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1. Introduction

Over 180 molecules have been detected in the interstellar medium and cir-

cumstellar envelopes, but most of the formation pathways of these species are

still unknown. Also, a rich chemistry has been observed in the ionospheres

of several planets and their satellites. Because of the low temperature in these

environments, reactions between closed shell molecules are not effective since

such processes frequently have reaction energy barriers. However ion-ion, ion-

electron or ion-neutral reactions are often barrierless and are therefore possi-

ble in dark clouds, circumstellar envelopes and planetary (or satellite) atmo-

spheres.

Concerning ionic processes, the atmosphere of the Kronian satellite Titan

is of special interest, since an extensive ion chemistry has been detected there.

Titan’s atmosphere consists mainly of nitrogen (N2) and methane (CH4). These

compounds can be ionized by irradiation of solar UV photons, energetic pho-

toelectrons and high-energy electrons from Saturn’s magnetosphere [1–3]. In

addition, cosmic rays such as α-particles can also ionize these species and,

because of their ability to penetrate the atmosphere, they are assumed to be

the main ionization process at lower altitudes of the atmosphere (90 - 270 km)

[4; 5]. In 2004, the Cassini-Huygens space mission arrived to the Saturnian

system [6]. The Cassini spacecraft was equipped with an Ion and Neutral

mass spectrometer (INMS), the Cassini Plasma Spectrometer (CAPS) and an

Electron Spectrometer (ELS) [7–9]. One of the primary purposes of INMS

was to study the neutral and cation chemistry in Titan’s ionosphere (from

800 km above surface and above). Indeed, INMS detected a vast variety of

complex cations (including protonated nitriles) [10], ranging up to a mass

of 99 Dalton [11]. In addition, CAPS/ELS measurements revealed the pres-

ence of large negatively charged molecules and/or clusters (at an altitude of

900-1100 km), with their intensities peaking at masses around 1000 Dalton

[1; 11; 12]. Furthermore, the anion densities increases towards Titan’s surface

[13], which augments the chances of anions being destroyed in three-body re-

actions [14; 15]. Unfortunately, CAPS/ELS was built to detect electrons and

not large anions and its mass resolution is therefore limited. Nevertheless,

a few low-mass anions could be identified: CN−, C3N− and perhaps C5N−

[11; 16; 17]. An explanation why these anions species are so abundant in these

environments, may lie in their closed-shell nature and the comparatively high
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electron affinity of their corresponding neutrals [11]. The above-mentioned

cyano anions have also been detected in the interstellar medium i.e. in dark

clouds [18] and circumstellar envelopes [19–21].

The identified anions could be involved in the formation of larger nega-

tively charged species in Titan’s atmosphere. However, the exact generation

pathways for these heavier anions are still unclear, which requires theoretical

and experimental studies to identify possible formation pathways [22]. Fur-

thermore, it is vital to know the reaction rate constants and product branching

ratios of formation and destruction pathways of the smaller molecular anions

mentioned above. Otherwise, chemical models of Titan’s atmosphere includ-

ing these processes will be subject to very large uncertainties and may even

yield wrong predictions [11].

Figure 1.1: The Cassini-Huygens spacecraft [23]

In the interstellar medium and planetary and satellite atmospheres, anions

are expected to be mainly generated through the following two processes: ra-

diative electron attachment (A+ e− → A−+ hυ , AB+ e− → AB−+ hυ) and

dissociative electron attachment (AB+e− → A−+B). Ions can also be formed

through ion-pair formation (AB+ hυ → A−+B+) and ion-neutral reactions

(AB−+CD→ ABC−+D). Theoretical models (phase space theory) have been

used to predict the rate constants of some radiative attachment processes like

the one leading to C3N− [24]. However, in many cases there is so far no ex-

perimental data available which could be used to benchmark the theoretical

results and methods [11]. Dissociative electron attachment can experimentally

be studied using plasma discharge devices. Such investigations showed that
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if using a mixture of methane and nitrogen (similar to the chemical compo-

sition of Titan’s atmosphere) one can observe the formation of cyano anions,

most prominently CN−, followed by C3N− and C5N−. But also larger anions

could be generated through secondary reaction process like proton transfer and

polymerization reactions [25]. The main destruction processes for interstel-

lar and atmospheric anions are: photodetachment (A−+ hυ → A+ e−), ion-

neutral associative detachment (A−+B→ AB+e−) and mutual neutralization

(A− + B+ → AB) [11]. Photodetachment processes have been successfully

studied using ion-traps (see section 2.2) [26; 27] and reaction rates of asso-

ciative detachment have been measured with selective ion flow tube devices

[28; 29].

The heavy anions detected in Titan’s atmosphere could be produced by

reactions of cyano anions with neutral cyano compounds and/or unsaturated

hydrocarbons. A previous lab study [30] yielded that C3N− can be formed by

proton transfer between CN− and HC3N. Another investigation [31] showed

how a possible polymerization process (at pressures around 10−2 mbar) could

explain how larger cyano anions (like C5N−) are produced via gas phase colli-

sions of C3N− and HC3N.

The dominating process through which cations are formed in Titan’s at-

mosphere is via photoionisation (A+ hυ → A+ + e−) caused by solar irradi-

ation (exposure to EUV, UV and X-rays) [10; 32]. Ionization can also oc-

cur via the impact of magnetospheric electrons and energetic photoelectrons

(AB+ e− → A++B+2e−) and through ion-pair formation [2; 3; 33]. Cations

may also be generated through ion-neutral collisions of α-particles, which may

induce dissociation of neutral species [4]. An important example is the ion-

ization of N2 which leads to the generation of N+
2 and N+ in Titan’s atmo-

sphere [5]. Generation of larger cations could also take place through proton

transfer from lighter cations to heavy neutral molecules. Such processes have

been investigated using flowing afterglow Langmuir probe mass spectrometry

(FALP-MS) [34], tandem mass spectrometry [35], Fourier-Transform Ion Cy-

clotron Resonance Mass-Spectrometer (FTICR-MS) [30] and cold molecular

flows [36]. Cations as well as anions can also be destroyed by ion neutral

reactions and through mutual neutralization (A− + B+ → AB) [37–39], and

positive ions can recombine with electrons through dissociative recombination

(AB++ e− → A+B) under formation of two or more neutral fragments. The

latter reactions have been extensively studied in the last decades using storage

rings and flowing afterglow devices [40].

The cryogenic double electrostatic ion storage ring (DESIREE - Double

Electrostatic Ion Storage Ring ExpEriment) located at Stockholm University,

allows us to study processes involving heavy ions [41–43]. This apparatus can

store both negative and positive ions using two different storage rings. The ion
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beams can then interact in a 0.7 meter long merger region which is common to

both rings. Hence, mutual neutralisation reactions (which could be one of the

most efficient way of forming large neutrals in low temperature environments)

can be investigated using this device.

Large neutral species are important in planetary atmospheres since they

can act as nucleation sites for the formation of aerosols. Aerosols are much

more efficient in absorbing radiation than smaller molecules [16] and thus can

considerably affect the planetary climate [44]. Aerosols consisting of tholines

(large nitrogen-containing molecules formed probably by copolymerisation of

hydrocarbons and cyano compounds) are also thought to be responsible for the

orange haze on Titan. In lab studies, tholines have been shown to produce sim-

ple biomolecular precursors like nucleobases and amino acids upon hydrolysis

[45], which might have been a process that even occurred on early Earth if it

had an atmosphere dominated by nitrogen and hydrocarbons [46].

Figure 1.2: Infrared false color image of Titan [47]

The main focus of our investigation was to find possible reaction pathways

involving neutral unsaturated hydrocarbons and cyanide anions, which could

explain how heavy anions are formed in the interstellar medium and planetary

atmospheres. We present the experimental results (see section 6.1) obtained

using the guided ion beam mass spectrometer (section 2.1) at the University

of Trento as well as those from the ab initio calculations (section 4) which

where carried out in order to identify reaction pathways leading to the observed

products.

In section 7 we present the experimental results of the imaging experiments

of the reaction of CN− with CH3I. This process is of considerable theoretical

interest since one can produce two product isomers depending on the orienta-

tion of the attacking cyano anion.

We also describe exact and approximate analytical methods to calculate

charge-exchange and compound-formation cross sections in collisions between

two dielectric spheres which may be neutral or positively or negatively charged.

These dielectric spheres can be thought of as model systems for molecules and

�



molecular clusters of types that are present in, e.g., Titan’s atmosphere. These

methods are used to calculate the Langevin compound formation cross section

for charged cluster-cluster collisions where the clusters (spheres) may have

different dielectric constants [48]. Furthermore, these methods are used to de-

termine the charge exchange cross section for two dielectric spheres. We aim

to answer questions on how efficient of heavy negatively charged ions are de-

stroyed in collisions with cations and neutrals (by investigating there reaction

rates), which could be of interest for the chemistry of dark clouds, circumstel-

lar envelopes and planetary atmospheres.
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2. Experimental methods

Ion reactions in the interstellar medium and planetary ionospheres take place

at very low temperatures and small pressures. In order to study these processes

experimentally one has to mimic these conditions. A multitude of experimental

techniques have been developed in the last decades to achieve this goal and a

couple of them which are relevant to this thesis are presented in this Chapter.

