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Abstract

In this thesis, results from Mutual Neutralization experiment carried out at
the DESIREE facility, involving merged interacting ion beams, of oppositely
charged Cgp ions are presented. This reaction may be of importance for explain-
ing reliable estimates of the ionization balance in astrophysical environments,
which defines the chemistry in molecular gas clouds. To interpret the results
from the experiment, and for estimating the reaction cross section as a function
of collision energy, the Landau-Zener model is employed, with the electronic
excited states of neutral Cg calculated using Time-Dependent Density Func-
tional Theory. The importance of applying an interacting potential that takes
into account mutual polarization effects and the finite sizes of the collision
partners, in the Landau-Zener model is highlighted. We find that the total MN
cross section is similar for different coupling elements. A good agreement is
observed between the Landau-Zener model and the experiment, and the model
is applied to calculate the total Mutual Neutralization cross section as a function
of center-of-mass collision energy, for a range of (0.0 - 4.98) eV excitation
energy. We find the cross section is almost an order of magnitude larger than
what has been reported for H + H ™ collisions and comparable with model
results for C& + e~ — Cgp reactions. Thus, it suggests that Mutual Neutraliza-
tion processes indeed may be important for the charge balance in interstellar
molecular clouds where electrons are not the main carriers of negative charges.
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1. Introduction

The Buckminsterfullerene molecule, or Cg, was discovered in the 1980s [1]][2]]
in laboratories and about thirty years later in outer space [3] [4]. While sig-
nificant progress has been made in analyzing and synthesizing this species in
various forms [S][6][7].its interactive properties, e.g. charged and excited states
of the molecules remain to be characterized. In particular, from a physicist’s
perspective, to be able to further advance the understanding of the dynamics and
interactions of the quantum mechanical system of an isolated Cgg molecule (or
ion) in its gas phase has been an ongoing research for the last couple decades.
Furthermore, the laboratory results that definitively helped identify the pres-
ence of fullerenes as carriers of five out of a more than four hundred Diffuse
Interstellar Bands, prompted more research [8][3][4], to better understand e.g.
the formation and survival mechanisms of this complex molecule in these envi-
ronments. The abundances of molecular species that make up the interstellar
medium (ISM) has been a subject of scientific inquiry [9][10][[11] since their
discovery, and continues to garner more attention. As nurseries of new stars and
planets, the ISM and its molecular composition, are actively researched to better
understand their evolution process [12][13]]. In particular, the mechanisms
governing the charge equilibrium in the ISM are of notable interest, since many
of the intermediate steps toward a complete picture of these processes are still
obscure [[14][15]].

Investigations of processes at the atomic and molecular level, are carried out
using laboratory astrophysics techniques [[16][[17][18]. For instance, cryogenic
ion-traps and storage-rings simulate conditions of extra-terrestrial areas of
interest for atomic, molecular and ionic interactions. This allows for precise
measurements of ion-ion interactions and inherent ionic (molecular/atomic)
characteristics such as electron affinity and lifetimes of a molecule in a given
state [[19]]. Specifically, storage rings allow for the molecular ions being studied,
to be stored for time scales long enough to facilitate internal relaxation of them.
Moreover, the electrostatic storage rings have the added advantage over their
magnetic counterparts in their lack of constraint over the mass of the system
being stored. At present, the operational cryogenic storage rings include the
Double ElectroStatic Ion Ring ExpEriment, DESIREE [20][21], the Cryogenic
Storage Ring, CSR[22] and the RIKEN electrostatic ring RICE [23]]. Of these,
DESIREE has the unique feature of merged beam experiments of oppositely
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charged ions to study charge transfer and to detect the neutral fragments formed
in the reaction. DESIREE has been successfully used to measure the final state
distributions (branching ratios) in mutual neutralization in collisions of atomic
ions [24][25][26/[271[28].

In this thesis, we present the results from the charge transfer between
oppositely charged fullerene ions, carried out at the DESIREE facility, making
it the first ever reported study of molecular ion collisions in merged beams at
sub 100 meV center-of-mass collision energies. Following the charge transfer,
the neutrals formed are detected using DESIREE’s detection assembly of micro-
channel plates (MCP) and camera. The information obtained from these data
are used to construct the the distance between the neutral particles as they hit
the detector, which gives a measure of the kinetic energy released (Ex) in the
charge transfer process and hence the final state (excitation energy) distribution.
We have obtained from quantum chemical calculations the singlet and triplet
excited states of neutral fullerene (Cg,) which are used to identify the quantum
states within the Ex spectrum. To model the charge transfer in the mutual
neutralization (MN) process, we then apply the Landau-Zener model and obtain
the branching ratios of the various channels along with a total calculated cross
section of the reaction as a function of the center of mass collision energy. We
shall now describe the mutual neutralization (MN) process in some detail.

1.1  Mutual Neutralization

We outline the energetics of a typical Mutual Neutralization (MN) reaction. For
two singly charged molecular ions, A", B~, the MN process is given as:

AT+B” - A+B+Eg (1.1)

where, Ex is the release of kinetic energy in the process, which are carried by
the neutrals. If the ions AT and B~, have an initial zero center-of-mass collision
energy, Ex is then given by:

Ex = [IE(A) —EA(B)] — Eexc (1.2)

where, IE (A) is the ionization energy of species A and EA (B) is the electron
affinity of species B. Here, we assume that the charge transfer results only in
an electronically excited state of the cationic neutral, A*, and thus we neglect
any changes in ro-vibrational excitations of the collision partners in the MN
process.

However, the ions always collide at non-zero velocities and as a result,
the energy distribution of the neutrals is a sum of their (exothermic) kinetic
energy (Ex) and the initial center-of-mass collision energy, Ecy;. Therefore,
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one obtains a spectrum of the total kinetic energy, KER (or, Kinetic Energy
Release), given as:

By measuring the KER one can determine the final states being populated
through Eqs 1.1 and 1.2, which is important to benchmark theory and models.
In this work, the reaction of interest is,

0+ Co — Coo+Co (1.4)

The fullerene ion pair is well-suited for a pilot study of molecular MN. The
fullerene molecules do not fragment,as Egxc is far below the dissociation energy
threshold, and the reaction complex can be modeled as a diatomic system akin
to spherical, homogeneous atoms. In Figure 1.1., we present a simplistic picture
of three potential energy curves, one for the ions and two (covalent) associated
with neutral molecules at large distances, one of with ground state fragments
and the other where one Cgp fragment is in an excited electronic state. The
figure shows the relation between the kinetic energy, Ex, and excitation energy,
Exc , of the excited state (see Equation . Note that the R-independent
potentials of the covalent states is only a valid approximation when the curve
crossings take place at large distances, i.e. for which polarization forces are
negligible.

—— lon-pair potential Coo + Cdo
covalent energy levels

IP - EA

Excited State Ceo + Coo

Potential Energy (eV)

EEXC

Ground state Coo + Coo

Internuclear separation, R (a,)

Figure 1.1. A schematic illustration showing ion-pair curve crossing the two
available covalent (neutral) channel curves.

In many cases, the ionic curve crosses the covalent curves at distances far
greater than that typical of molecular bonds, and at these crossing points the
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reaction complex might change trajectory from the ionic potential to the neutral
potential. We can thus describe mutual neutralization as a result of propagation
of the collision system, starting at large distances in the ion-pair state and
propagating inwards. At small distances the system is reflected towards the
repulsive walls of the potentials and it then moves out again. The electron
transfer occur at one of the curve crossings resulting in two neutral fullerene
molecules. The probability of such a transition is governed by several factors
such as the collision energy of the partners and the coupling, or interaction
between the ion-pair state and the covalent state(s). This process of charge
transfer via curve crossings at large distances however is straightforward for
colliding atomic ions. Molecules come with additional complexity as the exci-
tation energies of complex molecules are often not precisely known. However,
fullerenes with their high level of symmetry is a good candidate for applying
such modeling methods as the polarization and spherical charge distribution
over the molecule, the molecules being fairly heavy move slowly enough for
semi-classical regime to hold, therefore, the system can be approximated as a
diatomic quasi-molecule.

