory frame and not entirely available to
induce a chemical transformation. Therefore, it is essential
to determine the amount of energy available to the reaction.
In order to do this, the kinetic energies in the laboratory are
converted to the center of mass frame using Equation (2.3):

ECM =
3

m

m+M

4
Elab (2.3)

where m is the mass of the neutral reagent and M is the ion
mass [35; 37].
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2.1.3 Reactive collisions

The number of reactive collisions between two molecules A
and B, is given by Equation (2.4) where ‡ is the cross section
of collisions between these two molecules and ‹AB is their
mean relative velocity. V is the collision volume and flx is
the number density, defined as the number of x molecules in
a unit volume. This is also directly correlated to Px known
as the partial pressure, as is shown in Equation (2.5) where
T is the temperature and kB is Boltzmann constant [30; 36].

NAB = ‡‹ABV flAflB (2.4)

flx = Px

kBT
(2.5)

The parameters can be modified depending on the configu-
ration of the experimental set-up. For instance in the beam-
gas arrangement, the cross section coupled with the length of
the reaction cell defines the collision volume and the number
density is denoted by the number of ions observed per unit
time which is attenuated as ion beam undergoes collisions
in the reaction cell. Equation (2.6) represents the relation
between the intensities of the ion beam before and after one
collision:

I
1

= I [1 ≠ exp (≠fl‡l)] = I
5
1 ≠ exp

3≠P‡l

kBT

46
(2.6)

in which I
1

is the intensity of ion beam after undergoing one
collision whilst I is the intensity before entering the reaction
cell. Also, fl is the number density of the neutral reactant
(can be obtained from Equation (2.5)), ‡ is the collision cross
section and l is the e�ective length of the reaction cell. It is
noted that, under certain circumstances so-called thin target
limits i (P‡l/kBT π 1), Equation (2.6) can be approximated
as denoted in Equation (2.7):

i with low probability of collision due to low pressure, small cross section or
short e�ective length.
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I
1

= I
3

P‡l

kBT

4
(2.7)

If a product ion is formed only via one collision, its rela-
tive product intensity follows a linear dependence on pres-
sure. In this case, the intensity of primary ions that have
not undergone a reactive collision (I

0

), can be expressed by
Equation (2.8):

I
0

= I exp (≠fl‡l) = I exp
3≠P‡l

kBT

4
(2.8)

It should be noted that I = I
0

+ I
1

[30; 38]. There is a
finite probability of more than one collision in the system
and if reactants undergo sequential collisions, the ion beam
intensity can be approximated using Equation (2.9) where
z represents the number of collisions whilst the cross sec-
tion value is presumed to be constant [30; 38]. In the case
of a secondary collision, the associated curve representing
the product relative intensity depends quadratically on the
pressure in the thin target limit.

Iz = I
0

5
1≠ exp

3≠P‡l

kBT

46z

(2.9)
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2.2 Theoretical ab initio quantum chemical

calculations

In order to gain an additional insight into the molecular
compounds which are examined in the laboratory, computa-
tional chemistry is used to reveal characteristics that are un-
likely to be established exclusively from experimental meth-
ods. Ab initio computations are based on theoretical princi-
ples without inclusion of any experimental data. In general,
quantum mechanics employs mathematical equations to de-
scribe the behaviour of the electron i which hence can be
applied in atoms and molecules. The molecular quantum me-
chanics aims at solving time-independent Schrödinger equa-
tion to yield electronic wave function and electronic energy.
Nevertheless, it has been solved exactly for only a one-electron
system i.e. H atom. Nevertheless, accurate ab initio calcu-
lations, to achieve the exact energy, are highly computa-
tionally expensive, in particular for large molecules and it
is particularly challenging to obtain chemically accurate en-
ergies which lie about 0.05 eV from the exact energies, and
hence a number of methods have been developed to yield
approximate solutions to the Schrödinger equation. To a
certain extent, the field of computational chemistry is built
around approximate solutions to the exact solution of any
chemical systems and their accuracies are dependant on the
models chosen for the wave function. In the following, some
of the computational techniques that are used to solve the
Schrödinger equation and the approximations that make the
computations viable are introduced [39; 40].

2.2.1 Electron correlation and correction methods

Hartree-Fock theory (HF) is one of the most common types of
ab initio computations for which the electron-electron repul-
sive interactions are treated as an average by integrating the
coulombic electron-electron repulsion term. Each electron is
assumed to move in the average electrostatic field imposed

i It is conventional to exclude the nuclear repulsive interactions and to include
them at the end of the calculation as a classical term.
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by n-1 electrons. It is needless to mention that through ap-
plying this method, the many-electron Schrödinger equation
can be simplified into many one-electron equations that each
one is solved and subsequently yields a single-electron wave
function, so-called "orbital" and its energy as the "orbital en-
ergy". In Hartree-Fock method, the calculations commence
with an initial guess for the orbital coe�cients by which cal-
culations yield a new set of coe�cients and orbital energy.
This new information is later used to generate new data and
this cycle continues iteratively until the orbital coe�cients
and energy values are found to be unchanged, and hence
calculation is converged. This iterative approach is referred
to as a self-consistent field procedure (SCF). A major defi-
ciency in Hartree-Fock calculations is neglecting the e�ect
of electron correlation meaning that the electron repulsion
is only treated as an average, without the explicit inclu-
sion of electron-electron interactions. Correlation plays an
important role in improving the precision of the calculated
energies, molecular geometries and hence achieving quanti-
tatively reliable data [39]. There are a number of correlated
calculations which begin with a Hartree-Fock computation
and correct for the electron correlation e.g. Møller-Plesset
perturbation theory (MPn, where n is the order of correc-
tion), Coupled Cluster theory (CC) and etc. The second-
order Møller-Plesset (MP2) is a size-consistent method and
is widely used to recover a major fraction of the correlation
energy neglected by the Hartree-Fock method. With a rela-
tively modest computational cost, it is established to be one
of the reliable methods in quantum chemistry which is ex-
tensively used to calculate potential energy surfaces [30; 41].
Alternatively, in Coupled Cluster (CC) method, the compu-
tations start from the Hartree-Fock molecular orbital method
and to account for the electron correlation, it involves cor-
rections in terms of including S- for single, D- for double, T-
for triple, and Q- for quadruple excitations. The CCSD(T)
chemical computations can indicate a high chemical accu-
racy, but it is to be noted that the computational cost is
very high for this method and hence it is commonly used
in relatively small systems and is not widely applied to very
large systems [30; 39; 40].
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2.2.2 Computational details