2.1 Guided ion beam experiments

Ion-neutral reactions can be investigated using guided ion beam mass spec-

trometry devices. An example is the Quattro Premier XE (Waters) tandem

quadrupole mass spectrometer equipped with a traveling wave (T-wave) colli-

sion cell [49] (see Fig. 2.1), located at the J. Heyrovský Institute of Physical

Chemistry in Czech Republic. In this apparatus the cyano anions such as C3N−

and C5N− are produced via atmospheric pressure chemical ionization (APCI)

[31; 49], from a mixture of HC3N with CH3CN. This mixture is injected into

the source using a syringe pump via a very thin capillary needle, thus main-

taining a steady flow. This needle is heated and the flow properties are chosen

in a way to ensure that the sample (HC3N) and the solvent (CH3CN) are in the

form of dispersed droplets. The droplets are then mixed with N2 gas at a cer-

tain pressure. The ionization process then occurs via a corona discharge (high

voltage electrode) at atmospheric pressure. The produced ions are then guided

(using RF lenses) into a low pressure traveling wave ion guide. They are then

led into a quadrupole, in which the selection of the reactant ions based on the

mass-to-charge ratio is performed. The selected cyanoethynyl anions (C3N−)

are subsequently guided into the T-wave collision cell in which the reaction

with acetylene takes place. The speed of the anions can be adjusted by the

T-Wave voltage. Furthermore we can regulate the dwell time of the anions in-

side the collision cell, which allows higher count rates. The ionic products are

then analyzed using a second quadrupole. In a sequential way, the negatively

charged products are gathered using a multichannel plate (MCP) detector and

the mass spectrum is analyzed by the MassLynx v4.1 software.

The results in section 6.1 are partially obtained from the tandem quadrupole

mass spectrometer described above, but additional investigations were also
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Figure 2.1: Schematic overview of the tandem quadrupole mass-spectrometer.

Adapted from Žabka et al. (2012) [49].

carried out with the triple quadrupole mass spectrometer (model API3000),

located at the University of Trento (Italy). In this guided ion beam experi-

ment C3N− was produced via APCI of CH2CHCN (acrylonitrile) mixed with

CH3CN (acetonitrile) [50]. Otherwise the triple quadrupole mass spectrometer

works in a similar way as the tandem quadrupole mass spectrometer apparatus

explained above. The biggest difference is the ion guiding system: instead of

a T-wave ion guides, a quadrupole was employed. The configuration of the

apparatus is Q1-Q2-Q3 where Q denotes the different quadrupoles. The first

quadrupole is situated after the APCI source and functions as mass selector

for C3N−. The selected ions are then transferred into the scattering cell which

surrounds the second quadrupole, where the ions are coming into contact with

the neutral reactant gas (C2H2). The kinetic energy of the ions depends on the

offset voltage between the first two quadrupoles. The quadrupoles can be used

to measure the energy spread and intensity of the ion beam as a function of the

DC bias. By changing the DC voltage between the first two quadrupoles we

obtain the dependence of the ion intensity on the collision energy (retarding

field curve). The onset of the retarding field curve defines the nominal zero

kinetic energy of reactants. Upon derivation of this curve we get the kinetic

ion energy distribution [51; 52]. After the reaction the product ions are guided

into a third quadrupole, where they are selected according to their mass-charge

ratio [51]. A mass spectrum is then obtained by scanning the DC voltage of

the last quadrupole.

Furthermore, experiments were carried out at the CERISES (collision et

réaction d’ions sélectionnés par electron de seuil) apparatus located in Uni-

versity of Paris-Sud (France). CERISES was used to determine the absolute

reaction cross sections as a function of collisional energy [53]. This setup

employs an electron ionization ion source, in which the ions are formed via

dissociative electron attachment. Using this method one can produce C3N−

anions from BrC3N precursor. The C3N− anions are filtered by a quadrupole
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mass filter. They are then guided by a radio frequency (RF) octupole into the

reaction chamber, where they encounter the neutral reactant gas (C2H2). Af-

ter the reaction, the anion products are mass selected by a second quadrupole

[53]. The absolute cross section could be determined by measuring the prod-

uct to parent yield and the acetylene pressure which was maintained around

(2−2.5)×10−4 mbar and assessed by a Baratron gauge.

2.2 Velocity map imaging spectrometer

We have also performed experiments using the crossed-beam imaging spec-

trometer at the University of Innsbruck (Austria). In this experiment we gen-

erate two supersonic beams containing the neutral molecules and the ion re-

actants, respectively. These beams intersect at an angle of 60 degrees in the

laboratory frame. In the ion source a mixture of acetonitrile and argon is ex-

panded through a vibrating piezo-electric valve [54; 55]. Ionisation is then

performed through a short electron pulse close to the nozzle. Upon electron

impact the acetonitrile (CH3CN) molecules undergo a dissociative electron at-

tachment, forming CN− and other ionic fragments. The fragments are then

guided into a second chamber where Wiley-MacLaren lenses are used to se-

lect CN− according to the mass charge ratio and to separate the anions from the

neutrals. The filtered ion beam is then guided into the third chamber, where an

octupole radiofrequency ion trap is located. The ion trap allows us to store the

ions and to cool them using N2 as a buffer gas. After storage the trap is opened

and the ion package is guided into the velocity imaging spectrometer using ion

lenses. One can also determine the velocity (of the ions) by changing the ion

source potential, thus adjusting the collision energy. This chamber is kept at

a very low pressure using a turbomolecular pump. In it we also introduce a

(neutral) supersonic beam containing a mixture of methyliodide (CH3I) and

helium. This neutral supersonic beam is pulsed using a piezo-actuated valve.

In the collision zone the beams intersect and reactive collisions can occur. In

the present experiment we determine the velocity distribution of the product

iodine ions (I−), which are extracted using a strong pulsed electric field gen-

erated by several high voltages pulsing circuits [56]. The reaction proceeds

under field-free conditions. Once the reaction has occurred the electric field

is turned on, and the formed iodine anions are accelerated towards the detec-

tor. The detector consists of a MCP and a photo sensitive phosphor screen.

The signals from this screen are then monitored by a charge-coupled device
(CCD) camera which detects the position of negative ion and is triggered by

a photomultiplier (Hamamatsu R7402-20) detecting the light signal from the

phosphor screen. This allows to determine the time at which the ion arrives.

Since ions with high kinetic energy travel further from the collision center
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compared to low energetic ions the spatial distribution of the product ions on

the phosphor screen is a measure of the distribution of the velocities and di-

rections of the product ions. Combining both the arrival time and position of

the impinging ions on the phosphor screen we obtain their velocity distribu-

tion which is then translated to the kinetic energy distribution of the iodine

anion, which allows us to study the excitation state of the products [57]. We

attempted to use this information to determine to which extent the two neu-

tral product isomers (CH3CN and CH3NC) are generated by the CN−+CH3I
reaction. By performing quantum chemical calculations we can obtain the re-

action enthalpies of the two product formation processes and compare them to

the experimentally determined kinetic energy distribution of the CN−+CH3I
reaction. Hence, it should be possible to establish the product branching ratio

between the product isomers.

Figure 2.2: Schematic overview of the velocity map imaging experiment [54]
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In astrochemistry, chemical reactions are ordinarily limited to those hav-

ing low energy thresholds (in Titan’s atmosphere this limit is estimated to

be 20 meV [11]) or proceed in a barrier-less manner [58]. Barrier-less pro-

cesses between ions and neutrals can be modeled using Langevin capturing

theory. Langevin developed a simple model which calculates the capturing

cross-section between an ion and a polarizable atom [59] in the gas-phase. Ac-

cording to Langevin, the reaction (compound formation) cross-section (which

is denoted as σ and is given in units of cm−2) of two colliding particles, de-

pends on the of the neutral polarizability and the collision energy. However, at

high collisional energies (above 10 eV), the Langevin cross-section can often

be approximated by the geometrical cross-section. The probability of a reac-

tion event is proportional to the cross-section. The reaction rate constant [60]

is given as

k =
∫

f (v)vσ(v)dv. (3.1)

Here, v is the particles relative speeds of the reactants and f (v) is the relative

velocity distribution of the reactants.

3.1 Arrhenius-type

For reactions possessing a specific energy threshold (activation energy) the

reaction rate constant [61] can be given as

k = A exp
−Ea

kb T
. (3.2)

A is a pre-exponential factor (specific to the reaction), T is the temperature

(given in Kelvin), kb is the Boltzmann constant and Ea is the activation energy

(indicated by the red dashed arrow in Fig 3.1). As can be seen the rate constant

increases with ascending temperature.

3.2 Langevin-type

Barrier-less reactions behave differently from Arrhenius-type reaction. Exam-

ples of such processes include ion-electron reactions (dissociative recombina-

tion), reactions between ions with opposite charges (mutual neutralization) and

those involving radicals. Langevin-type reactions include those of an ion with

a polarisable neutral and the reaction rate constant [62] can be calculated as

follows

k = 2eπ
√

α
μ
. (3.3)
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Here, e is the elementary charge, α is the polarizability (of a neutral molecule)

and the μ is the reduced mass. As can be seen the rate constant is independent

of the temperature. Hence, barrier-less reactions tend to be much faster at

cold environments compared to Arrhenius-type reactions [63; 64]. Some ion

reactions even have rate constants that increase with diminishing temperatures

and are therefore of large interest regarding interstellar chemistry.
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4. Theoretical investigations

To better understand the chemical reaction pathways leading to the products

observed experimentally and to determine their thermodynamics we performed

quantum chemical ab initio calculations using the Gaussian program package

[65].

Such computations could, in principle, treat any system; however, for

large systems, this is not possible in practice due to extremely large compu-

tational costs. Simple electrostatic models, such as those presented in this

chapter could assist researchers in understanding important processes such as

ion-neutral and ion-ion reactions [66] as well as charge-transfer [67] process

involving large species. Recently, the approximate model (expression 4.4) pre-

sented in section 4.2 was used for classical molecular dynamics simulations of

charged fullerene clusters [68], and the model agrees exceptionally well with

Density Function Theory (DFT) calculations.