The thesis is structured as follows, Chapter 2 covers the experimental setup
and gives an overview of the data analysis. Chapter 3 explains the theoretical
background of the charge transfer process and the Landau-Zener modeling. In
chapter 4, the results from the calculations are presented. Finally, in chapter 5,
we conclude with a summary of the work and directions of future endeavours.
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2. Experiment

2.1 DESIREE

The Double ElectroStatic Ion Ring ExpEriment, is a cryogenically cooled
merged-beam ion storage device [29]]. The low temperature (12 K) gives a
residual gas pressure on the order of 10~!4 mbar, corresponding to a residual
gas density of 10* particles per cm>. This allows for long storage of ions and in
many cases ro-vibrational cooling of molecular ions. A schematic of the setup
is shown in Figure 2.1.

10° deflectors

. B~ ﬁ B)

Symmetric ring Mlti-channel

1m

T Merging section n
Merging section

camera

Asymmetric ring

At

- N—(—_— Ions
— (A%

Figure 2.1. The DESIREE setup schematically demonstrated. The merging section
is described in more detail in section 2.2.

The negative and positive ions are produced at two different platforms (not
shown here), from which the ion beams are accelerated and guided toward the
storage rings using a combination of bending magnets and electrostatic optic
elements. The two ion sources are distinguished by their operating voltages, as
‘high-energy’(HE) platform and the ‘low-energy’ (LE). Generally, the HE, 100
keV platform runs an electron cyclotron resonance ion source (ECR) [30] which
produces positive ion beams. This was also the positive ion beam source used
for fullerene collision measurements. However, this platform is also capable of
functioning for various other ion sources, such as plasma ion source [31]] or a
glow-discharge source [32]]. The LE platform typically produces negative ion
beams up to 25 keV, from a SNICS II Cesium sputter ion source [2]. However,
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from previous experiments with Cg, it has been observed that the sputter source
results in unstable beam current, attributable to the cage breaking of the ions.
Therefore, for the fullerene collision experiments, the negative ion beam was
produced using an electron attachment type source [33] from the LE platform.

From the source, the ions are extracted to the beam line, following their
mass-to-charge ratio selection by the bending magnets. On entering the rings,
the ions are steered by electrostatic deflectors and monitored by a series of Fara-
day cups. The two rings are named symmetric and asymmetric. The symmetric
ring has two axes of symmetry, along horizontal and vertical planes, and the
asymmetric only has one axis of symmetry in the vertical plane. Typically, the
symmetric ring stores the negative ions and the asymmetric ring the positive
ones. The two ion beams are then allowed to interact in the merging section
(common to both rings), where the charge transfer in mutual neutralization
experiments take place. The merging section consists of an electrode system
where the bias voltage can be fine-tuned such that the two ion beams entering
it are accelerated and decelerated to achieve a center of mass collision energy
close to 0 eV. Following mutual neutralization, the neutrals travel to the MCP
detector, which is coupled to phosphor screen. The resulting light is sent to a
beam splitter, where the signal is split to a multi-channel PMT which records
the time difference in the arrivals of the neutrals, and a camera that records
the position of the neutrals. The data from these two detection methods are
analyzed to obtain the kinetic energy released in the process [3]. This is further
explained in section 2.2.

2.2 Kinetic energy release measurements
The ion beams, when entering the merging section from their respective rings,
are guided by a set of electrodes to maximize their overlap in the drift tubes (see

Fig. 2.2.1). Following the pick-up tubes, there are a set of movable apertures
installed along the beam path, that further helps to optimize the beam overlap.

Drift Tubes (electrode system)

Figure 2.2.1.A magnified picture showing a collision schematic of the ions within
the merging section.

Once inside the merging section, it is crucial to control the center-of-mass
collision energy of the ions, Ecys. The velocities of the beams can be denoted
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by v4 and vp, these quantities are related to Ecys as follows:

U o H, o o H. 2 -2 oo
ECM = E rel — E(VA — VB) == E(VA +vpT — 2VA.VB) (2.2.1)
where, v, = V4 — vp is the relative velocity, and u = m"ﬁm”’flg is the reduced mass

of the ions. These quantities define the parameters before the collision. For the
same parameters after the collision, we substitute them with their respective
primed variables, for e.g., velocity of beam A after collision is represented as
V.

We are interested in performing the collisions at center-of-mass energies
(Ecum) as low as attainable. This ensures a better beam overlap and in turn
makes higher cross section rates of the reaction more probable. As is seen from
Eq[2.2.1] the collision energy Ecy, is minimized when the beams A and B are
parallel. This is determined by the efficiency in the overlap of the beams. If
the angle between a given pair of interacting ions is o, then Eq[2.2.1| can be

re-written as:
E E Es E
Ecy=u <A+B—2\/<A3cosa)> (2.2.2)
mgy mpg ma mpg

where, E4 and Ep are the kinetic energies of the beams before collision. As
mentioned earlier, controlling the beam overlap is an important parameter for
lowering Ecys. Another limiting factor is the matching of speeds of the ion
beams which is regulated in the drift tubes. A bias voltage, Upr, is applied on
all or part of these electrodes. The resulting field accelerates and decelerates
the beams according to their charges and the bias polarity. The collision energy
thus is controlled by Upr, and can be re-written as:

Ecu(Upr)=u

ma mp mamp

E4 :|:€UDT n Ep + eUpr _ 2\/(EA :teUDT)(EB + eUDT) cos o
(2.2.3)
When charge transfer occurs between two interacting ions, two (or more) re-
sulting neutral particles are formed. These neutrals are no longer affected by
the bias voltage and follow an unguided path out of the drift tube, toward the
detector, propelled solely by the kinetic energy released in the reaction. Their
trajectory is indicated by the dashed grey lines in figure 2.2.1. In order to deter-
mine which final excited states are formed in the reaction, two variables need
to be detected, namely, the separation between the two neutral products when
they reach the detector, ‘r’, and the difference in their arrival times, ‘At’. The
detecting setup includes a CMOS camera [34]] that records the separation, ’r’ for
each MN event, and a 16-channel stacked PMT which tracks the corresponding
At. The relevant experimental variables are demonstrated in figure 2.2.2. A
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Figure 2.2.2 Representation of the various MN kinematics from the instance of
charge transfer to when the first particle arrives at the detector

typical post-reaction scenario is demonstrated in Figure 2.2.2, which illustrates
the various apropos parameters, when the first particle reaches the detector.
The line marked by ‘L’ is analogous to the trajectory of the center-of-mass of
the neutrals, the velocity of which will henceforth be given by ‘V’. L is the
distance between the point of interaction of the ions and the detector surface. It
is straightforward to see the following expressions between the variables:

r=\/ri+rj (2.2.4)

1~ n —x8)2 + (31— )2 225)
ry = AtV (2.2.6)

There lies some uncertainty in determining the exact value of L. This is because
the biased region extends to at least 2 cm or more, depending on how many drift
tubes are used for the experiment. Typically, the length from the center of the
biased drift tube(s) is used as the starting point. Also, fringe field from the edges
of the biased drift tubes add to the uncertainty. The two components of r, are
also obtained with certain approximations. In calculating r|| we neglect Ar. Also,
r L neglects the additional velocity component of product B on the assumption
that the initial velocity V is relatively much larger. From the experimentally
measured quantities, ‘r’ and ‘At’, we can then obtain the total kinetic energy of
the system, KER and hence the kinetic energy release, Ex. We have:

KER = Ecy + Ex = %(v’,e,)2 2.2.7)

where v/, is the magnitude of the velocity with which the products separate
from each other in their center-of-mass frame. This can be related to the velocity
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of the center of mass in the laboratory frame, V, and the measured quantities r
and At, as follows:

2
u u(rv
KER = ECM +EK = E(V;’el)z == 5 <L> (228)
Substituting for Ex from Eq.1.2, we can obtain the relation between the separa-
tion between products, 1, total energy, KER and the excitation energies, Egxc,
like such:
2
u/rv
5 <L> =Ecy —[IE(A) — EA(B)] — Egxc (2.2.9)
This way one can determine the branching ratios for the states being populated
in MN, if Egxc, IE and EA are accurately known.

2.3 Simulating the "r-distribution"

From the preceding equations, we see the relations connecting the various
experimental parameters: r, Ex, Egxc, etc. The data obtained experimentally is
a r-distribution spectrum, representing the distance between the neutrals that
are produced from collisions taking place over several centimeters. The shape
of this spectrum is governed by the branching ratios of the energy states being
populated in the MN experiment. To make a direct comparison of this to the
model-predicted branching ratios, we need an analogous r-spectrum constructed
from the branching ratio from the Landau-Zener calculation, within the physical
parameters of the experiment, such as non-zero angle between the beams, fringe
fields, non-uniform velocity distribution in the ion beams, etc.