In order to develop a more detailed understanding of the
systems under study and aid in the interpretation of the
experimental results presented in Paper I, II, III and IV,
complementary ab initio quantum chemical calculations were
carried out applying the second order Møller-Plesset per-
turbation theory (MP2) with 6-31G(d) and 6-311++G(d,p)
basis sets for which the Gaussian 2009 software package
was used [44]. In a quest to construct the potential energy
diagrams and to map the reaction pathways, the most rel-
evant stationary points were located, optimized and their
harmonic vibrational frequencies were calculated to estab-
lish their identity as minima or transition states. To confirm
that the claimed minima are connected by the quoted transi-
tion states, intrinsic reaction coordinate (IRC) computations
were performed. To explore the dissociation pathways which
yield ionic and neutral products, scan computations were ex-
ecuted along the dissociation coordinates of the correspond-
ing minima. All quoted energies were corrected for zero-point
energies (ZPEs). Moreover, the reactivities of [C

2

H
2

N ]+ iso-
mers were investigated through the attacks of di�erent sites.
Additionally, to improve the accuracy of the energies (pa-
per IV), single point calculations were also performed using
Coupled Cluster single-double and perturbative triple exci-
tations, CCSD(T), on the optimized stationary points using
the GAUSSIAN 09 program package [44].
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3. Results and discussion

3.1 Reactivity of C2H2N+
with acetylene (Pa-

per I)

As noted earlier, the experiment was designed to examine the
reaction between the C

2

H
2

N+ cation and acetylene employ-
ing GIB-MS. The product ion mass spectrum pertinent to
this process is displayed in Fig. 3.1a. Moreover, to shed more
light into the production pathways and to unravel the com-
plex transformations leading to the observed products, deu-
terium labelling experiments i.e. C

2

H
2

N+/C
2

D
2

and C
2

D
2

N+/C
2

H
2

i,
were also conducted and resulted in the product mass spectra
shown in Fig. 3.1b and Fig. 3.1c. The following discussion
summarizes the results obtained through the experimental
studies. In addition, considerable e�orts were devoted to es-
tablish the possible structures of the products observed in
the mass spectra and their formation pathways through the-
oretical calculations.

Evidently, the apparent presence of m/z 28 and m/z 38 in
the background signal of the experiments in which C

2

H
2

N+

is employed as the parent ion, entails the formation of HCNH+

and C
2

N+ ions through metastable fragmentation processes
in the absence of neutral precursor. The study with C

2

D
2

N+

also supplies an additional support for this interpretation,
since the presence of the peak at m/z 28 is replaced by
m/z 30 which indicates the formation of DCND+, whilst
the background signal at m/z 38 remains which implies the
elimination of D

2

from the parent ion leading to C
2

N+.

i Herein, we remark that intensities are relative to the primary ion beam, thus
any quantitative analysis and any interpretation based on the intensity of the
signals in all studies are avoided.
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a) b) c)

Fig. 3.1 – a) MS spectrum of product ions from reaction C2H2N+/C2H2 at pres-

sure 1.31◊10

≠5
mbar measured at ECM ≥ 0.32 eV, b) C2H2N+/C2D2

at pressure ≥ 1.33 ◊ 10

≠5
mbar, ECM ≥ 0.57 eV, c) C2D2N+/C2H2

at pressure ≥ 1.4 ◊ 10

≠5
mbar ECM ≥ 0.55 eV. The background signal

is represented in red solid line. The signal intensity of the parent ions

(100%) is o�-scale (see Paper I).

3.1.1 C3H+
3 , HCCN+

The signal at m/z 39 is the most salient feature of the
C

2

H
2

N+/C
2

H
2

mass spectrum which provides significant
insights in our quest to locate an e�cient barrierless and
exothermic process leading to product ions at m/z 39. Clearly,
it can be seen from the collision energy dependence of the
ion signal that the reaction leading to this mass-to-charge
ratio in C

2

H
2

N+/C
2

H
2

exhibits no barrier and is more e�-
cient at lower collision energies (see Fig. 3.2b). Furthermore,
the relative product yields (Ip/I

0

) at m/z 39, as a function of
the neutral precursor density in the C

2

H
2

N+/C
2

H
2

reaction
show linearity at low densities and deviate slightly from it as
density increases, as shown in Fig. 3.2a. Hence, the occur-
rence of bimolecular encounters between C

2

H
2

N+ and C
2

H
2

leading to C
3

H+

3

is likely at low pressures and low collision
energies and can proceed e.g. via Reaction (3.1):

C
2

H
2

N+ +C
2

H
2

æ C
3

H+

3

+HNC (3.1)

The experimental results were complemented by the follow-
ing theoretical calculations, prior to assigning m/z 39 to
the C

3

H+

3

ion at low pressures and at low collision ener-
gies i. The formation of the ionic adduct M1 (-2.55 eV)

i The cyanomethyl (CH2CN+) isomer is anticipated as the ionic reagent pre-
cursor (see Paper I for more information about the other isomeric structures of
C2H2N+ ion). This ion does not exhibit an energy barrier upon impact from
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(a) (b)

Fig. 3.2 – a) Relative product yields (Ip/I0) at m/z 39 as a function of neutral

gas density measured at collision energy ECM ≥ 0.32 eV, b) Ip/I0 ratio

measured as a function of the collision energy in the energy range ECM ≥
0.3 ≠ 3.9 eV, at a neutral reagent pressure ≥ 1 ◊ 10

≠5
mbar for m/z 39

in the C2H2N+/C2H2 system (red dots), m/z 39 in C2H2N+/C2D2
(black dots) and m/z 39 in C2D2N+/C2H2 (blue dots). The error is

estimated to be 20% (see Paper I).