Accurate models describing the electrostatic interaction and charge trans-

fer between particles with finite sizes are essential for a wide range of pro-

cesses that are relevant in science and in technological applications. Such pro-

cesses include charge attraction in colloidal systems [69], self-organization in

nucleic acids and proteins [70], dynamics of dusty plasmas [71], collisional

charging of interstellar dust grains [72] and atmospheric cloud formation [73].

In section 4.2, we will present both the analytical and approximate expres-

sions which describe the potential of a point charge in the presence of two

dielectric spheres. The new model considers only the dielectric constants, size

and charge of both colliding particles at the same time, which is useful when

one wants to describe a charge transfer between dielectric spheres. There are

other studies that treat different geometries [74–76] and some of these models

are special cases of the one presented here [77–79]. Our studies have suc-

cessfully determined the absolute cross-sections of processes involving large

ions.

From these cross-sections, rate constants for ion reactions in the gas phase

[58] and for electron transfer reactions involving nanoparticles [80] can be

obtained.
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4.1 Ab initio calculations

With the Gaussian software [65], we can numerically compute the structures

and energies of atoms and molecules under the assumption of Born-Oppenheimer

approximation [81]. Hence, when calculating the electron wave functions, the

electrons are directly adjusted to the motion of the nuclei (the electrons expe-

rience stationary nuclei) [82].

Ab initio calculations of molecular systems can be very time consuming.

Therefore, when describing such systems, the motion of a specific electron is

often regarded as acting independently of all the other electrons, and only ex-

periences an average mean field generated by them. This electronic structure is

treated by the Hartree-Fock (HF) method. With HF, the electrons are modeled

as orbitals, which describe the spatial distribution of a certain electron. The

shape of the orbitals depends on the attraction of the nuclei and the average

repulsion towards the other electrons [81].

Firstly, a trial wave function is generated from a set of Gaussian orbitals.

Gaussian type orbitals (GTO) have a different shape to that of an atomic or-

bital, they are too flat near the atomic nucleus and they decay too fast as a

function of distance (unlike Slater type orbitals (STO)). However, a linear

combination of primitive GTO does not only describe the atomic orbital but

can also be computational treated better (since the necessary integrals can be

evaluated much easier compared with STOs). Thus, the gain with using GTOs

lies in the computational efficiency (especially for large basis sets) [81].

Then the orbital for an electron is optimized (finding the wave function

with the minimum energy), which will alter the total field generated by all

electrons. The procedure is then repeated for the orbital of the next electron

using the improved field. This procedure is continued until the Fock opera-

tors and the wave function converges i.e. optimization of the orbitals leads

to no further changes and the field of the electrons becomes self-consistent.

However, in these self-consistent field calculations only the average repulsion

between the individual electrons and the total field generated by them is taken

into account, a correlation error emerges, which results from the instantaneous

interaction between electrons [81], i.e. the fact that the movement of an elec-

tron is affected by the position of all the other electrons. This correlation error

can be accounted for using post Hartree-Fock methods, e.g. Møller-Plesset

perturbations theory (MP) and coupled cluster theory (CC). The MP2 (second

order) includes the effect of two electrons occupying higher-energy and unoc-

cupied molecular orbitals, hence lowering the electron repulsion energy [83].

The drawback is however, that the calculations become more expensive with

regard to computational time (compared to HF), since more configurations are

required to be treated.
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The coupled cluster CCSD(T) method uses exponential cluster operators

(with respect to singlet, doublet exited states and a triplet state if needed),

thus, the method provides a considerably better description of closed-shell

molecules near the equilibrium geometry [81; 84]. Unfortunately, the method

is even much more computationally demanding compared to both MP2 and

HF.

Another method which could be applied to the reactions discussed in the

present thesis is density functional theory (DFT) [85]. With this method, the

electronic structure for the ground state can be solved using the Hohenberg-

Kohn equation [86]. However, the method can have problems describing loosely

bound electrons and anions with low electron affinities [81].

In our calculations, we use a triple split valence basis set (6-311). In ad-

dition, we also include first order polarization wave functions (**) and diffuse
functions (++) which act on both for the hydrogen atoms and larger atoms.

These diffuse functions extend further out from the nucleus, and are thus some-

what compulsory when modeling anions [81]. Another possible choice would

be Dunning’s basis sets. However, these are more computationally demanding

and thus not feasible for us given the resources available.

4.1.1 Calculation Procedure

Based on the experimental findings (observed products, abundances and their

dependence of the product yields on the collision energies) we try to conceive

potential reaction pathways including intermediates and transition states. We

first attempt to find possible reaction pathways leading to the observed reac-

tion pathways via intermediate products (minima on the total potential surface

of the reaction). In case a minimum is found, its identity was checked using

frequency calculations. Further on, potential transition states connecting these

intermediate minima were computed. These optimizations were carried out

on the MP2/6-311++G**. For those calculations we use the Gaussian QST3

method. With this, a first-order saddle point can be found starting from a

guessed intermediate structure between two minima. Once the geometries of

the minima and transition states are obtained we perform a frequency calcu-

lation (harmonic approximation) which generates a Hermitian. If the eigen-

values are positive then the obtained geometry belongs to a minimum and if

there is only one negative eigenvalue (imaginary frequency) we have a first

order saddle point (transition state). An additional validation test is performed

for each transition state using intrinsic reaction coordinates (IRC) calculation.

This consists of an optimization in both the forward and backward direction

along the normal mode of the vibration with the imaginary frequency [87; 88].

If the correct transition state was obtained the IRC calculation should terminate

��



at the two minima the transition state was supposed to connect.

Barrier-less dissociation pathways leading to observed products are checked

using energy scans along the dissociation coordinate leading to the observed

products (usually the stretching of the dissociating bond) or through IRC com-

putations starting from the separated reaction products and going ”downhill”

on the potential surface. The obtained formation enthalpies of all intermedi-

ate minima and transition states were subsequently corrected for Zero-point

energies (ZPE) resulting from the frequency calculations.

All the obtained geometric structures (calculated at the MP2/6-311++G**

level of theory) are then inserted in a second set of single point energy calcu-

lations performed at the CCSD(T)/6-311++G** level. The energies resulting

from these calculations are then corrected using the zero-point energies yielded

by the MP2/6-311++G** calculations.

4.2 Interaction and charge transfer between charged

objects

Generally, the long-range electrostatic attraction between positive and negative

point charges arises from the Coulomb force. However, for objects with finite

sizes, the electrostatic force is also influenced by the mutual polarization. This

means that two spheres with the same sign of their charges can attract each

other at short distances [89].

For practical reasons, in collisions involving only two particles one is re-

ferred to as the projectile (A) and the other one is referred to as the target (B).

The charge (q), radius (a) and polarizability (ε) associated with these parti-

cles are indexed accordingly, see Fig. 4.1. Two sets of coordinate systems are

employed, each with an origin at the center of a sphere [90].

ẑ
aA

θA

P

θB

εAεB

qAqB

aB

r̄B r̄A

R̄

Figure 4.1: The two spherical coordinate systems (A and B) for two charged

dielectric spheres. Adapted from paper I [48].
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4.2.1 Interaction energy of two dielectric spheres

Let us consider a system consisting of two dielectrics spheres (see Fig. 4.1).

Then the interaction energy between two these two spheres (see paper I [48])

is given by

Uint =
qA qB

R
+

1

2

∞

∑
l=1

[
qA

(aB

R

)l+1

cB
l −qB

(aA

R

)l+1

cA
l

]
. (4.1)

The coefficients cA
l and cB

l (l’th order of the Legendre polynomial) are derived

from the boundary conditions, which are as follows: the electric fields is con-

tinuous along the tangential component of the sphere’s surface [91] and the

electric flux density is continuous along the normal component of the sphere’s

surface [92]. Consequently, cA
l and cB

l depend on the radii, charges and dielec-

tric constants of both spheres which are given as:

cA
l =

l(1− εA)

l(εA +1)+1

(−aA

R

)l
[

qB

R
+

∞

∑
m=1

(aB

R

)m+1 (m+ l)!
m!l!

cB
m

]
, (4.2)

cB
l =

l(1− εB)

l(εB +1)+1

(aB

R

)l
[
−qA

R
+

∞

∑
m=1

(−aA

R

)m+1 (m+ l)!
m!l!

cA
m

]
. (4.3)

The first term in Eq. 4.1 corresponds to the pure Coulomb energy of two

point charges, while the infinite sum represents mutual polarization effects.

Computationally the infinite sum is approximated by a finite number N of iter-

ations. The convergence rate, however, is strongly depending on R. For large

values of R the sum converges quickly. When R is small (R≈ aA+aB) the sum

converges very slowly. Hence, more iterations are required in such cases.

The approximate interaction energy (see paper I [48]) can be written as

Uapprox
int (R) =

qBqA

R
− 1

2

[
εB−1

εB +2

q2
Aa3

B

(R2−a2
B)R2

+
εA−1

εA +2

q2
Ba3

A

(R2−a2
A)R2

]
. (4.4)

In Fig 4.2 we display the interaction energy as a function of distance R, for

various dielectric constants εA = εB = 2, 4, 10, 100. The blue open circles

represent the full analytic solution (Eq. 4.1) and the black lines indicate the

approximate solution (Eq. 4.4). In the left panel the sphere radii are set to

aA = aB = 37.8a0, and in the right panel the radii are aA = 1.89a0 and aB =
37.8a0.
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Figure 4.2: Interaction energy as a function of center-to-center distance, between

two charged dielectric spheres (qA = 5 and qB = 1) for different values of the di-

electric constant. The circles are the results obtained using the analytical solution

(Eq. 4.1), the solid black lines are those from the approximate expression (Eq.

4.4) and the dashed red lines (Eq. 4.1) are equivalent to εA = εB → ∞. Left: The

sphere radii are set to aA = aB = 37.8 a0. Right: aA = 1.89 a0 and aB = 37.8 a0.