This is accomplished by Monte Carlo simulations of the collisions, that
replicate the experimental conditions. Based on initial specifications that simu-
late the experimental parameters, a large number (10°) of collision events are
generated, with random locations of MN occurring over a simulated biased
drift tube(s). The value and extent of the bias voltage is generated using the
SIMION][35]] software. The theoretically calculated excitation energies are
used as inputs, together with their corresponding branching ratios (BR), given
to the program as "initial guess". Each pair of ions are set up with random
center-of-mass collision energy, Ecyy, events with Ecys above a set cut-off value
(dictated by the actual experiment) are rejected. Based on the set energy and
position of MN event, the simulated neutrals’ spatial and temporal values (r, )
are calculated.

For each of the excited state energy provided, the simulation generates a
r-spectrum. The cumulative of all these generated r-spectra from the different
excitation energies is summed up. The final branching of the channels within
the resultant r-spectrum, i.e. the shape of this r-distribution, then accounts
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for all the experimental conditions provided such as non-uniform velocity
distributions, non-zero Ecyy, etc. This is then a comparable "theoretical” result
to the experimentally obtained data of r-distribution.
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3. Theory and Model

3.1 Beyond Born-Oppenheimer approximation

The driving force that brings the oppositely charged ions closer, eventually
leading to their MN, is primarily the Coulomb attraction. This force is a
function of the separation between the ions, and, with the polarizability added
to it, describes the potential energy curve of the ion-pair system, at large inter-
ionic distances. The behavior and interactions of the ions are described by the
Schrédinger equation. Solving the Schrodinger equation analytically is only
possible for one-, or two-particle systems, and for molecules, approximations
have to be applied. The large number of variables involved increases the
computational complexity. It is then necessary to simplify the problem by
making suitable approximations. One such simplification can be done by
applying the Born-Oppenheimer (BO) separation [36]].

The principle of the BO approximation is to decouple the electronic and
nuclear motions, thus simplifying the computation process of obtaining energy
and wavefunction of a given molecular system. The physical basis of the
assumption lies in the fact that, the mass of the atomic nucleus in a molecule
is more than 1000 times larger than the mass of the electrons. Consequently,
the nuclear motion is very slow compared to the electronic motion. Thus, one
can consider the electrons as moving in a field of fixed nuclei. As a result, the
electronic wavefunction can be solved parameterically by varying the nuclear
coordinates and solve the electronic part of the Schrddinger equation for fixed
nuclear coordinates. In the case of a diatomic molecule, R, is used to label the
separation of the nuclei and one thus obtains the adiabatic electronic potential
energy curve, which describes the adiabatic response of the electrons with the
slowly changing nuclear parameter.

In the case of charge transfer between the ions and any subsequent electronic
excitation, the ion-pair curve (associated with the ion-pair limit at large inter-
nuclear distances) lies in the vicinity of several other potential energy curves
of the available electronic states. When these curves are well-separated, e.g.,
for the ground electronic state, the Born-Oppenheimer approximation remains
valid. However, during charge transfer, the potential energy curves of two or
more states approach each other and the coupling between the electronic and
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nuclear motions become significant. The BO approximation can then no longer
hold, and as a result there are non-adiabatic interactions between the electronic
states[37]]. The premise of the BO approximation was the negligible coupling
between the electronic and nuclear motions, and the adiabatic response of the
electronic motions to nuclear movement. For diatomic molecules, a hallmark
of adiabatic curves is the non-crossing rule, as shown by Von Neumann and
Wigner[38]], where two adiabatic potential energy curves of the same symmetry
do not cross each other. When the curves approach each other, the non-adiabatic
couplings generate a repulsion between them, and the curves diverge away from
the point of closest approach or avoided crossing point, as shown in figure 3.1.
The non-adiabatic couplings at the point of closest approach are responsible for
transitions between the states[39]. In many cases it is more easier to describe

T Ay, Dy A,D

oo —

o <2 -

w -.‘-.hh ﬂ"’
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L ‘-.’v‘»
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C 4"’ . . ‘--‘\ﬂ.
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o P Sa
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AZI D2 AZID

Internuclear separation (R) —*

Figure 3.1. A simplified illustration of the potential energy curves approaching
each other. The solid adiabatic curves, denoted by Al and A2, are substituted
by the diabatic curves, D1 and D2, shown in dashed lines, in the Landau-Zener
picture. The diabatic curves meet at the crossing point which is where charge
transfers typically occur.

the processes using diabatic states. The diabatic states are obtained using an
orthogonal transformation of the adiabatic states such that the non-adiabatic
coupling vanish [40].Instead of non-adiabatic interactions, the diabatic states
are coupled by electronic couplings (off-diagonal matrix elements of the elec-
tronic Hamiltonian). In the diabatic representation, the non-crossing rule no
longer apply and the crossing points of the diabatic curves correspond to the
point of closest approach in the adiabatic representation. MN can be explained
using the diabatic approximation to describe the interaction of the potential
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energy curves, where charge transfer occurs at the intersection (crossing point
in figure 3.1) of the potentials of the electronic states associated with ionic and
neutral particles, respectively. The Landau-Zener model (see Section3.3) used
for describing the transfer between the states is based on crossings of diabatic
states.

As stated previously, the diabatic energy levels correspond to the electronic
excited states of the reaction complex [41] [36]. Howeyver, it requires a rigorous
procedure to decouple the nuclear motion from the electronic one, in order to
arrive at solutions that are strictly diabatic. For the benefit of the discussion
that follows on this, we start at the time-independent Schrodinger equation for
a molecular system. The nuclear coordinates are denoted by R and electronic
coordinates by R, in a Cartesian coordinate system. Neglecting the spin, the
non-relativistic Hamiltonian for a molecular system of N, nuclei and N, number
of electrons can be given by:

H=Ty+H, (3.1.1)

where, Ty is the nuclear kinetic energy operator and H,; the electronic
Hamiltonian.They are defined as follows,

1
Tv=_V — V2 — V2 1.2
N ZZMi & =Va (3.1.2)
and,
H, =T,(R)+V(R,r) (3.1.3)

We then make the assumption that the eigenstates to H,; are available and
complete:

H, (R)¥;(Ryr) = Ei(R)\¥;(Ryxr);  i=123,.... 00 (3.1.4)

These states are defined to be the adiabatic states and E; are the adiabatic
potential energy curves. We then write the total wavefunction as a set of
electronic functions, with the appropriate expansion coefficients that depend on
the nuclear coordinates:

S}

Yo (Ryr) = ) Wi (R) Wi (R,r) (3.1.5)

i=1

Inserting Eq.(3.1.5) back into the Schrodinger Equation (3.1.1) we get:

(Ty +He) Wi (R) Wi (Ryr) = Eroy Y| Wi (R) Wi (R,r) (3.1.6)
i=1 i=1

Expanding Equation (3.1.6):

s
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i=1 i=1

Z{‘P D)+ 2(Va¥) (Vo Phi) + Pri (Vi) + PR E W} = Bt Y Pni¥i
i=1

Note that, the electronic Hamiltonian, H,;, only operates on the electronic
wave function, ¥;, which is an exact solution to the electronic Schrodinger
equation (3.1.4). We now apply the orthonormality of the wavefunction by
multiplying throughout with a certain electronic wave function, W*, and then
integrate over the electronic co-ordinates:

V2, 4+ Ey 4 Y (208 Vol W) (Vaa) + (8 [V2IW) Wai} = Erora
i=1

3.1.7)
With the orthonormality applied, we see that the first two terms no longer
contain the electronic wave function. The remaining terms within the curly
braces are the first- and second- order derivatives, that arise from the Laplacian
in the nuclear kinetic energy operator. These are referred to as the first- and
second- derivative non-adiabatic coupling elements, respectively. The coupling
elements are significant when the adiabatic potential surfaces are close in energy.
This is the case for multiple electronic surfaces interacting in a situation, such
as, in mutual neutralization, photochemical reaction, among others.
Re-introducing the kinetic energy operator and denoting the coupling ele-
ments with @ and 3, we can re-write (3.1.7) as:

(Ta+Ej(R) + @(R)Va+ B(R)Va)W¥nj(R) = Eto'Pnj(R) (3.1.8)

In the Born-Oppenheimer approximation, the coupling elements are small
enough to be neglected (since the energy levels are energetically well-separated),
and the electronic energy is then given by the potential energy. The motion
of the nuclei is along the potential energy surface, which is a solution to the
electronic Schrodinger equation (3.1.4).