takes place through a barrierless process followed by a hy-
drogen displacement from the carbon atom towards the ni-
trogen via a transition state TS1 (-1.19 eV). This leads to
the global minimum M2 (-3.88 eV) which undergoes cleav-
age into the propargyl cation (l-C

3

H+

3

) and the hydrogen
isocyanide (HNC). This reaction scheme is illustrated in
Fig. 3.3 and also the potential energy diagram is depicted
in Fig. 3.4a (see Paper I for the global potential energy sur-
face). Thereby, theoretical calculations predict that the for-
mation of C

3

H+

3

is barrierless and exothermic by -0.86 eV,
which confirms the experimental results at low collision en-
ergy and at low pressure range shown earlier. On the other
hand, experimental literature values for the heats of forma-
tion (�f Ho

298K) [42; 45–48] associated with the reagents and
products yield �Hr= -1.13 ± 0.3 eV which is also in agree-
ment with our theoretical predictions. Nevertheless if we
look closely at Fig. 3.2b, a subtle rise is observed for m/z 39
(in C

2

H
2

N+/C
2

H
2

) at collision energies higher than ≥ 2 eV
which is a signature for opening of a new channel. Therefore,
one cannot explicitly assign C

3

H+

3

as the exclusive contrib-
utor at this mass-to-charge ratio. Thus, we have further
probed other possible alternatives, e.g. HCCN+, through
theoretical calculations. To elucidate the reaction pathway

its CH2 end on the neutral reagent .

46



9.9.Prod2.R9)

11.5a.Min3.R5a)

13.5a.Min4.R5a)

TS8'

M8'

TS9'

P2'

M1'

R1'

!

P1'

!'TS1'

M2'

!
'

!

TS2'

M3'

!'

!'
TS3'!'

M4'

!'

P3'
'

!'

TS4'

!'

P4'!

P5'M6'

!'

TS6 '' M7 ''

TS7 ''

!'

!

P6'

!'

!'

!'

M9'

!'

!'

P7'

M5'

TS5'

Fig. 3.3 – The reaction schemes of the CH2 attack of the CH2CN+
isomer on

C2H2 (Paper I).
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(a) (b)

Fig. 3.4 – a) Potential energy diagram for the process leading to C3H+
3 and b)

for HCCN .+
, both calculations were conducted at MP2/6-31G* level of

theory (Paper I).

associated with production of HCCN+, we explored the H
shifts towards the CH

2

end of the M1 adduct. The latter
undergoes a transformation via TS5 (-2.12 eV) leading to
M6 (-3.65 eV) which fragments into the cyanocarbene rad-
ical cation (HCCN .+) and the vinyl radical (C

2

H .
3

). The
schematics of this reaction is represented in Fig. 3.3 and the
potential energy diagram is portrayed in Fig. 3.4b. The pre-
dicted energetics associated with this process are in good
accordance with the experimental measurements of the rel-
ative product yields at high collision energies. Moreover,
a comparison with the literature values shows a nice corre-
spondence with our theoretical predictions (see Paper I for
further details). Hence, it is likely that HCCN .+ via the
endothermic Reaction (3.2) contributes to the signal at m/z
39 at high collision energies:

C
2

H
2

N+ +C
2

H
2

æ HCCN+ +C
2

H
3

(3.2)

The feasibility of the described processes for the production
of the product ion at m/z 39 can also be assessed by look-
ing at the collision energy dependences of their isotopomeric
analogs in the deuterium labelling experiments C

2

H
2

N+/C
2

D
2

and C
2

D
2

N+/C
2

H
2

. As noted above, the relative product
yields at m/z 39 in the hydrogenated study decay steeply
up to a certain collision energy (≥ 2 eV) and rise as the en-
ergy further increases. This is a signature for a mixture of
di�erent channels, interpreted as the production of C

3

H+

3
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at low collision energies and HCCN+ at higher collision
energies. Since the production of C

3

H+

3

is not possible in
the C

2

H
2

N+/C
2

D
2

experiment, the energy dependence of
m/z 39 indeed provides additional support for our interpre-
tation. It clearly shows a rise at higher energy values than
2 eV, almost identical to m/z 39 in the hydrogenated exper-
iment which is evidently an indication of the production of
HCCN+ ion (see Fig. 3.2b). Furthermore, comparison with
the collision energy behaviour of m/z 39 in the C

2

D
2

N+ ex-
periment also shows a similarity at high collision energies, in
line with HCCN+ production. Conversely, at low collision
energies, the latter shows an slightly steeper decay than in
the hydrogenated study. Since C

3

H+

3

can only be formed
through secondary processes in the C

2

D
2

N+/C
2

H
2

experi-
ment, i.e. through Reaction (3.3) of CDH+

2

and C
2

H
2

[49],
the presence of secondary processes at low collision energies,
is conceivable (see Paper I for further details). It is worth
noting that the ion signal at m/z 39 is also detected by
the INMS and current models have predicted densities of 34
cm≠1 for c-C

3

H+

3

, 1.8 cm≠1 for l-C
3

H+

3

together with 3.1
cm≠1 for HCCN+ in Titan’s atmosphere [26].

CH+

3

+C
2

H
2

æ C
3

H+

3

+H
2

(3.3)

3.1.2 HCCCHCN+
+ H2

The product ion mass spectrum, arising from the experi-
ment using the light isotopomers, points to a substantial
signal at m/z 64 (see Fig. 3.1a). In order to elucidate its
origin based on the experimental data, its relative product
yields were probed as a function of the relative kinetic en-
ergy and the density of the neutral reaction partner. The
analysis of the data presented in Fig. 3.5 exhibits a steep
decay of Ip/I

0

as a function of the collision energy which
indeed reveals significant insights on the thermochemistry
of the corresponding process. The observed dependence is
highly compatible with the characteristics of an exothermic
and barrierless reaction. On the other hand, the Ip/I

0

mea-
sured as a function of the neutral precursor density follows a
linear dependence in the low density range but deviates from
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the linearity at higher values as a consequence of secondary
reactions (see Fig. 3.6b). Since we tentatively attributed the
ion signal at m/z 64 to the [C