From Fig 4.2, one can clearly see that the dielectric constant affects the

interaction energy, especially for low εA and εB values. We also see that the

approximate solution works very well in a wide parameter range. There are

however some minor differences between the exact and the approximate solu-

tion (see the left panel in Fig 4.2). The biggest difference is at small separa-

tions and when the dielectric constants (εA and εB) are high. In the special case

of two metallic spheres (where εA = εB → ∞) there exist other computational

efficient methods [79], which give the red dashed line (in 4.2).
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4.2.2 Potential energy of a point charge between two dielectric spheres

The exact expression for the electrostatic potential experienced by a charge qp

(paper I [48]) located at position P (see Fig. 4.1) is given by

Φ =
∞

∑
l=0

(
cB

l +
1

2
δcB

l

)(
aB

rB

)l+1

Pl(cosθB)

+
∞

∑
l=0

(
cA

l +
1

2
δcA

l

)(
aA

rA

)l+1

Pl(cosθA).

(4.5)

The explicit expressions for the coefficients cA
l and cB

l are given by Eq 4.2 and

4.3, respectively. Coefficients δcA
l and δcB

l are given by

δcA
l =− l(1− εA)

l(εA +1)+1

[
qp

rA

(−aA

rA

)l

+

(−qA

R

)l ∞

∑
m=1

(aB

R

)m+1 (m+ l)!
m!l!

δcB
m

]
,

(4.6)

δcB
l =

l(1− εB)

l(εB +1)+1

[
−qp

rB

(
aB

rB

)l

+
(qB

R

)l ∞

∑
m=1

(−aA

R

)m+1 (m+ l)!
m!l!

δcA
m

]
,

(4.7)

The polar angles θA and θB are associated with the corresponding sphere, with

respect to the z-axis and is depicted in Fig 4.1. At a fixed center-to-center

distance R, the lowest barrier occurs when θB = 0 and θA = π . Hence, the point

charge is preferentially transfered along the z-axis (rA = R− z and rB = z).

The approximated electrostatic potential for qp along the z-axis (paper I

[48]) can be written as:

Φapprox(R, z) =
qB

z
+

qA

R− z
− εB−1

εB +2

[
qAa3

B

(Rz−a2
B)Rz

+
qpa3

B

2z2(z2−a2
B)

]

− εA−1

εA +2

[
qBa3

A

(R− z)2R2− (R− z)Ra2
A
+

qpa3
A

2((R− z)4− (R− z)2a2
A)

]
.

(4.8)
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Figure 4.3: Left panels: Potential energy of an electron (qp = −1) located

on the z-axis connecting two charged dielectric spheres (εA = εB = 1000, qA = 5

and qB = 1) as a function of distance z. Right panels: Maximal potential energy

as a function of center-to-center distance R. Upper panels: aA = aB = 37.8 a0

and R = 83 a0. Lower panels: aA = 1.89 a0, aB = 37.8 a0 and R = 48 a0. The

open markers, depict the exact solution (Eq. 4.5) while the line depict the ap-

proximated solution (Eq. 4.8), for given dielectric constant (εA = εB = 2, 4, 10,

1000).

Fig 4.3, shows the potential energy of an electron (qp = −1) along the z-axis.

Following the same argument as in Section 4.2.1, the long-range terms (Eq.

4.5) are well represented by the approximate solution (Eq. 4.8). This is dis-

played in Fig 4.3. The left panels depict the potential energy of an electron

between two spheres, using Eq. 4.5 (in black) and Eq. 4.8 (in blue). In the

right panels, the maximum potential barriers for different εA and εB as a func-

tion of center-to-center distance are illustrated.
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5. Model applications

5.1 Compound formation cross-section

Reaction rates of compound formations in the gas phase can be studied us-

ing Langevin-type capturing theory. The Langevin-type cross-section can be

derived from an effective potential [91], which is given by

Ue f f (R) =Uint(R)+E
b2

R2
. (5.1)

The first term corresponds to the interaction energy between two objects and

the second term is a centrifugal component, which depends on the kinetic en-

ergy E, impact parameter b and center-to-center distance R. The cross-section

is obtained when the effective force (dUe f f (R)/dR) is zero. Taking the deriva-

tive of Eq. 5.1, we obtain the following expression:

dUint(R)
dR

= 2E
b2

R3
. (5.2)

However, the cross-section is limited to a maximum value by the centrifugal

barrier, i.e, Ue f f (Rb) = E. Combining Eq 5.1 and 5.2 thus gives us the follow-

ing expression:

E =Uint(Rb)+
Rb

2

dUint(Rb)

dR
. (5.3)

The impact parameter is given by

b = Rb

√
1−Uint(Rb)

E
. (5.4)

The general Langevin-type cross-section can thus be written as

σReac = πb2
crit = πR2

b

(
1−Uint(Rb)

E

)
. (5.5)

If we neglect the size of the both collision partners, the interaction energy of a

point charge interacting with a neutral object is

Uint(R) =− α
2R4

. (5.6)
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Here α is the dipole polarizability of the neutral particle. Accordingly, if we

insert Eq. 5.6 into Eq. 5.3, we get

R2
b =

√
α

2E
. (5.7)

This leads to the Langevin cross-section, which is written as

σReac = π
√

2α
E

. (5.8)

The compound formation cross-section can also be calculated using expres-

sion 5.5 (see paper I [48]). Furthermore, we have also shown in section 4.2.1

that the approximate expression 4.4 agrees well with the full analytic solution.

Consequently, the Langevin-type (capturing) cross-section expression can be

significantly simplified.

Fig. 5.1 displays the capturing cross-section as a function of collision en-

ergy of two charged spherical objects. In the upper panel the sphere sizes are

set to aA = 0.1 nm and aB = 1 nm, in the middle panel to aA = aB = 1 nm and

in the lowest panel to aA = 1 nm, aB = 10 nm. There are three sets of symbols

in each panel which indicate the cross-section obtained with different sphere

charges. The open symbols represent εA = εB = 1000 and the filled symbols

represent εA = εB = 5. In the model, it is a hard collision at asymptotically

high energies. This is clearly shown in Fig 5.1, as all the curves converge to

the geometric cross section π(aA + aB)
2. The form of the effective potential

only becomes relevant at kinetic energies that are not too far above the poten-

tial energy at the top of the effective barrier.

The triangular symbols indicate cation-anion collision (qA = 1, qB =−1).

These curves have the largest cross-section, since both the Coulomb and the

induced polarization forces are attractive. A different behavior can be seen

for the ion- neutral collisions as indicated by square symbols (qA = 1, qB =
0). Here the cross-section is somewhat lower since the attraction is now only

generated by the induced polarization. In the third set (indicated by circles),

we display the cross-sections of the cation-cation collisions (qA = qB = 1). In

this case, the Coulomb repulsion counteracts the polarization effect resulting

in a much lower cross-section.

Fig. 5.1 also shows that the dielectric constant has a profound influence

on the cation-anion cross-section, but also on the ion-neutral cross-section

(triangular- and square symbols, respectively). Furthermore, if the sphere size

and/or charge increases the dielectric constant will have a greater influence on

the Langevin-type cross-section for compound formation.
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Figure 5.1: Langevin-type cross-section for compound formation as a function

of collision energy E, for two colliding dielectric spheres. The top panel: aA =
0.1 nm, aB = 1 nm, middle panel: aA = aB = 1 nm and the lower panel: aA = 1

nm, aB = 10 nm. The relative dielectric constants εA = εB = 1000 (open symbols)

or εA = εB = 5 (full symbols) are computed using the approximate solution Eq.

4.4. The different symbols also display the cross-section for a given set of sphere

charges, triangles: qA = 1, qB = −1, circles: qA = qB = 1 and squares: qA =
1, qB = 0. Additionally, the red dashed curves show the corresponding cross-

section for qA = 1, qB = 0 while the projectile is regarded as a point charge and

εB = 1000. The Figure is adapted from paper I [48].
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5.2 Charge transfer cross-sections

The charge transfer process, from a target B to a charged projectile A, can be

described by the over-the-barrier principle, i.e, at a critical distance Rcrit the

charge qp initially bound to the target B overcomes the potential barrier and

is transferred to the projectile A. This process is illustrated in Fig 5.2, which

displays the potential energy (V (R,z) = qpΦ(R,z)) experienced by an electron

(qp =−1) located between spheres of charge qA = 10 and qB = 1 as a function

of electron-to-target distance z. The black curves show the potential energy

experienced by qp when R1 → ∞, R2 = 30 a0 and R3 = 19.9 a0. The red

dashed lines illustrate the Stark-shifted ionization energy (see Eq 5.9), which

is the adjusted binding energy of qp to the system as a whole:

I�1 = I1 +ΦStark(R). (5.9)

The first term I1 is equivalent to the ionization energy and the second term

ΦStark(R) is the adjustment to the binding energy (surface potential) as the two

particles come closer. The Stark-shift at a point closest to the projectile sphere

can be approximated by (see paper I [48] for more details)

ΦStark(R) =
qA

R−aB
+

εB−1

εB +2

(
qA

R
− qA

R−aB

)
. (5.10)