When two or more adiabatic potential energy surfaces come close energetically,
the Born-Oppenheimer (adiabatic) approximation breaks down and in the vicin-
ity of the "avoided crossing" the non-adiabatic couplings are large.[42]. It then
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becomes necessary to adopt different strategies and assumptions, to obtain the
electronic energy level spectrum, i.e. solutions to (3.1.4).

With given limitations, we shall now discuss briefly some of the established
numerical approaches in solving the electronic Schrédinger equation. Some
examples include the Hartree-Fock (HF) approximation, electron correlation
methods such as: Configuration Interaction (CI), Coupled Cluster (CC), etc.,
and Density Functional Methods based on the Density Functional theory (DFT).
A typical starting point for these methods is to express both the nuclear and
electronic parts in Eq.(3.1.5)) as determinant-based wave functions, expanded
over several Gaussian "basis sets" [43]] [44].

3.1.1 The Hartree-Fock approximation

Central to the various attempts at obtaining numerical solutions to Eq.(3.1.4)
is the HF method. Here, we begin by including the non-relativistic electron
spin effects and rely on the variational principle to obtain the wave function,
corresponding to the lowest possible energy. For a given system of two or
more electrons, we arrive at the final solution by iteratively minimizing the
energy of a trial wave function with a set of well-guessed parameters. This
still yields a solution which has an energy slightly more than the exact energy.
For the electron spins to obey the Pauli principle, the wave functions are given
by a set of determinants called Slater Determinants (SD) that preserves the
anti-symmetry of the wave functions. For an N-electron system, the SD is
a determinant of a N x N matrix, with each element being a single electron
function or a molecular orbital (MO), where the spatial and spin parts are both
included. A single SD can typically serve as a trial wave function, that can
be used to derive the HF equations. For a system of N electrons and N spin
orbitals, the SD is given by:

Psp = : : : ; ($i9;) =&, (3.1.9)

Although the SD is composed of spin-MOs, the spin dependence can be factored
out, since the non-relativistic Hamiltonian is spin-independent. Consequently,
for the calculation of the MOs, only the spatial orbitals have to be determined..
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3.1.2 Basis Sets

To express the spatial MOs, all calculations rely on a basis set expansion in
terms of a set of known functions. It is imperative that the choice of the basis
functions takes into account the physical nature of the problem. The behavior
of the MOs can be well-expressed as a collection of Gaussian type functions,
centered on the atomic nuclei, since the MOs for a bound system gradually
go toward zero with increasing distance between electron and nucleus. Each
MO ¢ is expanded in terms of a set of basis functions ¥, known as atomic
orbitals and their corresponding expansion coefficients. Thus the molecular
orbitals are generated by a Linear Combination of Atomic Orbitals. The basis
sets are numerous and the choice of use of any given type is dictated by several
factors such as, the number of Gaussian type functions contained, the extent
of polarization, diffusion effects, type of atomic orbitals contained, and so on.
For instance, we elaborate the implicit parameters in the basis set expressed as:
3-21G*. Here, the core (inner) orbitals are given by three(3) Gaussian (G) type
functions. The valence orbitals are subdivided in two parts based on proximity
to the nucleus; the inner valence orbitals result from two(2) contracted Gaussian
type functions and the outer valence part by one(1) Gaussian type function. It
also includes a single (*) polarization function of d-type atomic orbital. In the
present work, the basis set 6-311++G(d,p) was used for calculating the singlet
and triplet excited states of Cg.

3.1.3 Electron Correlation methods

The HF method relies on the total average interaction of all the electrons and ne-
glects any electron-electron correlation. This generates results that are typically
off by 1% of the total energy. The electron-electron correlation, which physi-
cally describes the correlated motion of each electron due to other electrons is
essential in describing molecular phenomenon such as bonding and dissociation.
It is thus a notable improvement over HF. It would suffice to say that there
a number of electron correlation methods in use, and the higher the level of
theory (i.e., amount of correlation included), the closer the solution is to the
exact result (experimentally observed) and more computationally demanding
is the calculation. Also, the SCF in the HF method describes one electron
configuration, while in these electron correlation methods, many configurations
contribute to the total electronic wave function. One thus has to compromise
between the accuracy and the computational expense in these methods.

The HF and electron correlation (which rely on optimized HF orbitals) both
are suitable for obtaining solution to the electronic ground state. Although

methods like Configuration Interaction with single determinant, or CIS, and
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time-dependent HF can provide good results for singly excited states, they do
not describe electron correlation. For open-shell systems (with many electrons)
the errors in the results from these are often excessive. This brings us to the
Density Functional Theory (DFT) methods, (more precisely Time-dependent
Density Functional theory, TDDFT) where singly charged valence excited states
can be calculated with a choice of functional and basis set.

3.1.4 Density Functional Theory

The underlying concept of DFT is the fact that the ground state electronic
energy can be determined entirely from the electron density. DFT outlines the
"functionals", F[p] that connect the electron density, p with the energy [45]].
Like in HF, DFT also uses the orbitals as a key to formulating the electron den-
sity, but unlike HF, DFT takes into account the exchange-correlation functional
[46]. This term includes the exchange energy and the correlation energy of
the electrons, and thereby provides a significant improvement over HF. It is
in the choice of the functional form for the exchange-correlation energy that
results in various available DFT methods. There is no single prescription for
an "appropriate” functional for a given system; the selection is guided by the
physical phenomena intended to describe and then compared to experimental
results. One can however tune the functionals to obtain a good balance between
exchange correlation contribution and computational cost, and still obtain a
good agreement with exact results. This gives a great advantage over the elec-
tron correlation methods such as MP2, CIS and CISD where the same level of
accuracy demands a much higher computational price.

For calculating singly-excited state energies, the TDDFT is employed which
includes time-dependent electric potentials.The underlying principle is that the
(time-dependent) wave function is equivalent to the (time-dependent) electron
density, and in addition to excited states, it is also used to extract other features
of a system such as frequency-dependent polarizability. Examples of some
widely used functionals in TDDFT are: B3LYP (includes local and non-local
correlation), CAM-B3LYP (long-range-corrected version of B3LYP), PBEO
(uses 25% exact exchange and 75% DFT exchange energies), etc. For a detailed
descriptions of the various functionals as well as other parts of the theory for
quantum computation, references [47]] [43] [48] could be consulted.

A typical TDDFT calculation performed in the Gaussian16 software, for ob-
taining excited states of a molecule is done by first selecting an appropriate
functional and basis set. The structure (geometry) of the molecule is optimized,
to obtain the minimum energy ground state. Having done that, it is solved
iteratively over a self-consistent field (SCF) for a given number of cycles until
the requested number of excited states are obtained. In this work, we have
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obtained the singly excited states of the Cgg molecule, for both singlet and
triplet spin configuration by utilizing TDDFT methods.

The TDDFT method of obtaining excited electronic states is well established
for its reliability, given that it presents a formally precise substitute for resolving
the many-body Schrodinger equation. Here, we briefly summarise an overview
of TDDFT, for more rigorous treatment of the subject the references [47]] [48]]
can be consulted.

Most applications of TDDFT relies on linear response theory, where the
system’s time evolution is considered as a response to a weak perturbation. The
key quantities in this formalism are the time dependent exchange correlation
potential, vxc and the exchange correlation energy, Exc. The Exc is the smallest
part of the total energy of the many-body system, however it plays a substantial
role, accounting for as much as 100% of the binding energy in matter. Thus,
discovering effective approximations to Exc is of paramount importance. The
choice of the functional plays a critical role in determining the Ex¢ and hence
accurately calculating the excited states. Density functionals are constructed
by taking into account elements that better approximate the Exc. Generally, at
the lowest level of accuracy (treated as the bottom rung of the approximation
ladder of chemical accuracy) is the Hartree theory, followed by the methods of
Local Density Approximation (LDA) and Generalized Gradient Approximation
(GGA). Climbing this ladder of taxonomy further, at its fourth rung lies the
hybrid functionals which incorporates the exchange-energy density exactly,
thus allowing an even more precise approximation. Of the hybrid functionals,
a popular choice is the PBEO, which has been employed in the calculation of
excited states of the fullerene neutral in the presented work.