4

H
2

N ]+ ion family, possible
reaction sequences were examined through ab initio calcula-
tions in order to propose conceivable isomeric configurations
for the corresponding ions and results are briefly summa-
rized in the following (see Paper I for further details). The
local minimum M6 (-3.65 eV) rearranges into M7 (-2.74 eV)
through an H shift towards the CH

2

end via the transition
structure TS6 (-2.19 eV) accompanied by the elimination
of a hydrogen molecule through the transition state TS7 (-
0.60 eV). Thus, calculations predict the production of the
HCCCHCN+ isomer via Reaction (3.4). The full schemat-
ics of this reaction is depicted in Fig. 3.3 and the potential
energy diagram is presented in Fig. 3.7a (see Paper I for fur-
ther details). Ab initio results indicate that this process is
exothermic and barrierless which is compatible with the ex-
perimental results noted above. Hence, it becomes evident
that this ion-neutral reaction can be invoked as a pathway
to form a more complex ion, even in low temperature envi-
ronments, e.g. in Titan’s atmosphere. This intriguing result
could shed more light into production pathways of complex
carbon-nitrogen bearing ions in cold environments through
chain elongation processes by ion-neutral reactions.

C
2

H
2

N+ +C
2

H
2

æ HCCCHCN+ +H
2

(3.4)

3.1.3 CH+
3 + HC3N

The presence of a product ion signal at m/z 15 in the exper-
iment associated with the light hydrogen isotopomer of the
reactive ion, corresponds to the methyl cation (CH+

3

) which
involves an expulsion of HC

3

N as the neutral partner from
an adduct. The analysis of the the collision energy depen-
dence is compatible with a process which does not involve
a reaction barrier as clearly seen in Fig. 3.5. On the other
hand, the ratio of Ip/I

0

of this product ion measured as a
function of the acetylene density is portrayed in Fig. 3.6a.
This fully linear dependence which rises steeply in the entire
density range is an important indication that the methyl
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Fig. 3.5 – Relative product yields (Ip/I0) measured as a function of the collision

energy in the energy range ECM 0.3-4 eV, for the C2H2N+/C2H2 re-

action at a neutral reagent pressure ≥ 1 ◊ 10

≠5
mbar for m/z 15 (black

circles) and m/z 64 (blue triangles).

(a) (b)

Fig. 3.6 – a) The relative product yields (Ip/I0) at m/z 15 as a function of the

neutral gas density inside the reaction cell in the C2H2N+/C2H2 reac-

tion at ECM ≥ 0.32 eV. b) Product relative yields (Ip/I0) at m/z 64 as

a function of the neutral gas density in C2H2N+/C2H2, measured at

ECM ≥ 0.32 eV (Paper I).
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(a) (b)

Fig. 3.7 – a) Potential energy diagram leading to HCCCHCN+
and b) CH+

3 cal-

culated at the MP2/6-31G* level of theory (Paper I).

cation is readily formed by a bimolecular encounter between
the reacting agents via Reaction 3.5:

C
2

H
2

N+ +C
2

H
2

æ CH+

3

+HC
3

N (3.5)

The following summary of the theoretical studies explains
our experimental findings and helps us to untangle the pro-
duction pathway of the ion of interest. Originating from the
intermediate M7 (-2.74 eV), a hydrogen atom migrates to
the next carbon atom through transitional structures TS8
(-2.57 eV), leading to the minimum structure M8 (-2.58 eV).
The latter rearranges into M9 (-2.35 eV) through TS9 (-2.37
eV) followed by a C-C bond cleavage to form a methyl cation
(CH+

3

) and cyanoacetylene (HC
3

N). This is fully displayed
in Fig. 3.3 (also see Fig. 3.6b for the potential energy profile).
Hence, the results of our calculation indicate that this is an
exothermic process which involves only submerged transition
states, and therefore can be proposed to account for the pro-
duction of HC

3

N even in the absence of su�cient activation
energy in Titan’s ionosphere. It is worth noting that our
calculations are also in agreement with the collision energy
dependences and the reaction enthalpy derived using litera-
ture values for the formation enthalpies of the reactants and
products (see Paper I for further details). Also it should be
mentioned that m/z 15 is detected by the INMS probe and
has been interpreted as the methyl cation. Moreover, the
neutral mole fraction of HC

3

N was obtained by the INMS
in the neutral mode to be 4.0 ◊ 10≠5 at an altitude of 1100
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km in Titan’s atmosphere.
In addition to the channels described above, we remark that
minor channels leading to C

2

H+

2

, C
2

H+

3

, HNC+/HCN+,
HCNH+, C

3

H+ and C
2

N+ were also identified which are
presented in detail in Paper I. Nevertheless, it was noted
that these channels do not involve barrierless and exothermic
processes which lead to the growth of larger molecules and
ions.
In conclusion, this study was undertaken to investigate the
significance of ion-neutral reactions in the production of com-
plex species using guided ion beam mass spectrometry. The
experimental results were complemented by ab initio calcula-
tions in order to find conceivable isomeric structures and pos-
sible reaction pathways which account for the observed prod-
uct ion signals and to interpret their associated collision en-
ergy and pressure dependences. Based on our findings, a few
exothermic and barrierless pathways leading to more com-
plex species were identified e.g. HC

3

N and HCCCHCN+

which are of a certain astrophysical interest. The poten-
tial implication of the investigation of the described reaction
channels is to shed more light on their viability of carbon-
nitrogen chain elongation processes in the production of more
complex neutral and ionic species through e�cient barrier-
less and exothermic ion-neutral reactions and to assess their
feasibility as formation pathways of complex species in cold
environments like in the interstellar medium and planetary
atmospheres.
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3.2 Reactivity of C2H2N+
with methane (Pa-

per II)

In the present study our aim was to investigate the reaction
of C

2

H
2

N+ with methane (as an example of a saturated hy-
drocarbon) and to obtain comprehensive understanding on
the reaction mechanism of this process and the formation
pathways of its products. The product ion mass spectrum is
portrayed in Fig. 3.8. Furthermore, the experimental data
was complemented by ab initio calculations to unravel the
identity and energetics of possible intermediates and to eluci-
date the reaction pathways leading to observed species. The
potential energy surface was further explored in an attempt
to establish a barrierless and exothermic process which in-
volves a carbon chain elongation mechanism. Indeed, we
have identified a channel which leads to formation of ions
from the [C

3

H
4

N ]+ ion family, which will be discussed in
the following (the totality of the results is presented in Pa-
per II).