As long as the Stark-shifted ionization energy is lower than the potential energy

curve, qp will remain bound to the target particle B. However, a charge transfer

take place if the distance R is less than or equal to Rcrit , (the top of the potential

energy barrier equals the Stark-shifted ionization energy). This is illustrated by

the lower black curve in Fig 5.2, which shows that the potential maximum at

distance R3 = 19.9 a0 is equal to the Stark-shifted ionization energy. This

means that for this system, Rcrit = R3 is the largest distance (classically) at

which a charge qp can be transferred from the target to the projectile. This is

referred to as the critical distance for over-the-barrier charge-transfer processes

to occur.
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Figure 5.2: Classical over-the-barrier concept. In black: the potential energy

experienced by an electron, plotted as a function of z. In red: Stark-shifted

Ionization energy displayed for three given distance R1 → ∞, R2 = 30a0 and

R3 = 19.9a0; only in the latter case is electron transfer allowed classically.
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The simplest version of the model has been successfully used to rationalize

results from collisions between highly charged ions and atoms [93]. The crit-

ical distance Rcrit is obtained by first calculating the potential energy V of an

electron (qe =−1) moving between two point charges, and is given as

V (R,z) = qeΦ(R, z) =−qB

z
− qA

R− z
. (5.11)

By taking the derivative of the above expression, we get the value of z at which

V has its maximum

∂V (R, z)
∂ z

=−qB

z2
+

qA

(R− z)2
= 0. (5.12)

Eq. 5.12 has two solutions of the form

z1,2 =±
√

qB√
qB +

√
qA

R, (5.13)

with only the positive solution z1 being physical. The over-the-barrier criterion

is then formulated as

|maxV (R, z1)| ≤ I�1 . (5.14)

The Stark-shift ionization energy for a point charge or a metallic particle is

given by

I�1 = I1 +
qA

R
. (5.15)

The expression for the critical distance is

Rcrit =
qB +2

√
qA qB

I1
. (5.16)

Finally, the charge-exchange cross-section is given by

σT = π R2
crit . (5.17)

For this simple case, it is possible to obtain a closed expression. However, for

the sphere-sphere model (Eq. 4.5), a numerical solution is required.

Fig 5.3 displays the absolute electron transfer cross-section as a function

of target radius aB for four different dielectric constants εA = εB =2, 5, 10 and

1000. The projectile sphere radius is set to aA = 0.1 nm in the upper panels. In

the lower panels the radius is set to aA = 1 nm. Both ionization energy (I1 =
5 eV) and target sphere charge (qB = 1+ qp = 0) are kept constant, while in

the left panels the projectile charge is set to qA = 1 but in the right panels to
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qA = 10. Furthermore, both geometrical cross-section (dashed line) and the

cross-section for two point charges (blue circle) are displayed in each panel.

From the left panels of Fig. 5.3 one can see that the dielectric constants

do not change the cross-section very much. While in the right panels of Fig.

5.3, the cross-section is more affected by the dielectric constant, however, the

charges are higher. Hence, the dielectric constants should be taken into account

when treating highly charged clusters.
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Figure 5.3: Absolute electron (qe = −1) transfer cross-sections for collisions

between a charged dielectric sphere (left panels qA = 1, right panels qA = 10,

upper panel aA = 0.1 nm and lower panels aA = 1 nm) and a neutral dielectric

sphere (qB = 1− qp = 0) as a function of target radius (aB) obtained with the

approximate expression (Eq 4.8) and the approximate Stark-shifted ionization

energy (Eq 5.10, with a binding energy I1 = 5 eV). In each panel, the cross-

section is calculated for four different values of the dielectric constants (εA =
εB = 2, 5, 10, and 1000). The blue circle indicates the analytic cross-section

for an ion-atom collision, while the dashed line indicates the geometrical cross-

section. Adapted from paper I [48].
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6. Reactions of the cyanoethynyl

anion with simple hydrocarbons

The cyanoethynyl ion (C3N−) is one of the smaller anions detected by

CAPS/ELS. Previous studies have shown how HC3N can be produced from

lighter compounds (CN +C2H2 → HC3N +H) [94–96]. The impact of supra-

thermal electrons on the latter compound may lead to C3N− via a dissociative

electron capture [11].

HC3N + e− →
{

C3N−+H
CN−+C2H2

Studies done by Žabka et al. [31] suggest that the cyanoethynyl anion (C3N−)

reacts with HCN under chain elongation. Investigations of reactions involv-

ing C3N− with unsaturated hydrocarbons present in Titan’s atmosphere may

therefore provide better understanding of the formation of larger anions in this

environments.

We investigated the reaction of C3N− and C5N− with acetylene. Our exper-

iments have been performed using the setup described in Section 2.1. Our the-

oretical calculations were carried out by the methodology described in Chapter

4.

6.1 C3N−+C2H2

In our studies the product mass spectrum displayed in Fig. 6.1 was obtained.

It shows ten different peaks, with mass to charge ratios (m/z) of 25 (C2H−),

26 (CN−), 32 (O−2 ), 38 (C2N− and/or C3H−
2 ), 48 (C−4 ), 49 (C4H−), 50 (C3N−),

66 (C3NO−), 73 (C6H−) and 74 (C5N−). Amongst these peaks we neglect the

masses which correspond to compounds containing oxygen or multiple nitro-

gen atoms, since these are a result of contaminations of air and/or generated

by multiple collisions. Consequently the peak at m/z 32 (O2) and the peak at

m/z 66 (C3NO−) are ignored. To identify the products which arise from C3N−

reacting with oxygen, we performed an additional measurement using air as

the reactive gas. From the recorded spectrum we can confirm that the most

prominent peaks at m/z 26 and 66 probably stem from fragmentation of C3N−
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to charge ratios equivalent to m/z 25 (C2H−), 26 (CN−) and 74 (C5N−). De-

pendences of absolute reaction cross sections on the collision energies (dis-

played in Fig. 6.2), were determined by varying the center-of-mass energy

from 0.1 up to 7 eV while the pressure inside the collision cell was kept at

(2− 2.5)× 10−4 mbar. From Fig. 6.2, we see that while the absolute cross
σ
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Figure 6.2: Absolute cross section of the formation pathways of the products of

the C2H2 +C3N− reaction, as a function of the center-of-mass energy. The three

displayed curves show the observed products with a mass to charge ratio of (m/z)

25, 26 and 74, equivalent to C2H−, CN− and C5N−. Taken from paper II [97].

sections are generally small, the overall trend is that they increase with the rel-

ative kinetic energy of the reactants in the center-of-mass frame. Moreover, we

see that the C5N− cross section is much lower compared to C2H− and CN−.
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This smaller cross section is at odds with the other two guided beam exper-

iments, however, the CERISES studies were carried out with a much lower

(10-25 times) C2H2 pressure. A higher pressure increases the possibility of

secondary collisions, which seems to favor the production of C5N−, maybe

because of stabilization of intermediate complexes. Also, in a previous study

done by Žabka et al. [31] it was suggested that stabilization by secondary col-

lisions could lower the energies of the involved reaction intermediates and thus

influence the branching ratios of the observed products.

Ab initio calculations (see section 4) at the CCSD(T)/6-311++G** level of

theory were carried out to find reaction pathways leading to the observed prod-

ucts. They revealed the possibility of the formation of the following different

isomers of the neutral by-products:

C3N−+C2H2 →

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

CN−(m/z 26) + CHCHC2

CN−(m/z 26) + H2CCCC
CN−(m/z 26) + C4H2

C2H−(m/z 25)+ HC3N
C2H−(m/z 25)+ CCHCN
C5N−(m/z 74)+ H2

(P1a)
(P1b)
(P1c)
(P2a)
(P2b)
(P3 )

A potential surface of the title reaction is given in Fig. 6.3. The included en-

ergies in Fig. 6.3 are the sum of electronic and zero-point vibrational energies

and are plotted relative to the sum of the zero-point corrected energies of the

reactants (see Tab 6.1).

The negatively charged C3N− preferably attacks the neutral acetylene

molecule from the carbon end. Via the transition state T0 (0.72 eV) the mini-

mum ST
0 (-0.37 eV) is formed. The less favorable nitrogen end attack can occur

via two different transition states (1.60 eV and 1.90 eV above the reactant en-

ergies, respectively) depending on whether the trans- and cis structure of the

adduct molecules is formed (both adduct isomers are situated 1.59 eV above

the energies of the reactants). The intermediate ST
0 formed by the carbon-end

attack can undergo three different reaction pathways, one (blue dashed line)

is a barrier-less dissociation process (Reaction 1a) which leads to P1a (CN− +

CHCHC2, 2.92 eV). The second one involves the cis-trans isomerization of ST
0

to SC
0 via T rot

0 (see below). The third pathway (displayed in red) involves hydro-

gen migration through transition state T1 (1.87 eV) forming the intermediate

minimum structure S1 (-1.01 eV). From S1 there exist two different dissocia-

tion channels (the two red dashed lines); one of these channels is barrier-less

and leads to products P1b (CN− + H2CCCC, 1.80 eV). The other channel re-

sults in the formation of P3 (this pathway is exoergic by -0.18 eV) through H2

elimination and proceeds via transition state T1p (1.77 eV).
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Table 6.1: Energies (in Hartrees) of the intermediates, transition stats and

product pathways predicted by the ab initio calculations, for the reaction of

C3N−+ C2H2. The relative energies (R.E) are listed in eV relative to the educt

energies.