3.2 Coupling

As seen in Equation (3.2.7), the non-adiabatic coupling elements, are functions
of the nuclear co-ordinates. Also known as vibronic couplings [49] [50]], it gives
a measure of the correlated interaction between the nuclear vibrational, and
electronic motions. Therefore, it is critical to take into account these quantities
for non-adiabatic processes that occur near the avoided level crossings [S1].
To demonstrate the dependence of the couplings on energetic separation of
potential energy surfaces, we compare Equations (3.2.7) and (3.2.8). Neglecting
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constants, for a finite number of states, N, we see that:

N

a(R) =Y (¥;|Val¥;)

i=1
and, (3.2.1)

N

=Y (¥,|Va|¥)

i=1
For a diatomic system or for a reaction complex with reduced dimension where
only one coordinate is relevant for the scattering, the important non-adiabatic
coupling element is oj;(R) = (¥;|d/dR|¥;) Note that, we have used here a
a single parameter dependence of the wave function (and potential energies),
given by R, which is the internuclear distance. For polyatomic molecules,
variations along other co-ordinates are necessary to fully describe the nuclear
motions.
The second order non adiabatic coupling, B(R) is in general less important than
o(R), and can be expressed in terms of o(R), so in many cases it’s enough
to determine o(R). We then refer to the Hellman-Feynmann theorem [52] to
express ¢ as:
i) — STl ¥)Y

Vi(R) = Vi(R)
The denominator in Equation(3.2.1)) is proportionate to the energy separation
between adiabatic electronic states. This implies that o gets larger as the energy
separation between the states decreases. Since electronic states of same sym-
metry do not cross, [38]], the nuclear co-ordinates for which adiabatic potential
energies are close in energy separation, i.e, regions where (V;(R) — Vi(R)) is
small, are known as avoided crossings. Therefore, in the adiabatic picture, the
larger the coupling element is between two given states, higher is the probability
for a system to "jump" from one of the states to the other as illustrated in Figure
(3.1.1).

(3.2.1)

The semi-classical Landau-Zener model we want to used is based on a di-
abatic representation of the electronic states. Moreover, in situations such as
mutual neutralization, photo-chemical reactions, etc., where the system moves
with a finite velocity on the potential energy surface, (unlike the adiabatic sce-
nario, where the time evolution of the system is infinitely slow) it is beneficial
to introduce the diabatic representation [S3[] as shown in Figure (3.1.1).

In the diabatic representation, a new basis is constructed from the adiabatic elec-
tronic basis [40]], such that the non-adiabatic coupling elements are transformed
away. In addition to the transformation matrix which links the adiabatic and
diabatic states, diabatic potential energies are also introduced. These potential
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energies do not follow the non-crossing rule and therefore a system moving
with a finite velocity can cross over to an energetically proximal state. The
diabatic states are coupled by electronic couplings that are off-diagonal matrix
elements of the electronic Hamiltonian. We now briefly outline the formulation
of the diabatic representation, as done by Zener[l53]].

For a pair of adiabatic states, ¥ (R) and W, (R), we introduce a pair of diabatic
states, ¢1(R) and ¢, (R). For all values of R, each of the diabatic states have a
fixed physical characters, say ionic and covalent, respectively. While ¢; and ¢»
are orthogonal, they are however not solutions to the electronic Hamiltonian,
and are given by a linear combination of the two states:

H, ¢ = E1¢1 +Hi2¢2

(3.2.3)
Hy¢p = Hy 91 +Exp

Using the matrix representation, the above equation can be re-written as:

Ey Hp
H., —
o |:H21 Ez}

Where, E; and E, are diabatic potential energies Hj» and H»; are the off-
diagonal diabatic (or electronic) coupling elements. Since the Hamiltonian is
a Hermitian matrix [34], H;» = H»;. These quantities give a measure of the
transition likelihood from one diabatic state (say, covalent) to the other (ionic).
In a given pair of adiabatic states, if a system makes a transition form one
curve to the other other, i.e., it jumps over the crossing point, it will change
state character. However, following a diabatic curve through the crossing point
does not cause the system to encounter a different state character. Since the
coupling elements in both adiabatic and diabatic pictures estimate the likelihood
of transition through the crossing point, it can be intuitively seen that a higher
value of diabatic coupling implies a smaller adiabatic one.

With the exception of very simple cases of one-electron systems, it is rather
difficult to calculate the coupling elements ab intio. However, there exists a
number of semi-empirical methods to calculate approximate values for them.
We shall discuss some of the established methods to obtain coupling elements,
for the particular case of coupling between ionic and covalent states, which is
relevant to the work presented here.

1. Adiabatic Potential Separation

Zener, [S3], proposed a method for estimating the interaction energy
(coupling) between two adiabatic states, during a transition of a system
from one state to another. Given that the system is initially moving with
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a finite velocity, and the transition region is small enough to treat the
adiabatic potential energy curves (U, U>) as linear functions of time; the
interaction or coupling energy (Hj») can then be described as:

Hpp = %(Ul —-Us) (3.24)
This approach has later been modified by Bates and Lewis [55]to also
include the interactions or transitions from one ionic state to multiple co-
valent states. For a given number of covalent states, the coupling strength
to the most active (the one which is most likely to get occupied) state
is calculated by taking the root of sum of squares of energy separations
(or, coupling elements, as given by Zener [53]]) at the crossing points.
In Equation [3.2.4] we obtain the magnitude of the electronic coupling at
the curve crossing. By integrating the non-adiabatic couplings one can
obtain the R-dependent electronic coupling (or if several coupled states
are involved, we solve a differential equation containing the non-adiabatic
coupling elements).

. Semi-empirical methods

The semi-empirical methods are developed to describe interactions be-
tween ionic and covalent states at large distances. However, if crossings
distances (R,) span a wide window say between 10-50 a.u., it has been
observed experimentally that the channels that have crossings farther out,
are less favored for transitions. This could be attributed to weaker cou-
pling strengths as R, gets larger. To investigate the trend and determine
this explicit dependence, Olson and co-workers came up with several
semi-empirical methods in the 1970s. Both experimental data and pre-
viously obtained theoretical cross sections was used in their study. The
also found other factors such as electron affinity and ionization potential,
impacting the coupling values. We show here some of their derived
expressions for coupling [56] [57] [58].

Olson 1:

The first expression developed in 1970 [56], showed the coupling ele-
ment, H as a function of the curve crossing distance, R, and the electron
affinity for the ground state negative ion, 1, where, I; = o> /2.

H = a*[8.0exp(—0.91aR,) — 7.5exp(0.990R )] (3.2.5)

Olson 2: Following equation [3.2.4] in 1971, Olson and coworkers sug-
gested another semi-empirical formula for the coupling [57], which in
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addition to the previous parameters, also depended on the effective ion-
ization potential of the electron in the product state, I, = ¥ /2.

H= Aexp(—%) (3.2.6)

— 2 — Ry
where, ¢ = Ty and, A =1, .

Olson 3: Subsequent to the expressions and[3.2.6] Olson and team
found the best general agreement to theoretical and experimental data
with the subsequent formula for coupling [58]].

H* = 1.044R*exp(—0.857R") (3.2.7)
where, H* = \/% and, R =L(a+7)R,

3. Other methods

Spanning several decades since the 1940s, numerous expressions have
been developed that estimate the couplings between interacting (or cross-
ing) states. For atomic transitions, which have been more studied, the
varieties in coupling formulas are greater. Few examples of some of the
typical approaches include the one-electron active method [39], generally
referred to as Landau-Herring method [60], two-electron LCAO [61], etc.
These methods use the wave-functions of the atomic orbitals involved
in the collision, along with other quantum mechanical parameters of the
atoms,to describe the charge transfer between them. We do not delve into
further details of them as they are of little relevance to the current work.

Over the years, the advancements in obtaining coupling value estimates have
proven to be modestly accurate, as shown by comparing the cross sections
of charge transfers, calculated using these couplings, to experimental values.
However, their accuracy is naturally superseded by ab initio quantum chemical
computations for the same, even though the latter is significantly expensive in
computational resources. For molecular charge transfers, ab initio calculations
to obtain coupling elements are even more challenging and the application
of analytical methods, such as Landau-Herring, are further limited to few-
atom molecular systems [62]] as wave-function description of multiple atoms
(> 5) within a molecular structure, is unattainable. Therefore, for charge
transfers between large molecular systems comprising of polyatomic species,
one relies on semi-empirical formulas which were originally designed in a
fashion to include both atomic and molecular interactions. In this work, we
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have implemented the semi-empirical methods labelled as Olson 1 and Olson
2, in equations and respectively. We calculate the couplings for the
interactions between the potential energy state of the incoming ion-pair, and
each of the available covalent states for the outgoing neutrals. It is discussed in
detail in section 4.1.