Fig. 3.8 – GIB Mass spectrum of the product ions resulting from the reaction of

the C2H2N+
ion with CH4 at a collision energy ECM ≥ 0.3 eV and at

a methane pressure of ≥ 1.4 ◊ 10

≠5
mbar. The intensity of the primary

beam is 100% o� scale and background signal is subtracted (see Paper

II).
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(a) (b)

Fig. 3.9 – a) The relative product yields (Ip/I0) for m/z 54 as a function of neutral

density in the reaction of C2H2N+
with CH4 at ECM ≥ 0.42 eV. b) The

relative product yields for m/z 54 as a function of the collision energy

in the energy span of ECM ≥ 0.2-3 eV, and at a methane pressure of

≥ 1.3 ◊ 10

≠5
mbar (Paper II).

3.2.1 C3H4N+

The presence of a prominent feature at m/z 54 is evident in
the ionic product GIB-MS as displayed in Fig. 3.8. Such a
high intensity signal entails the associated ion to be one of
the major products of the title reaction. Hence, its relative
product yields (Ip/I

0

) were probed as a function of pressure
and collision energy (see Fig. 3.9). The analysis of the for-
mer indicates that the corresponding ion is formed through
bimolecular reactions in the low-pressure regime, as it clearly
follows a linear dependence, whilst from the latter the pres-
ence of an exothermic reaction pathway can be invoked as
the relative product ion intensity clearly shows a steep decay
with increase of the collision energy. The corresponding ion
is interpreted as an isomer from the [C

3

H
4

N ]+ ion family,
produced by a bimolecular encounter of the C

2

H
2

N+ ion
with CH

4

via Reaction (3.6):

C
2

H
2

N+ +CH
4

æ C
3

H
4

N+ +H
2

(3.6)

Nevertheless, the exact structure of the ion cannot be re-
vealed through our experimental findings because any inter-
pretation of the measurement in terms of the isomeric struc-
ture of the product is very complicated if not impossible.
Hence, it is prudent to probe this further by detailed ab initio

calculations to elucidate the corresponding structures, ener-
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getics and ultimately reaction pathways. The results that
emerged from our theoretical data convincingly pointed to
the formation of the CH

3

CHCN+ and/or CH
2

CHCNH+

ions through exothermic processes devoid of any substan-
tial energy barriers (other isomeric structures are found to
be endothermic, for detailed information the reader is en-
couraged to refer to Paper II), which were consistent with
our experimental findings and also were in a good agreement
with the literature values. The significance of the formation
of CH

2

CHCNH+ and its isomer is attributed to its detec-
tion by INMS onboard Cassini interpreted as protonated
acrylonitrile by the atmospheric models. Hence, it can be a
compelling argument that described mechanism can also con-
tribute to the molecular growth in Titan’s atmosphere. In
addition to above described channel, other exothermic and
barrierless pathways associated with formation of HCNH+,
C

2

H+

5

and CH
2

NH+

2

ions were also identified (details of
their reaction pathways are available in Paper II). Albeit
the formation of these ions does not involve carbon nitro-
gen chain elongation mechanism, they can serve as building
blocks in order to produce heavier species.
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3.3 Reactivity of C2H2N+
with ethane (Pa-

per III)

In order to quantitatively assess the potential reactivity of
C

2

H
2

N+ with C
2

H
6

, primarily the GIB-MS set-up was em-
ployed to ensure the ion-neutral interaction. The accumu-
lated mass spectrum is depicted in Fig.3.10, for which pres-
sure and collision energy both were held constant (see Paper
III).

Fig. 3.10 – Product ion mass spectrum of the C2H2N+/C2H6 reaction obtained

from the GIB-MS at PC2H6 ≥ 10

≠5
mbar and collision energy ECM ≥

0.19 eV in the center of mass frame (see Paper III).

3.3.1 C2H+
5 +C2H3N

Based on the accumulated product ion mass spectra from the
reaction of C

2

H
2

N+/C
2

H
6

, depicted in Fig.3.10, the most
prominent peak corresponds to the m/z 29, which is sugges-
tive of the production of the ethyl cation (C

2

H+

5

). In order
to gain an understanding of the characteristics of the channel
responsible for the formation of this ion, we have probed its
relative product yields as a function of the neutral precur-
sor density and results are illustrated in Fig.3.11(a). The re-
sults emerging from the experimental density measurements,
the pronounced linear dependence of relative product yields
on the collision energy is evident which establishes the bi-
nary nature of the process, which gives rise to an isomeric
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structure of C
2

H
3

N as the neutral byproduct, as denoted in
Reaction (3.7):

C
2

H
2

N+ +C
2

H
6

æ C
2

H+

5

+C
2

H
3

N (3.7)

(a) Density m/z 29 (b) Collision energy m/z 29

Fig. 3.11 – The relative product yields associated with m/z 29 in the reaction of

C2H2N+
with C2H6 as a function of: (a) neutral precursor density

(ethane) at ECM ≥ 0.53 eV, (b) the collision energy in the range of ECM

≥ 0.3-4.8 eV, where ethane pressure was held constant at ≥ 1 ◊ 10

≠5

mbar (the reader is encouraged to refer to Paper III for further details).