MP2/6-311++G** ZPE (MP2) CCSD(T)/6-311++G** R.E. (eV)

ST
0 -245.66689 0.04548 -245.77508 -0.3719

SC
0 -245.66783 0.04577 -245.77620 -0.3948

S1 -245.69460 0.04579 -245.79890 -1.0118

ST
2 -245.69030 0.06046 -245.79786 -1.0082

SC
2 -245.68872 0.04534 -245.79615 -0.9494

S3 -245.68536 0.04522 -245.79365 -0.8845

C1 -245.75234 0.04530 -245.74537 0.4314

T0 -245.62807 0.04272 -245.73212 0.7216

T1 -245.58723 0.03964 -245.68673 1.8732

T2 -245.60273 0.03933 -245.70755 1.2982

T3 -245.59304 0.03936 -245.69366 1.6772

T1C -245.63452 0.04365 -245.73802 0.5868

T1P -245.59345 0.03644 -245.68718 1.7737

T2P -245.64353 0.04217 -245.74817 0.2699

T rot
0 -245.62172 0.04324 -245.72586 0.9062

T rot
2 -245.66067 0.04484 -245.76835 -0.2066

P1a -245.53140 0.03964 -245.64834 2.9176

P1b -245.57266 0.03937 -245.68922 1.7979

P1c -245.65798 0.03950 -245.75898 -0.0968

P2a -245.60860 0.04012 -245.71071 1.2337

P2b -245.51863 0.03755 -245.63329 3.2705

P3 -245.66729 0.03380 -245.75632 -0.1793

Page break
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6.2 C5N−+C2H2

Our studies of collisions of C5N− with neon, acetylene, and deuterated acety-

lene led to the following spectra.
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Figure 6.5: Mass spectra resulting from the reaction between C5N− and neon,

undeuterated and deuterated acetylene. They were obtained with a tandem

quadrupole mass spectrometer (at 1.2× 10−2 mbar pressure) with a relative ki-

netic energy of the reactants of 5 eV. The top spectrum, depicted in blue, shows

the products derived from the collision between C5N− and neon. The middle

spectrum, in black, represents the reaction of C5N− and deuterated acetylene

(C2D2). The bottom spectrum (in red) displays products obtained from the title

reaction.

The top spectrum (C5N−+Ne), shows the primary beam C5N− (m/z 74) and

three additional prominent peaks CN− (m/z 26), C−4 (m/z 48) and C3N− (m/z

50). Since neon is a non-reactive gas under these conditions, the appear-

ance of these products are a result of collision induced dissociation (CID).

The middle mass spectrum obtained from the reaction of C5N−+C2D2, depict

seven prominent peaks m/z 26 (CN−/C2D−), 48 (C−4 ), 50 (C3N−/C4D−), 62

(C4N−), 72 (C−6 ), 74 (C5N−/C6D−) and 98 (C7N−). The bottom mass spec-

trum recorded for the reaction C5N−+C2H2, displays 10 peaks with the fol-

lowing mass-to charge ratios: m/z 25 (C2H−), 26 (CN−), 48 (C−4 ), 49 (C4H−),

50 (C3N−), 62 (C4N−), 72 (C−6 ) 73 (C6H−),74 (C5N−) and 98 (C7N−).

As previously mentioned in the Section 6.1 (Eq. 6.11-6.12), C2H− can,

via secondary reactions, produce C4H− (m/z 49) and C6H− (m/z 73). But if

the kinetic energies are sufficient these products can also generated by primary

processes. Furthermore, these two alkyne anions can fragment, leading to C−4
(m/z 48) and C−6 (m/z 72).
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Conclusively, the observed product mass spectrum of the C5N +C2H2 reaction,

shows the following reaction channels:

C5N−+C2H2 →

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

C2H−(m/z 25) + HC5N
CN− (m/z 26) + C6H2

C3N− (m/z 50) + C4H2

C4N− (m/z 62) + C3H2

C7N− (m/z 98) + H2

C4H− (m/z 49) + HC3N
C6H− (m/z 73) + HCN
CN− (m/z 26) + C4 + C2H2 (CID)
C−4 (m/z 48) + CN + C2H2 (CID)
C3N− (m/z 50) + C2 + C2H2 (CID)
C2N− (m/z 38) + C5H2

(4.21)
(4.22)
(4.23)
(4.24)
(4.25)
(4.26)
(4.27)
(4.28)
(4.29)
(4.210)
(4.211)

In addition, several measurements were performed to investigate the produc-

tion yields of the different anions as a function of the reactant gas inside the

collision cell, see Fig. 6.6.
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Figure 6.6: Relative product yield of the six most abundant anions at a fixed

center-of-mass collisional energy (3.9 eV) as a function of pressures ranging from

0.05 - 5 ×10−2 mbar. The dashed box indicates the pressure regime where the

mass spectrum displayed in Fig. 6.5 was obtained. The figure was adapted from

paper III [98].
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Interestingly, in Fig. 6.6, one can see that the C4N− and C2H− yields de-

creases as a function of pressure. This could either mean that these products

are destroyed via secondary reactions with acetylene or that the reaction chan-

nels are barrier-less. The relative product intensities of CN−, C−4 , C3N− and

C7N− increase (with some saturations) at higher pressures. A decrease in the

product yield at higher pressures could indicate that these products are being

destroyed via secondary reactions of the primary products or there are reaction

pathways with higher reaction rates which become accessible under these con-

ditions. Since secondary processes would display quadratic or higher pressure

dependence, we concluded that these products are generated as a result of the

primary reaction.

The experimental reaction thresholds of the product formation pathways

can be estimated from Fig. 6.7, which shows the product yield (normalized

over the primary beam intensity) as a function over the center-of-mass relative

kinetic (collisional) energy.
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Figure 6.7: Product yield (normalized over the primary beam intensity) as a

function of the nominal kinetic energy. The arrows indicate the theoretical thresh-

old of the corresponding reaction pathway. Adapted from paper III[98].

In order to fully understand the formation processes of the observed products,

ab initio calculations were carried out (see Chapter 4), and the theoretically

obtained reaction are represented by arrows in Fig. 6.7.
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According to our calculations the C5N− anion can, via CID, fragment into

C4 +CN− (6.30 eV), C−4 +CN (6.18 eV) or C3N−+C2 (5.99 eV). None of

these three pathways are depicted in Fig. 6.9, since they are not a processes in

which the acetylene acts as a reactant, but only as a collision parter.

Furthermore, the C5N− anion may attack the acetylene molecule, either

with its carbon end forming adduct M1 (-0.31 eV) via transition state T1 (0.78

eV) or with its nitrogen end. The latter can lead to the formation of two adducts

(a cis and a trans structure) which are situated at 1.89 eV (with respect to the

reactant) and are accessible via two transition states, both exceeding the energy

of T1 by more than 1 eV. For that reason the nitrogen attack is neglected in this

study. Another possible course of reaction leads to a more stable cyclic adduct

M21 (-1.71 eV) via transition state T21 (1.36 eV). M21 can, through a barrier-

less dissociation process, generate a CN− ion and cyc−C6H2 (pathway P2B,

2.01 eV). In addition, the attack can, via barrier-less endoergic proton transfer,

generate C2H− and HC5N, which constitutes the product channel P1 (1.40 eV).

From M1, the hydrogen atom located at the near-terminal carbon atom

(Number 2) can migrate to the carbon end (carbon Number 1) forming the

intermediate M2 (-1.10 eV) which proceeds through transition state T2 (1.91

eV). M2 can be subjected to a barrier-less fragmentation process which gives

rise to products P2A (CN +H2C6, 2.17 eV) and P3A (C3N +H2C4, 2.08 eV).

Furthermore, M2 can eliminate H2 from the terminal carbon atom via transi-

tion state T28 (1.71 eV), forming products C7N +H2 (P5, -0.14 eV).

Another accessible pathway involves cis-trans isomerization of M1 leading

to M3 (-0.27 eV) via T3 (1.97 eV). M3, on the other hand, has two possibilities

to react further either forming a cyclic (4 carbon atoms) structure M5 (0.67

eV) via T5 (1.63 eV) or another cyclic (5 carbon atoms) intermediate M4 (0.57

eV) via transition state T4 (2.04 eV). The latter could dissociate via a barrier-

less destruction pathway that was not observed in the experiment, which pro-

duces C2N− and cyc−C5H2 (P11A, 7.49 eV). From M5, there is a pathway

via the barrier T24 (3.45 eV) resulting in products P3B (C3N + cyc− (CH)2C2,

3.20 eV). M5 can also change its geometry via T6 (0.73 eV) resulting in M6

(0.52 eV). From M6 there is a barrier-less pathway which forms product P3C

(C3N−+cyc−C4H2, 3.22 eV). Another option for M6 is to undergo ring open-

ing, which leads to M7 (-0.38 eV) over transition state T7 (1.90 eV). M7 can

perform cis-trans isomerization to M8 (-0.39 eV) through transition state T8

(0.93 eV). M8 can be subjected to a barrier-less fragmentation process which

leads to product P1. Furthermore, M8 can, through transition state T26 (0.81

eV), produce products P3D (HC4H +C3N−, 0.19 eV).

Intermediate M1 may also form a cyclic (3 carbon) structure via transition

state T9 (1.05 eV), namely M9 (0.31 eV). M9 can further react via T27 (3.53

eV), producing products P4B (C4N−+C3H2, 3.41 eV).
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Moreover, M1 can, through reallocating the hydrogen atom bound to car-

bon atom Number 2 to carbon atom Number 3 form M10 (-1.06 eV) via T10

(1.51 eV) . M10 can be subject to cis-trans isomerization through T11 (-1.03

eV) which is minutely lower in energy compared to the connecting intermedi-

ate state M11 (-1.03 eV). This is an artefact induced by the zero-point energy

correction. Nevertheless, from M11 there are two barrier-less dissociation path-

ways, the first one leading to product P1 (1.40 eV) the other one forming prod-

uct P2D (CN−+(HC2)HC4, 2.20 eV). M11 can also generate a van der Waals

cluster consisting of a bent C4N− and HC3H molecule which we denoted as

M12 (4.10 eV) and is accessible via T12 (4.12 eV). Separation of the cluster

components leads to products P4A (4.47 eV).

From M11, the hydrogen migration process may proceed further from car-

bon atom Number 3 to carbon atom Number 4 via T13 (1.80 eV), thus forming

minimum M13 (-0.75 eV). From M13 there is an additional pathway leading to

the products of channel P3D, accessible through transition state T25 (0.58 eV).