3.3 Inter-fullerene interaction potential

Charged bodies in close proximity influence the behavior of each other, and
as such when considered together as an entity, classically show a predictable
trajectory of motion, resulting from the Coulomb attraction/repulsion, which is
describable by classical laws of electrodynamics. For understanding interactions
that result in a change of basic properties, such as atoms forming molecules
and charge transfer processes, it is critical to accurately picture the evolution
of the process at every step in time. In the present work, we aim to model the
mutual neutralization of molecules and therefore, to begin with, we require the
knowledge of how they interact.

Typically, the interactions of charged bodies are described as a function
of their distance, where we map the potential energy contained in the system
with varying distances between them. Keeping in mind all the constraints
applicable to the system, such as vacuum polarizability, etc., there exists but a
single, unique value of the trajectory representing the interaction potential, for a
given pair of charged bodies, in a macroscopic picture. However, obtaining the
interaction potential is non-trivial when a large number of constraints is present.
In our case for example, the biggest constraint lies in the sheer size of the
fullerene (Cgp) molecule, that is made up of 60 carbon atoms! An exhaustive
picture of description would include the interactions of each of these atoms
with 60 nuclei and 360 total electrons in the individual fullerene molecules,
and the inter-fullerene interactions. Furthermore, the molecules can also rotate
about a common axis of interaction. In the objective to attain a full description,
one might consider ab intio calculations. However, taking into account all
the possible aforementioned motions and interactions, a quantum chemical
calculations of such processes are extremely demanding and beyond the scope
of the present work.

Due to this complexity it is important to develop models for complex
molecules that catch the essentials of the interactions. We want to determine
the diabatic potential energy "curve" of the the covalent (Cg <> Cgo) and ionic
(C{y ¢+ Cqp) states using simple models rather than quantum chemistry (which
is too demanding). One such example is the Girifalco potential[63]] which may
be regarded as an extension of the well-known Lennard-Jones (LJ) potential
between two neutral atoms, to that between two neutral fullerene molecules,
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as shown in Figure 3.3.1. The Girifalco potential treats individual fullerenes
as rigid spheres with carbon atoms "smeared out" on its surface. From the
Girifalco potential, the interaction energy, U,,, between two neutral conducting
spheres can be given as a sum of attractive and repulsive interaction energies:

Ucov(s) = Ualtr(s) + Urep(s)

where,
Uanr(s) = = [ty + st = ]
and

Uyep(s) = B [ﬁ + ok - %0} (3.3.1)
where,a, B are constants specific to molecules, and s = %, R being the
separation between molecules. This is the expression used for neutral system.
Further studies have been performed to investigate the dynamics of in-
teractions of two oppositely charged Cgo "spheres” [64]], and the results are
condensed in an analytical expression that includes the polarization effects
induced by the ions on each other, in addition to the Coulomb attraction. The
expression for such an interaction, is given by U, as:

-1 1 ay 1 a

— == —= 332
R 22R*(R*—a3) 22R*(R*-a3) 632

Uint (R) ~

where, a4, ap are the radii of the bodies A and B, with center-to-center
separation given by R. Since for the ion-pair the Coulomb interaction and mutual
polarization effects are important parameters, one can then use a "metal sphere"
potential model, consisting of a superposition of the attractive part of Girifalco
potential, Uy, from Equation [3.3.1] and the metal sphere model in Equation
[3.3.2] Thus, the total interaction energy will include the features of Coulomb
attraction, repulsion and polarization effects, we have used here Equation (3.3.1)
in combination with first order terms from Equation (3.3.2) to quantitatively
describe the interaction energy of oppositely charged Cgp molecules leading to
their mutual neutralization, details are presented in Section (4.2).

3.4 The Landau-Zener model

From the early investigations of Born-Oppenheimer approximations [63]] to
present day studies of quantum well systems [66], energy level-crossings have
been extensively researched, due to their importance in explaining various
atomic and subatomic processes [39] [67] [68]. Depending on the process,
several analytical expressions have been developed [[69]] [70] [[71] that attempt to
comprehend the process in terms of known parameters governing it. For the case
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of charge transfer, particularly the mutual neutralization (MN) phenomenon, a
standard approach has been the application of the Landau-Zener (LZ) model
[72] [I53]], which gives the transition probability of a system propagating through
the intersection of the diabatic potentials.

Zener [53]] derived the LZ formula using the Weber function, we outline
the basic ingredients and essence of the formalism, without getting too detailed
with the mathematics. For a two-state level-crossing picture, with an ion-pair
progressing along a diabatic state, the probability p for it to travel through the
avoided crossing is given as:

p=e" (3.4.1)
27H, (Ry)

where, w = —/——12—*"
vr| &UT-US|

Here, Hj; is the electronic coupling between the states, vg is the radial ve-
locity of the system, and Uld,Uzd are the energies of the diabatic potentials
describing the interacting states, where all these parameters are evaluated at at
the curve crossing, Ry.

Two crucial assumptions govern the validity of expression (3.4.1), they can be
summarised as:

1. The coupling Hi; of the states in the transition region is much smaller
than the relative kinetic energy of the diabatic states.

2. The transition region is small enough such that the energy separation
between the diabatic states is a linear functions of time, while the wave-
functions of the states, and the coupling between them depend only on R,
and can be approximated as a constant.

The importance of these assumptions can be understood by their conse-
quences - the separation between the ions, R, is now described as a slow, linearly
varying function of time, under the first condition. With the first condition en-
forced, the second condition regards the relative velocity of the ions as constant
near the transition region. Thus, the assumptions reduce the quantum nature of
the system (along with its motion) to a semi-classical one.

Probability of Mutual Neutralization

From Eq. (3.4.1) it follows then, the transition probability of the system
to cross from one diabatic state to the other along a trajectory passing through
the avoided crossing is given by (1 — p). Thus, for a two-state system, the total
probability (P) for the system to go from one diabatic state (ion pair) via the
avoided crossing, to the other (neutral, covalent) state is given as:

P=2p(1-p) (3.4.2)
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This is explained in more details by Hedberg [73] with a qualitative and illus-
trative description of the same. We thus can describe the mutual neutralization
(MN) of an ion-pair as the transition from the ionic state to the neutral state, with
the probability of MN quantitatively expressed by the algebraic combination of
LZ probabilities.

Multi-state level crossings

In systems with more than two interacting states, the total probability of
crossing over to any of the final available states is given by a generalization
of (3.4.2). For example, in MN processes, very often the neutral system may
end up in one of its excited states. In this case, we then have an ion-pair state
interacting and possibly crossing multiple neutral states, the probability of
population transfer from the ionic state (say 1) to a neutral state j from a total
of N states was shown [74]] to be :

Py = (p2p3pa--p;)) (1 = p){ 1+ (pjs1Pj42-.pN) > + (1 — pjs1)*+
Pjs1(1=pisa)* + [pjs1pjsa(1 = pjas)* + ...

et Pjs1pj2pn—1 (1= pr))Y, J<N-—1
s 5 (3.4.3)

= (p2p3-..pn —1)(I = pN = 1)[1 + py + (1 = pn)7],

j=N-1

=2pap3...pn(1 = pw), J=N

Thus, the total probability for MN in the multi-state scenario is obtained by
summing the probabilities of transition to all the available states.

Cross section and reaction window

Having obtained the probabilities, it is then essential to obtain a physically
measurable quantity for the MN process. This can be achieved by calculating
the cross section (CS) of the reaction. Bates and Lewis [53]] use the LZ model
to derive an expression for the CS of a charge transfer reaction, for colliding
hydrogen ions. We have followed the same approach here, and the CS, g, of
the products in the state j, is given by

T
q;= k—ZZ(Zl +1)P, (3.4.4)

i
where, k; is the wave number of the reactants which depends on the collision
energy of the ions, Ecyy, [ is the angular momentum of the system, and P, is the
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Figure 3.4.1. The ionic (red) and neutral (purple) curves shown together with the
centrifugal barrier (grey). The dotted lines show the diabatic potentials with the
centrifugal barrier added to them, while the solid lines are for / = 0.

total probability as given in Eq. (3.4.3). The angular momentum is an important
parameter influencing the MN and thus the CS. This can be understood from
the centrifugal barrier (illustrated in Figure 3.4.1) which is introduced as a
result of it. The centrifugal barrier, 151;;12) screens the system from reaching
small inter-nuclear distances, R. Since it is a function of R, for every outgoing
channel, i.e. neutral state, there exists a maximum value of allowed [ = [,,,y,

beyond which the system cannot reach the curve crossing at R,.