On the other hand, collision energy measurements, presented
in Fig.3.11(b) can also reveal some insights associated with
the reaction pathways leading to ethyl cation. Nevertheless,
the data measured experimentally is likely to be a mixture of
contributions from various channels, thus the explicit di�er-
entiation between these pathways solely based on laboratory
measurements is not possible and therefore complementary
theoretical computations can assist us to form the basis for
a quantitative interpretation of the nominal collision energy
profile. Our calculations predict the formation of this ion
can occur through dissociation of M4, M14, M16, M21,
M25 and M32a (the reader is encouraged to refer to Paper
III for further details). Based on the data emerging from
the combined experimental and theoretical approach, it can
be inferred that the formation of C

2

H+

5

occurs via exother-
mic and barrierless channels superimposed by channels with
noticeable energy thresholds. Nevertheless, channels which
exhibit substantial barriers cannot be of potential signifi-
cance in low temperature environments such as Titan’s at-
mosphere. On the contrary, the contribution of exothermic
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processes cannot be neglected and should be considered. Our
results indicate that these pathways can serve as alternative
pathways for the production of C

2

H+

5

in cold environments
such as Titan’s atmosphere.

3.3.2 C2H4N+
+C2H4

Albeit the most salient feature in the product ion mass spec-
trum in Fig. 3.10 corresponds to the m/z 29, indicative of
the production of C

2

H+

5

, as described previously, a notice-
able peak at m/z 42 is of our particular interest in the title
reaction. As shown in Fig.3.12(a) this channel exhibits a
steep decline in the product relative yields with rising colli-
sion energy, which convincingly points to an exothermic for-
mation pathway, which is devoid of any substantial energy
barriers. The relative product yields were further probed
as a function of neutral precursor density (C

2

H
6

) and the
data delivered by these measurements portray a strong lin-
ear pressure dependence, shown in Fig.3.12(b), which can be
taken as a compelling evidence which supports the sole oc-
currence of bimolecular encounters which led us to advocate
the presence of Reaction (3.8):

C
2

H
2

N+ +C
2

H
6

æ C
2

H
4

N+ +C
2

H
4

(3.8)

(a) Collision energy m/z 42 (b) Density m/z 42

Fig. 3.12 – The relative product yields associated with m/z 42 in the reaction of

C2H2N+
with C2H6 as a function of: (a) the collision energy in the

range of ECM ≥ 0.2-4 eV where ethane pressure was held constant

at ≥ 1 ◊ 10

≠5
mbar and (b) the neutral precursor density (ethane) at

ECM ≥ 0.53 eV (detailed in Paper III).
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Previous studies [50] have shed light onto the nature of [C
2

H
4

N ]+
isomeric structures, assigning CH

3

CNH+ as the most ener-
getically favourable structure which is also attested by our
theoretical calculations (see Paper III for further details).
In the context of the formation pathway of this species, our
results are indicative of a production mechanism through a
series of rearrangements which stem from the attack of ionic
reagent onto the neutral precursor, leading to the CH

2

CHCH
2

CHNH+

2

structure labeled as M10 (-4.33 eV). The latter undergoes a
transformation via transition state TS10a (-2.14 eV) which
involves a 1,4 hydrogen migration from the nitrogen end to
the non-adjacent CH, which results in a ring closure forming
a very stable cyclic structure 5CycNHCH

2

CH
2

CH
2

CH+,
labeled as M10a (-5.10 eV). The latter undergoes a rather
complex series of interconversions. Primarily, it involves a
C-N bond cleavage between CH

2

and NH followed by a
C-C bond breakage and a subsequent 1,2 H shift through
the transition structure TS10b (-0.62 eV). The latter con-
nects M10a (-5.10 eV) to a CH

3

CNH.C
2

H
4

cluster, labeled
as M10b (-3.25 eV) which dissociates into protonated ace-
tonitrile (CH

3

CNH+) and ethylene (C
2

H
4

), as previously
shown in Reaction (3.8). The above-mentioned pathway is
found to be exothermic and devoid of energy barriers which
coincides well with the characteristics of the channel pre-
dicted previously by the experimental findings. Also, the
data delivered through complementary theoretical calcula-
tions provide an opportunity to extract more definitive in-
sights onto the isomeric nature of the product ion as well as
its production mechanism. It is worth noting that the data
delivered through INMS measurements onboard the Cassini
orbiter also reveal the apparent presence of a peak at m/z 42
with a mean density of 50.89 cm≠3 [51]. In this considera-
tion, atmospheric models solely incorporated proton transfer
to CH

3

CN to account for the formation of CH
3

CNH+ [26],
whereas results from the current study are also indicative of
the possibility of the contribution of C

2

H
2

N+/C
2

H
6

reaction
to form this species.
In addition to channels described above, data delivered from
combined experimental and theoretical investigations are in-
dicative of the production of C

3

H+

5

, C
3

H+

7

and C
3

H+

4

in the
C

2

H
2

N+/C
2

H
6

which imply a C-C chain elongation pro-
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cesses through exothermic and barrierless processes, hence
their production pathways are considered to be feasible in Ti-
tan’s atmosphere and can be incorporated in the atmospheric
models. The main outcome that emerges from this study are
the identification of the reaction product ions, their isomeric
structures and corresponding formation pathways that occur
through a complex chemical scheme (refer to Paper III for
details).
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3.4 Reactivity of C2H2N+
with ethylene (Pa-

per IV)

In the present work our purpose is to study the reactivity
of C

2

H
2

N+ with C
2

H
4

, for which the GIB-MS was em-
ployed, resulting in the product ion mass spectrum presented
in Fig.3.13. These compounds have been studied through a
combined experimental and theoretical approach, in which
the nature of the product ions, neutral byproducts and the
reaction scheme leading to those have been elucidated (the
reader is encouraged to refer to Paper IV for a detailed
overview).

Fig. 3.13 – The product ion mass spectrum associated with the C2H2N+/C2H4
reaction at P (C2H4) ≥ 1.1 ◊ 10

≠5
mbar and measured at the collision

energy ECM ≥ 0.64 eV in the center of mass frame. The intensity of

the primary beam (100%) is o� scale (see Paper IV).