Cis-trans isomerization of M13 leads to M14 (-0.80 eV) and proceeds via T14

(-0.57).

From M14, hydrogen migration may continue further from carbon atom

Number 4 to carbon atom Number 5 through T15 (1.06 eV), consequently form-

ing M15 (-1.03 eV). From M15, trans-cis isomerization occurs over transition

state T16 (-0.24 eV) and leads to structure M16 (-0.96 eV). Barrier-less frag-

mentation of M16 produces product P11B (C2N−+HC5H, 5.98 eV), however,

this pathway was not observed in the experiment. Another possible course of

reaction results in a van der Waals cluster M17 (-0.03 eV) which consist of

C4H− and HC3N, and is accessible from M16 through transition state T17 (0.66

eV). Separation of the cluster components leads to products of channel P6A
(0.83 eV).

From M16, the hydrogen migration can continue from carbon atom Num-

ber 5 to carbon atom Number 6 via transition state T18 (1.77 eV), generating

minimum M18 (-1.09 eV). M18 has a exit channel P2C (0.09 eV) which is acces-

sible through transit state T23 (0.22 eV). If M18 is subjected to enough energy,

a barrier-less elimination of C4H− and C2HCN (P6B, 2.86 eV) can occur.

Cis-trans isomerization of M18 can occur via T19 (-0.97 eV) which gener-

ates M19 (-1.14 eV). This species can also be accessed from M11, via T22 (1.47

eV). This pathway is more energetically favorable compared to T18. The hy-

drogen migration can also continue from M19 (the hydrogen located at carbon

atom Number 6 moves to carbon atom Number 7), generating M20 (0.71 eV)

via T20 (1.65 eV). Fragmentation of M20 may proceed via transition state T29

(0.83 eV) to produce products P7 (C6H−+HCN, 0.30 eV).
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Thus, the appearance of the observed products can be explained by the

pathways predicted by our calculations, see the reaction scheme which is illus-

trated in Fig. 6.8 and the potential energy surface which is displayed in Fig.

6.9. The energetics from both the calculations at the MP2/6-311++G** and

CCSD(T)/6-311++G** level are listed in Tab. 6.2.
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Figure 6.8: Reaction scheme of C5N− with acetylene. Taken from paper III [98].
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Figure 6.9: Potential energy surface for the reaction of C2H2+C5N−, (optimized

at the MP2/6-311++G** level and energies were) calculated at the CCSD(T)/6-

311++G** level of theory (see Tab 6.2). The solid lines display the energy of

the pathways connecting the respective transition states and intermediates along

the reaction pathways illustrated in Fig. 6.8, the dashed lines correspond to exit

pathways leading to the observed products. Adapted from paper III [98].
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Table 6.2: Energies (in Hartree) intermediates, products and transition states of

the reaction of C5N−+C2H2 predicted by the ab initio calculations. The relative

energies (R.E.) respective to the reactants are listed in eV. Relative energies are

computed at the CCSD(T)/6-311++G** level. All energies have been corrected

for the zero point energies at the MP2/6-311++G** level. Taken from paper III

[98].

MP2/6-311++G** ZPE (MP2) CCSD(T)/6-311++G** R.E. (eV)

T1 -321.579331 0.052099 -321.702678 0.784

T2 -321.543852 0.049398 -321.658766 1.906

T3 -321.521614 0.051300 -321.658211 1.973

T4 -321.528433 0.056766 -321.661374 2.035

T5 -321.527512 0.055031 -321.674631 1.627

T6 -321.568028 0.055262 -321.707952 0.727

T7 -321.532525 0.053618 -321.663148 1.901

T8 -321.567568 0.051939 -321.697335 0.925

T9 -321.573101 0.053096 -321.693787 1.053

T10 -321.548115 0.049469 -321.673334 1.511

T11 -321.637138 0.054838 -321.772175 -1.03

T12 -321.42489 0.048237 -321.576187 4.121

T13 -321.545593 0.047850 -321.660774 1.809

T14 -321.618898 0.054436 -321.754649 -0.566

T15 -321.560674 0.049158 -321.689506 1.063

T16 -321.611086 0.054873 -321.742969 -0.237

T17 -321.581475 0.051121 -321.706340 0.658

T18 -321.550091 0.047626 -321.661931 1.771

T19 -321.633556 0.054531 -321.769554 -0.969

T20 -321.545171 0.046821 -321.665716 1.646

T21 -321.558341 0.051966 -321.681502 1.357

T22 -321.562622 0.049320 -321.674803 1.467

T23 -321.59606 0.052268 -321.723595 0.220

T24 -321.469847 0.049948 -321.602382 3.455

T25 -321.584193 0.052095 -321.710247 0.578

T26 -321.572721 0.051690 -321.701426 0.807

T27 -321.455323 0.051665 -321.601405 3.528

T28 -321.545844 0.045361 -321.661960 1.709

T29 -321.574706 0.051321 -321.700302 0.828
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MP2/6-311++G** ZPE (MP2) CCSD(T)/6-311++G** R.E. (eV)

M1 -321.615655 0.056100 -321.746980 -0.312

M2 -321.648625 0.055907 -321.775912 -1.105

M3 -321.614378 0.055874 -321.745346 -0.274

M4 -321.581165 0.060458 -321.718890 0.571

M5 -321.569142 0.056346 -321.711100 0.671

M6 -321.587831 0.056027 -321.718257 0.467

M7 -321.613951 0.054125 -321.747466 -0.379

M8 -321.614309 0.054190 -321.747955 -0.391

M9 -321.596723 0.055017 -321.723324 0.302

M10 -321.642996 0.054552 -321.772799 -1.057

M11 -321.641826 0.055280 -321.771979 -1.015

M12 -321.425155 0.048412 -321.577066 4.102

M13 -321.630354 0.054958 -321.761879 -0.749

M14 -321.631633 0.054502 -321.763608 -0.808

M15 -321.640453 0.055507 -321.772659 -1.027

M16 -321.638784 0.055760 -321.770531 -0.962

M17 -321.604761 0.049632 -321.730110 -0.029

M18 -321.64269 0.055001 -321.774420 -1.089

M19 -321.644286 0.054988 -321.776375 -1.143

M20 -321.576059 0.052694 -321.705836 0.715

M21 -321.663835 0.059089 -321.801159 -1.705

P1 -321.552576 0.034523 -245.149912 1.402

P2A -321.506592 0.045290 -228.996891 2.169

P2B -321.533537 0.051379 -229.008812 2.011

P2C -321.601927 0.045290 -229.073429 0.087

P2D -321.505391 0.045213 -228.995585 2.203

P3A -321.509392 0.034867 -153.036648 2.085

P3B -321.468133 0.035135 -152.995766 3.205

P3C -321.470203 0.036487 -152.996462 3.223

P3D -321.594865 0.034842 -153.106403 0.186

P4A -321.411055 0.029038 -115.026764 4.474

P4B -321.457193 0.032489 -115.069139 3.415

P5 -321.618533 0.032508 -320.559043 -0.141

P6A -321.572058 0.025995 -169.184087 0.824

P6B -321.482093 0.023420 -169.106657 2.861

P7 -321.594146 0.048771 -321.717236 0.298

P8 -244.247375 0.017134 -244.350260 6.295

P9 -244.239242 0.017778 -244.357426 6.118

P10 -244.282335 0.018755 -244.363303 5.985

P11A -321.305665 0.048817 -321.452995 7.489

P11B -321.353917 0.039938 -191.001524 5.980
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7. Reactions of the cyano anion

with iodomethane

We have performed a crossed-beam experiment on the CN−+ CH3I reaction

using the velocity imaging setup described in section 2.2. This reaction is

a nucleophilic substitution (SN2) process and, depending on the orientation

of the attacking anion, we can expect two different product isomers, namely

CH3NC (channel 1) and CH3CN (channel 2).

CN−+CH3HI →
{

I− + CH3NC
I− + CH3CN

(5.1)
(5.2)

The two channels are quite exothermic (-1.05 eV and -1.98 eV for formation

of CH3NC and CH3CN, respectively) [99] however, the latter process is en-

ergetically favored (see Fig. 7.1). To understand the reaction mechanism we

also performed ab initio calculations. The procedure is described in section 4

except that the MP2/aug-cc-pVDZ level of theory was used for the geometry

optimizations and CCSD(T)/aug-cc-pVDZ for the single point energy calcula-

tions. In Fig. 7.1 we show the potential energy surface from these calculations

with and without zero-point energy correction.
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Figure 7.1: Potential energy surface for the CN−+ ICH3 reaction giving in units

of eV, obtained at the MP2/aug-cc-pVDZ level of theory with ZPE (zero-point

energy) correction (black) and without (magenta). From paper IV [57].