The ion-pair system, advancing to smaller R through the avoided crossing
continues along the same trajectory until it encounters the centrifugal barrier.
At this point it is reflected and reverses its motion, following which there is a
finite probability for it to arrive at the neutral state. Additionally, the ion-pair
may transition to the neutral state at the curve crossing before ever encountering
the centrifugal barrier. In other words, there might be transitions between the
states both on the way in and out. Thus, for a given channel, /,,,,, occurs at R,.
The relation between them is given by

-1 /1
bnax = =4[ 7 + UAvaR2 (3.4.5)

where, u is the reduced mass of the system, vg the radial velocity at the avoided
crossing, R,. The equations that relate the parameters k;, vg and [ are trivial,
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following which we obtain the radial velocity as,

2 I(+1)
VR = \/“ [ECM — (U[} + 2‘LLR2 )] (3.4.6)

X

where, U C} is the diabatic potential of the ionic state at the curve crossing R,.

In addition to calculating the total probability and total CS, it can also be
useful to know where the reaction-window, RW, lies in the multi-state scenario.
The argument preceding the RW is as follows, from a large number of available
curve crossings, there exists an extremal region for the charge transfer. This is
the region where P from Equation [3.4.2]is maximum. This can be realized since
at very far out crossings, i.e. for large internuclear distances between ions, R,
the couplings between the states are too small. Also, for small values of R,, the
states interact much strongly and the diabatic coupling becomes strong and the
motion is more adiabatic. Hence, the intermediate range of R, values is where
the charge transfer is maximized, this intermediate range is referred to as the
reaction window by Taulberg [[75]. Based on the LZ model, the RW is defined
similar to a transmission co-efficient

_4 (Ry)
TR?

T(Ry) (3.4.7)

where, g is the cross section of channel ’j’ as given by Equation For well-
separated final energy states (channels), the T values indicate which channels
are most likely to be populated by the neutral system.
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4. Results and Discussion

4.1 Experimental observations

Following the experiment, we process the raw data (explained in Chapter 2)
and obtain a distribution of the separation distances (r). Figure 4.1 shows the
histogram for the same. From the figure, we see the r-distribution of the neutral

Cgh/Cgy, collision energy ~150 meV

1 experimental results
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40
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20.0 225 25'.0 27‘ 5 Sd 0 32‘ 5 3?;.0 37‘ 5 40.0
separation distance, r (mm)

Figure 4.1. Experimental observations

particles, given by the kinetic energy released following MN, their relations
given by Equations [2.2.7]and [2.2.8]. The graph indicates the availability and
occupation of a large number of states with a given central peak position here
observed around 31 mm. To model this r-distribution spectrum, we need to
know the available electronic excited states to the neutral fullerene, this is
presented in the following section.

4.2 Excited State Calculations

The range of energy available for population by C, in the experiment is (0-4.98)
eV, using Equation with the IE(C&) being 7.65 eV, and EA(Cy,) being
2.67 eV. We have obtained 51 excited states in this window using TD-DFT
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calculations. The optimized molecular geometry of the ground state at equilib-
rium was acquired using B3LYP/6-311++G(d,p). Functional dependency were
examined by comparing the results of singlet state calculations, from multiple
functionals (PBEO, CAM-B3LYP, M062X, wb97XD, LC-wPBE, PBEh1PB)
against reported SAC-CI values for singlets [76]. The choice of basis set was
primarily guided by the size of the molecule, i.e., the number of atoms and
long range correlation that takes place between the electrons. D95(d), 6-31G*
and 6-311++G(d,p) were used for trials. The closest agreement was found at
the PBE0/6-311++G(d,p) level of theory. The triplet states were then obtained
at this same level of theory. The degeneracy of the excited states were taken
into account in accordance with the [, point group, that describes the symmetry
operations of Cg. Table 1 lists the excited states and their spin configuration.
This is also illustrated as a density of states histogram in Figure 4.2.

Density of States

s

L L1

15 2.0 25 3.0 35 a0 a5
Excitation energies (eV)

Figure 4.2. Density of Excited States

Given the large number of states in a narrow (< 1 eV) energy region, the
energy spectrum can be said to be consisting of bands that have multiple states
within them. One can identify two such highly populated bands spanning the
regions between (3.25 - 3.80) eV, and (3.88 - 4.76) eV. They are centered at
3.52 and 4.32 eV respectively.
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Table 4.1: Excited electronic states of Cgp in eV

Singlets ~ SAC-CI values Experimentally observed  Triplets
(TDDFT)  (for singlets) (band) (TDDFT)
2.14 1.75 1.82,1.91 1.5
2.32 1.9 2.0,2.08 1.93
33 1.94 2.10,2.18 1.97
3.38 2.09 2.29 2.07
3.54 2.98 3.07 2.44
3.59 33 2.85
3.62 3.38 3.04
3.63 3.39 3.33
3.67 3.5 3.45
3.68 3.67 3.5 3.48
3.75 3.68 3.6
4.14 3.69 3.7
4.21 3.74 3.71
4.31 3.83 3.79
4.43 39 3.78, 3.80 39
4.54 4.32 4.01
4.6 4.43 4.13
4.62 4.50 4.34
4.63 4.58 4.35
4.72 4.62 4.38
4.76 4.71 4.39
4.42
4.46
4.51
4.59
4.68
4.69
4.71
4.75
4.77
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Figure 4.3. Potential energy curves of the ion-pair and neutral excited states of
the fullerene dimer reaction complex.

4.3 Potential Energy curves

Using the analytical expressions mentioned in Section 3.4, we obtain potential
energy curves for the system in ionic and neutral states. The ion-pair potential
energy curve (metal-sphere model) is shown together with the neutral curves in
Figure 4.3. We compare this to a pure Coulomb attraction potential between
the ions.

In Figure 4.3(a), following the ion-pair potential curves from higher molec-
ular separation, towards lower R values, we encounter several low-lying neutral
states that intersect the ion-pair curves at distances less than the Van der Waals
minimum of 19.0ag. These crossings occur at regions where the Coulomb
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repulsion starts to dominate and are therefore neglected in the Landau-Zener
model. For the metal sphere curve, there exists 9 such neutral states which are
disregarded, and for the Coulomb potential curve, 25 such states are disregarded.

4.4 Landau-Zener calculations

Figure 4.3 shows the Multi-State LZ branching ratios branching ratios calculated
with the multi-state LZ model using the two different ion-pair potentials (metal
sphere model and Coulomb potential). We have used the Olson 3 coupling
expression for both calculations. As can be seen from earlier, the Coulomb
potential completely misses the curves in the band centered around 3.52 eV,
therefore from the Branching Ratios it is clear that the populated states for this
model are farther out in distance, within the band of 4.3 eV.

010

0.08

Branching Ratios
H

0.02

30 32 34 356 38 40 a2 a4
Excitation energy (eV)

(a) Metal Sphere model

Branching Ratios

3.0 32 34 36 38 4.0 42 44
Excitation energy (eV)

(b) Coulomb potential

Figure 4.4. Multi-state Landau-Zener branching ratios calculated using different
ion-pair potential energy curves.

The total MN cross section at a collision energy of 1 meV, from all the
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coupling methods used are listed in Table 4.2. In figure 4.5, the branching ratios
for the different couplings are shown together with their respective reaction
windows. The order of magnitude of the cross sections are same in all three
cases of the coupling elements, which is consistent with the fact that all three
methods were developed using similar semi-empirical methods. The experi-
mental distribution is in good agreement with the BRs obtained from Olson 1
and Olson 3.

—— Reaction window
MS Landau-Zener

Branching Ratios

£ 2 B B B 4o
Excitation energy (eV)

(a) Olson 1

008 —— Reaction window
MS Landau-Zener

Branching Ratios

S % 3 T T P
Excitation energy (ev)

(b) Olson 2

—— Reaction window
MS Landau-Zener

Branching Ratios

0024

30 0 3 W0 ) W

o
Excitation energy (eV)

(¢) Olson 3

Figure 4.5. Branching ratios and Reaction windows using different Coupling
elements.
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Table 4.2: Coupling vs cross section at collision energy 1 meV

Coupling Element  CS (cm?)