3.4.1 C2H4N+
+C2H2

A relatively substantial peak is present at m/z 42 in the
resulting product ion mass spectrum, shown in Fig.3.13 cor-
responding to the reaction of the C

2

H
2

N+ ion and C
2

H
4

,
which is ascribed to [C

2

H
4

N ]+. The relative product yields
associated with the corresponding mass-to-charge ratio have
been explored as a function of collision energy and neutral
precursor density and results are illustrated in Figs. 3.14 (a)
and (b). Data delivered through former measurements are
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suggestive of the production of C
2

H
4

N+ in an exothermic
and barrierless reaction pathway, whilst the results from the
latter point to the production of the nascent ion through a
binary collision, as denoted in Reaction (3.10):

C
2

H
2

N+ +C
2

H
4

æ C
2

H
4

N+ +C
2

H
2

(3.9)

(a) Collision energy m/z 42 (b) Density m/z 42

Fig. 3.14 – The relative product yields associated with m/z 42 in the reaction of

C2H2N+
with C2H4 as a function of: (a) collision energy in the center

of mass (ECM ≥ 0.05 ≠ 4.9 eV) recorded at the neutral gas pressure

≥ 1.1 ◊ 10

≠5
mbar. (b) ethylene density, recorded at ECM ≥ 0.64 eV

(detailed in Paper IV).

Based on the previous studies, the protonated acetonitrile
(CH

3

CNH+) has been assigned as the most stable struc-
ture amongst [C

2

H
4

N+] isomers, also attested through our
calculations. Results that emerge from our theoretical com-
putations further indicate the formation of CH

3

CNH+ pro-
ceeds through the dissociation of the CH

3

C(NH)CHCH+

ion labeled as M13b (-1.87 eV) via TS49 (-1.32 eV). This re-
action scheme is found to be devoid of energy barriers and all
quoted intermediates are situated below the reference energy,
consistent with the characteristics of the channel suggested
by our experimental measurements.

3.4.2 C3H2N+
+CH4

Another interesting feature present in the product ion mass
spectrum associated with C

2

H
2

N+/C
2

H
4

, corresponds to
the peak at m/z 52, a signature for the production of [C

3

H
2

N ]+.

63



On the basis of the previous studies, the linear protonated
cyanoacetylene (HCCCNH+) has been assigned as the most
stable structure among [C

3

H
2

N ]+ isomers [52]. To unravel
the nature of the reaction, the relative product yields have
been examined as a function of the neutral reagent density
and results given in Fig.3.15(b), point to the significance of
bimolecular interaction resulting in the nascent ion, as shown
in (3.10):

C
2

H
2

N+ +C
2

H
4

æ C
3

H
2

N+ +CH
4

(3.10)

(a) Collision energy m/z 52 (b) Density m/z 52

Fig. 3.15 – The relative product yields associated with m/z 52 in the reaction of

C2H2N+
with C2H4 as a function of: (a) collision energy in the center

of mass (ECM ≥ 0.5 ≠ 4.8 eV) recorded at the neutral gas pressure ≥
1.1 ◊ 10

≠5
mbar. (b) ethylene density, recorded at ECM ≥ 0.64 eV

(detailed in Paper IV).

To obtain a mechanistic view on the responsible process,
the relative product yields associated with the m/z 52 were
recorded with respect to variations in ECM , shown in Fig.3.15(a),
and on the basis of the decline in the yields with rise in
ECM , delivered by the data from these measurement, results
are indicative of the occurrence of an exothermic channel
with no substantial energy barriers. Results that emerged
from our complementary theoretical computations assisted
in shedding light onto the formation pathway, providing in-
sight which further supports an exothermic reaction scheme
with intermediates and transition state with energies lower
than the reference energy with no substantial energy barri-
ers. Calculations indicate that M13 (-4.54 eV) undergoes
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1,3 H shift through transition state TS16 (-0.63 eV) lead-
ing to HCCCNH+ and CH

4

as the neutral byproduct [P7
(-2.61 eV)]. On the grounds of the findings delivered by the
present study, the C

2

H
2

N+ +C
2

H
4

reaction can serve to ac-
count for the production of the protonated cyanoacetylene
identified by INMS in Titan’s atmosphere [51], through the
exothermic and barrierless process described above. It is to
be noted that this reaction can be also considered in the
low temperature environments in the ISM to account for the
production of the HC

3

NH+ ion (see Paper IV for further
details).

3.4.3 C4H4N+
+H2

A closer look at the accumulated mass spectrum associated
with the C

2

H
2

N+/C
2

H
4

reaction, given in Fig.3.13, reveals a
noticeable peak at m/z 66 that coincides with the production
of [C

4

H
4

N ]+. The relative yields probed as a function of
ethylene density demonstrate a perfectly linear profile, shown
in Fig.3.16(b), pointing to the production of the nascent ion
in a bimolecular interaction via Reaction (3.11):

C
2

H
2

N+ +C
2

H
4

æ C
4

H
4

N+ +H
2

(3.11)

(a) Collision energy m/z 66 (b) Density m/z 66

Fig. 3.16 – The relative product yields associated with m/z 66 in the reaction of

C2H2N+
with C2H4 as a function of: (a) collision energy in the center

of mass (ECM ≥ 0.3 ≠ 4.8 eV) recorded at the neutral gas pressure ≥
1.1 ◊ 10

≠5
mbar. (b) ethylene density, recorded at ECM ≥ 0.64 eV

(detailed in Paper IV).

65



To gain a mechanistic view onto the relevant process, the
relative product yields associated with m/z 66 are further
explored with respect to the collision energy in the centre
of mass (ECM ). The results of these measurements, given in
Fig.3.16(a), display a decline in yields with rising ECM which
coincides well with the characteristics of an exothermic re-
action devoid of any substantial energy thresholds. Further-
more, the results that emerge from our complementary theo-
retical computations also advocate for the production of this
species in an exothermic process devoid of energy barriers
through hydrogen elimination . In this respect our findings
signify that production of [C

4

H
4

N+] involves a chain elonga-
tion process, hence is of our particular interest to shed more
light in the molecular growth mechanisms in low tempera-
ture environments such as Titan’s ionosphere (see Paper IV
for further details).
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4. Conclusion

The present contribution through joint experimental and
theoretical studies, establishes a counterintuitive, yet funda-
mental and novel approach to account for the formation of
complex organics present in Titan’s atmosphere. The focus
is to report comprehensive studies corresponding to a series
of ion-neutral reactions relevant to molecular growth mech-
anisms in low temperature environments through employ-
ment of guided ion beam mass spectrometer (GIB-MS). This
apparatus has been employed to conduct laboratory mea-
surements associated with the interaction between a reac-
tive ionic cyano compound and saturated (i.e. methane and
ethane) and unsaturated hydrocarbons (i.e. acetylene, ethy-
lene), which based on INMS measurements onboard Cassini
orbiter have been found to be ubiquitous in Titan’s iono-
sphere.