The intermediate cluster SN
1 (-0.427 eV), which is formed by the attack of

cyanide ion from the nitrogen side, can undergo a nucleophilic substitution via

the submerged transition state T N
1 (-0.03 eV) leading to minimum SN

2 (-1.42

eV). For the attack of CN− with its carbon end, which forms SC
1 (-0.430 eV),

we see a similar nucleophilic substitution. This reaction also proceeds via a

submerged transition state TC
1 (-0.21 eV) and results in the formation of min-

imum SC
2 (-2.56 eV). Both exit minima can undergo barrier-less dissociations

into the respective products. Our calculations reveal that the overall reaction

energy of the formation of methyl isocyanide (channel 1) is -0.88 eV and the

one of the formation of acetonitrile (channel 2) is -1.84 eV.
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Figure 7.2: Velocity imaging maps and internal energy spectra of the CN−+
CH3I reaction. The left panels display the velocity distributions of I− for colli-

sional energies of 0.3, 0.7 and 1.1 eV, in the center-of-mass frame. The energy

limit is displayed by the two circles (red: nitrogen attack and black: carbon at-

tack). The right panels show the internal energy distribution of the backward

scattering. The figure is taken from paper IV [57].
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Experiments at the velocity map imaging apparatus were carried out to

distinguish the two reaction pathways by investigating the product kinetic en-

ergies. In Fig. 7.2, we plot three different I− velocity distributions in the

center-of-mass frame, together they show how the kinetic energy and the an-

gular distribution of the product ion change as function of collisional energy

(top: 0.3 eV, middle: 0.7 eV and bottom: 1.1 eV). The two circles indicate

the upper energy limit of the product energy of the two reaction channels (ni-

trogen attack in red and carbon attack in black). At low energies (upper left

panel in Fig. 7.2) we see the evidence of a long-lived transition state com-

plex ([NC · ·CH3I]−), whose lifetime is longer than its rotational period. This

manifests itself in an isotropic scattering of the product ions [100]. When we

increase the collisional energy (the two lower left panels in Fig. 7.2) we see

that the backward (rebound) scattering mechanism becomes more dominant.

However the fits for the velocity distributions of the two neutral product iso-

mers overlap each other (no bimodal distribution), thus we cannot distinguish

the two reaction pathways from each other. In Fig. 7.2, the right hand panels

displays the internal energy distribution of the backward scattering. This is

obtained by only including the data points within the marked area surrounded

by the dashed white lines in the left panels. The measurements reveal a high

degree of internal excitation of the neutral products for all relative energies. In

this context it should be noted that the autoisomerization channel between ace-

tonitrile and methyl isocyanide opens up at 1.1 eV above the reactant energy

(1.6 eV). This region is displayed in the bottom right panel by the shaded gray

bar in the range of 2.7-3 eV. Because of the possibility of autoisomerization

(CH3CN � CH3NC), one can no longer distinguish the isomer product gen-

erated by the SN2 reaction from the ones formed through isomerization of the

products due to high internal energy. In this region it would therefore not be

possible to determine if a certain isomer is produced by the primary reaction

or by subsequent autoisomerization.
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8. Summary and outlook

The purpose of this study was to explain how heavy anions are generated in

cold astronomic environments, such as dense clouds, star-forming regions, cir-

cumstellar envelopes as well as the higher layers of planetary and satellite at-

mospheres. Anions were for a long time disregarded as important ingredients

in the chemistry of dark clouds and circumstellar envelopes, primarily because

anions remained undetected for a very long time. However since the first dis-

covery of interstellar anions in IRC +10216 [101], they have been a hot topic.

Heavy molecular ions are important in planetary atmospheres, since they

can act as nucleation sites for the formation of aerosol particles which affect

the planetary climate. In Titan’s atmosphere the aerosols most likely consist of

tholins, which are copolymers of hydrocarbons and cyano compounds. Upon

hydrolysis tholines could also form biomolecule precursors.

The Cassini-Huygens space mission has provided a huge amount of data,

which revealed the presence of heavy molecular ions in Titan’s ionosphere (at

an altitude of 800 km and above). Due to low resolution of the CAPS/ELS,

only three cyano anions (CN−, C3N− and C5N−) were identified, while the

identity of the heavier anions remains unknown. Further down in Titan’s at-

mosphere (altitudes below 800 km) where magentospheric electron or solar

radiation cannot reach, the abundancy of both heavy cations and heavy an-

ions are much higher than the free electrons [102], thus, destruction of cations

mostly happens via mutual neutralization.

The electrostatic models presented in this thesis, could, in this case serve

as an important tool for understanding the chemical processes involving large

ionic molecules and molecular clusters, which in the near future could be stud-

ied using the DESIREE double storage ring setup at the Stockholm University.

The 15 September 2017, the Cassini mission reached its end, as it de-

scended into Saturn atmosphere. During the final descent, another interesting

discovery was made: Saturn’s atmosphere appears to display a complex car-

bon ion chemistry. Unfortunately no anions will probably be detected, since

the CAPS/ELS device was shut down in June 2012 [103]. Nonetheless, Sat-

urn’s atmosphere has a much lower nitrogen content than Titan’s, subsequently

we expect a much lower presence of nitrogen-containing ions there. If anions

are abundant in the Kronian atmosphere, hydrocarbon anions most likely will

dominate.
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My first anion-neutral experiment was performed using a velocity map

imaging spectrometer. In this study we investigated the reaction of CN−+
CH3I. Iodomethane is not present in Titan, however, from the experiment, we

can obtain the distribution of the released iodine anion as velocity map spectra.

From the spectra, the energy of the neutral products can be derived, providing

information of the attack mechanism of the cyano anion. The reaction path-

ways were investigated using Gaussion 09 (at CCSD(T)/aug-cc-pVTZ level of

theory) [57; 65]. According to the ab initio calculation there are two possi-

ble reaction pathways and both are accessible via submerged transition states.

However, the nitrogen attack results in a less stable neutral product (methyliso-

cyanide) and the energy different is approximately 1 eV [57]. However, in the

experiment the two reaction channels turned out to be indistinguishable from

each other due to low-resolution. Nevertheless, the experimental data indicates

a dominant direct rebound effect which indicates a high internal excitation of

the neutral products.

In addition, we performed several anion-neutral experiments used three

guided beam setups (located in Prague, Trento and Orsay), which were com-

plemented with ab initio calculations (at the CCSD(T)/6-311++G** level of

theory) in order to explain the formation of the observed products and their

thermodynamically properties. However, it was beyond the scope of the thesis

to obtain a full potential surface containing all possible intermediate minima

and transition states of the reaction. From these studies we observed the pres-

ence of energy barriers around 1 eV, in the reaction of acetylene (C2H2) with

both C3N− and C5N− and thus these reactions are not feasible under the atmo-

spheric conditions of Titan, although chain elongation mechanisms leading to

C5N− and C7N− respectively, were observed.

As a follow-up to these two studies, we have investigated the reaction of

acetylene (C2H2) with the very probably more reactive anions C2N−, C4N−,

C6N− and C7N− using the tandem quadruple mass spectrometer (Prague setup).

However, due to computational time constraints, ab initio calculations for

those processes have not be carried out yet. In addition, investigations on the

following processes have also been performed: C3N− with ethylene (C2H4),

methylacetylene (C3H4) and propene (C3H6), which are all present in Titan’s

atmosphere [104; 105]. In the case of methylacetylene collision a chain elon-

gation process leading to C5N− was observed. The reaction with propene only

lead to fragmentation forming CN−, most likely through collision induced dis-

sociation.

These investigated reactions, are thus not viable pathways to larger nega-

tive ions in Titan’s ionosphere due to the presence of high energy barriers, and

can not explain the formation of heavy anions in this environment.
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Sammanfattning

Negativt laddade molekylära joner (så kallade anjoner) är mycket intressanta,

framförallt då dessa förekommer i planetära jonosfärer, stjärnbildande regio-

ner och mörka interstellära moln. Än idag, så vet man relativt lite om och hur

dessa anjoner regerar med sin omgivning. Dock kan de ha fundamental bety-

delse i hur större molekyler bildas i bland annat Titans (Saturnus största måne)

jonosfär. De senaste observationerna av denna miljö, utfördes med hjälp av

Cassini-Huygens, visar på en komplex kemi. Man fann bland annat ett flertal

tunga- anjoner, katjoner och neutrala molekyler. Olyckligtvis, kunde man ba-

ra identifiera tre av de lättaste molekylära anjonerna, CN−, C3N− och C5N−.

För att förklara hur de större molekylerna anjonerna skapats, så har vi utfört så

kallade anjon-neutrala experiment.

Till vårt förfogande har vi tre olika ”guided ion beam mass spectrometry”

uppställningar. Experimentellt så kan vi bara observera negativt laddade mole-

kylära produkter, så för att förstå reaktionsvägarna genomförs även teoretiska

kvantkemiska beräkningar. Dessa beräkningar påvisar reaktionernas termody-

namiska egenskaper, samt isomeriska strukturer av icke observerbara interme-

diära tillstånd. Dock tyder både de teoretiska beräkningarna och de experi-

mentella undersökningar på höga reaktionsbarriärer, vilket innebär att dessa

rektioner troligen inte kan äga rum i Titans atmosfär.

Vi har även undersökt kollisionen mellan cyanid anjoner och jodmetan

(jodmetan har dock inte påvisats i rymden), både experimentellt (m.h.a. en

”velocity map imaging” spektrometer) och m.h.a. ab initio beräkningar. Som

följd har två reaktions kanaler observerats, den mest energetiskt gyn bara av

dessa kanaler leder till acetonitril, den andra kanalen leder till methyl isocy-

anid och i båda fallen så frigörs även en jodid anjon. Genom att studera jodid

jonernas spridning, har vi kommit fram till att en stor del av den överförbara

energin har överförts till de neutrala molekylernas interna frihetsgrader.

I avhandlingen ger vi även ett exakt och ett approximativt utryck för väx-

elverkansenergin för två interagerande dielektriska sfärer. Vi visar även att den

approximativa utrycket som är mycket beräkningseffektiv överensstämmer väl

med den exakta lösningen. Detta gör att vi kan använda den approximativa

utrycket för att beräkna Langevin liknande (reaktions) tvärrsnitt.



Dessutom har vi utvecklat ett helt nytt, approximativt och exakt utryck som

beskriver potentialen hos en punktladdning mellan två dielektriska sfärer. Vi

visar att även att det approximativa utrycket överensstämmer mycket bra med

den exakta lösningen. Därför kan vi implementera den approximativa modellen

för att beräkna det absoluta elektronöverföringstvärsnitt, av t.ex. molekylära

cluster, interstellära dammpartiklar m.m.
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