In Paper I, the combined experimental and theoretical find-
ings corresponding to the reaction of C

2

H
2

N+ with C
2

H
2

have been presented, which evidently established the produc-
tion of 1-cyano-2-propynl cation (HCCCHCN+) through
a barrierless and exothermic process. The reaction scheme
leading to this compound was revealed to be compatible with
a pathway devoid of any energy barriers, as predicted by ex-
perimental results. Amongst many product ions produced in
the title reaction, the production of 1-cyano-2-propynl cation
is of crucial importance as its production includes molecular
chain elongation processes, in which an unsaturated hydro-
carbon (acetylene) has been utilized as a building block to
form heavier molecular ionic compounds. The principal re-
sults that emerged from this study have yielded important
information on the nature of m/z 64 which has been de-
tected by INMS, in addition to shedding light onto its iso-
meric nature. Overall, a convincing correspondence has been
observed between our experimental and theoretical results,
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as well as heats of reaction based on the literature values.

In Paper II, the reaction of C
2

H
2

N+ with CH
4

has been in-
vestigated using guided ion beam spectrometer together with
Ab initio calculations to explore the ionic products and to in-
voke possible reaction pathways which explain their collision
energy and pressure profiles. The experimental results have
been found to coincide well with predictions from the theo-
retical calculation. Our findings advocate for the occurrence
of several exothermic and barrierless i pathways which are of
particular interest as feasible processes in the formation of
complex chemical species in Titan’s atmosphere due to the
high abundance of methane. In particular, results indicate
that chain elongation mechanisms occurs resulting in larger
ionic species, i.e. the title reaction outgoing from C

2

H
2

N+

advocates for the formation of C
3

H
4

N+.

In Paper III, through joint experimental and theoretical stud-
ies on the ion-neutral reaction of C

2

H
2

N+ with C
2

H
6

, the
ionic products as well as their isomeric nature and forma-
tion pathways have been identified. Based on our theoretical
studies, a complex chemical scheme with involved interme-
diates, transition states and their energetics has been elu-
cidated, which highlights the significance of the reaction of
cyanomethyl cation and ethane in future chemical models to
understand the formation of organics in the planetary atmo-
spheres and satellites.

We can convincingly conclude that reactivity of cyanomethyl
cation (as well as its isomers) with a simple saturated hydro-
carbon such as ethane occurs through a complex chemical
scheme. In addition, the deduced reaction enthalpies from
the literature were found to be quantitatively in accord with
our experimental and theoretical findings. This work pro-
vides information that can be used as input for ion-neutral
chemical models aimed at understanding the formation of
complex organics in the interstellar medium, circumstellar
envelopes as well as in the atmospheres of satellites and plan-
ets.

In the paper IV the results associated with C
2

H
2

N+ and
C

2

H
4

through combined theoretical and experimental inves-

i submerged barriers with energies lower than the reactants
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tigations have been reported. Laboratory experiments in-
clude mass spectral measurements together with density and
collision energy profiles of each ionic product. Complemen-
tary ab initio calculations at MP2 and CCSD levels of theory
have been utilized to aid the interpretation and elucidate the
isomeric nature of the product. Our findings advocate for a
complex chemical reaction scheme which is detailed in Pa-
per IV and their significance can be hardly overlooked in the
future theoretical models of atmospheric studies.
The results emerging from these investigations have been
suggestive of a higher level of reactivity with unsaturated hy-
drocarbons compared to saturated species, leading to prod-
uct ions which their presence have been identified through
mass spectral measurements by INMS onboard the Cassini
spacecraft. Our findings advocate for the significance of ion-
neutral reactions in the chemical dynamics of the atmosphere
of the satellite and they should be included in the atmo-
spheric models to allow to accurate data interpretation.
In conclusion, this study provides means for future explo-
ration of chemical organic compounds in order to understand
the complex chemical dynamics which occur in the gas-phase,
applicable to extraterrestrial bodies and their atmospheric
compositions.
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Sammanfattning

Titan är den näst största månen i solsystemet. Den sticker
ut gentemot andra satelliter genom dess täta atmosfär som
domineras av kväve och metan. Titans nuvarande atmosfär
kan påminna om en tidig jordatmosfär och har en utvecklad
kemi med många kvävehaltiga förbindelser. Massiva joner
har dessutom hittats i Titans övre atmosfär med hjälp av
instrumenten "Ion Neutral Mass Spectrometer"(INMS) och
"Cassini Plasma Spectrometer"(CAPS) ombord rymdfarkos-
ten Cassini. För att få djupare insikt i molekylära tillväxt-
mekanismer och bildandet av stora kvävebärande moleky-
ler och joner i Titans jonosfär, utfördes undersökningar av
jon-neutralreaktioner. Resultaten av dessa studier presente-
ras i denna doktorsavhandling. Reaktioner av C

2

H
2

N+-joner
(som finns i fyra olika isomerer) med mättade och omẗtade
neutrala kolväten (metan, acetylen, etylen och etan) har un-
dersökts med hjälp av Guided Ion Beam Mass Spectrometer
(GIB-MS). Produkter av dessa processer har identifierats och
deras relativa betydelse har uppmätts som funktion av såväl
gastryck som kollisionsenergi. Komplementära teoretiska be-
räkningar har också utförts för tolkning av mätresultaten och
för att få inblick i reaktionsmekanismerna. Det visar sig att
jon-neutralreaktioner av C

2

H
2

N+ kan leda till större joner
under kedjeförlängning. Denna studie bidrar därför till en
bättre förståelse för bildandet av massiva kol- och kvävehal-
tiga joner som har detekterats i Titans jonosfär.
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