Olson 1 5.53x 1071
Olson 2 1.06 x 10~ 11
Olson 3 5.52x 1071

Density of States (in red)
os (in blue)

Branching rati

35 W0
Excitation energies (eV)

Figure 4.6. A combined picture: The populated "band" of states from the two
available state "bands".

4.5 Comparisons with experiment

The multi-state LZ calculation reveals that the first broad range of states in the
region (3.25-3.80) eV are the ones that primarily get populated in the mutual
neutralization reaction (see Figure 4.6). In Figure 4.7, we show a comparison
of the simulated r-distribution (where the calculated MSLZ branching ratios
and excited states are used as inputs) together with the experimentally obtained
r-spectrum. As is evident, the two curves are in close agreement with each
other and the slight discrepancies are attributed to uncertainty in the values of
calculated energy levels and partly to the limitations in determining the exact
experimental conditions. Thus, it can be concluded that the prescribed model of
Landau-Zener together with the *metal-sphere-Girifalco’ potential holds valid
for explaining mutual neutralization in fullerene collisions
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Figure 4.7.Comparing predicted distribution with experiment

4.6 Validity of the multi-state approach

The Landau-Zener model has had significant success in previously studied
cases of modeling MN [77] when compared to full quantum calculations of the
same, along with measured cross sections [37]. In our case as well, we see a
good agreement between the model results and experimental data, when we
use the metal-sphere potential to describe the molecular motions. To further
test the validity, we calculate the LZ transition time, Tjy,, [Z8]]. For two given
curve-crossings which are in close vicinity to each other, the LZ approximation
of diabatic transition holds if the "transition region", R}, at the i’* curve-
crossing, is significantly smaller than the spatial separation between the two
curve-crossings, AR,. The R} , is obtained by first calculating j,m,, and then
taking its product with the radial velocity at the curve-crossing, v,. From the
values thus obtained, we have R, ranging from 5x10~*ag to 1x10~3ay, while
AR, is larger than 0.1ay.

4.7 Cross section vs collision energy

The multi-state Landau Zener model can also be used to calculate the total
cross section for mutual neutralization in collisions of Ca) + C¢,- From Figure
4.8, we see the typically expected % dependence of cross section, at lower
collision energies, where "E’ is the collision energy, using the Olson 3 coupling
element. This behavior is accordance with Wigner’s threshold law which holds
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for low energies. The green curve depicts the hydrogen collision which is
about a magnitude smaller than the fullerene collisions, shown in purple. This
potentially has significant implications about the nature and composition of
interstellar environments, if confirmed by astrophysical observations. The total
cross section has not been measured experimentally. However, a cross section of
this magnitude, together with other processes, such as electron recombination,
could account for the ubiquitous presence of neutral Cgq in various astrophysical
environments [79].
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Figure 4.8. Cross section as a function of collision energy
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5. Summary and Outlook

We have presented results from the mutual neutralization experiment conducted
at the DESIREE facility, where we have studied sub-eV collisions between
oppositely charged fullerene ions. The data from the experiment is processed
to obtain the kinetic-energy-release spectrum, which then gives the spectrum
of populated excited states of neutral fullerene molecule. To model the charge
transfer process, we apply the well-established multi-state Landau-Zener model,
where the probability of a system’s transition via curve-crossing is calculated.
To do this, we describe the interaction potential (ionic curve) between the
oppositely charged interacting ions given by a metal-sphere potential, which
includes Van der Waals’ interaction as well as polarization effects. The excited
states of the neutral fullerene are calculated using TDDFT methods. The choice
of functional and basis set for the same is guided by the accuracy of the singlet
states thus obtained when compared to SAC-CI calculated singlets in literature
[76]. We then calculate triplet states for neutral fullerene as well, which to the
best of our knowledge has not been reported in the literature yet. The coupling
between the ionic and neutral curves are computed with semi-empirical methods
given in the literature. We test three different such semi-empirical coupling
elements for Mutual Neutralization, and the calculated branching ratios and
total cross section are comparable within the same order of magnitude, for
collision energy of 1 meV.

Comparing the theoretical branching ratios to the experimental ones, we
obtain a good agreement between the two. This however, relies on the inclusion
of the mutual polarization effects in the interaction potential, as changing this
ionic curve to a pure Coulomb attraction instead of the metal-sphere, gives
a significant mismatch between experimental and theoretical results. Given
the complexity of the system, Landau-Zener model provides the only feasible
way of calculating transition probabilities, nevertheless to test the validity
of its application we calculate and compare the "transition regions" of the
system at a given curve-crossing, and its separation from the nearest other
curve-crossing. Since the Cgp molecules are slow moving, the validity tests
shows values well within limits. The high symmetry of Cgg ions allows for the
diatomic approximation and since no fragmentation has been observed, this
further increases reliability of the applied method.

Thus, it can be concluded that the model performs well in capturing the
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essential of the MN interaction, and when using it to calculate the cross section
as a function of collision energy, we find it is an order of magnitude larger than
what has been reported for H + H ™ collisions. Model predictions reported in
literature of the charge balance in the diffuse ISM, give an estimated 0.6:01:0.3
relative abundance for Cg : Cg[) : Cy [80]]. However, the model does not take
into account Mutual Neutralization, thus, our results suggest that it is important
to consider MN processes for reliable estimates of e.g. the ionization balance
in molecular clouds.

As a next step, experiments with other large molecules of astrophysical
relevance, such as PAHs (e.g. pyrene, coronene, etc.) are to be studied in
detail. Some experiments involving these large molecules have already been
conducted at DESIREE with suitable collision partners as electron donors.
Calculations of these measurement are underway where we apply a similar
theoretical prescription to model the charge transfer.
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Sammanfattning

Vi har presenterat resultat fran det msesidiga neutraliseringsexperimentet som
genomfordes pa DESIREE-anlidggningen, dir vi har studerat sub-eV-kollisioner
mellan motsatt laddade fullerenjoner. Data fran experimentet bearbetas for
att erhalla kinetisk-energi-frisittningsspektrumet, som sedan ger spektrumet
av befolkade exciterade tillstand av neutral fullerenmolekyl. Att modellera
laddningen dverforingsprocessen anvénder vi den viletablerade Landau-Zener-
modellen med flera stater, dir sannolikheten for ett systems Gvergang via
kurvkorsning berdknas. For att gora detta beskriver vi interaktionspotentialen
(jonkurvan) mellan motsatt laddade interagerande joner som ges av en metall-
sfar potential, som inkluderar Van der Waals interaktion savil som polarisa-
tionseffekter. Den upprymd tillstanden for den neutrala fullerenen beriknas
med TDDFT-metoder. Valet funktionell och grunduppsittning for densamma
styrs av singelets noggrannhet tillstand som salunda erhallits jamfort med SAC-
Cl-berdknade singletter i litteraturen . Vi beriiknar sedan tripletttillstand for
neutral fulleren ocksa, vilket till bésta vi vet har inte rapporterats i litteraturen
annu. Kopplingen mellan joniska och neutrala kurvor berdknas med semi-
empiriska metoder ges i litteraturen. Vi testar tre olika sddana semi-empiriska
kopplingar element for 6msesidig neutralisering, och de beréknade forgrenings-
forhallandena och totalt tvérsnitt dr jimforbara inom samma storleksordning,
for kollisionsenergi pa 1 meV. Jamfor vi de teoretiska forgreningsforhallandena
med de experimentella fa en bra 6verenskommelse mellan de tva. Detta dr dock
beroende av inkluderingen av de 6msesidiga polarisationseffekterna i interak-
tionspotentialen, som att dndra detta jonkurva till en ren Coulomb-attraktion
istillet for metallsfiren, ger en betydande obalans mellan experimentella och
teoretiska resultat. Given systemets komplexitet ger Landau-Zener-modellen
den enda genomf6rbara sitt att berdkna 6vergangssannolikheter, dnda for att
testa validiteten av dess tillimpning berdknar och jamfor vi "dvergangsregion-
erna" av systemet vid en given kurvkorsning och dess separation fran den
niarmaste andra kurvkorsning. Eftersom Cgp molekylerna ror sig langsamt,
testas giltigheten visar virden vil inom grinserna. Den hdga symmetrin hos
Ceo joner mojliggor diatomisk approximation och eftersom ingen fragmenter-
ing har observerats, detta ytterligare okar tillforlitligheten hos den tillampade
metoden. Saledes kan man dra slutsatsen att modellen presterar bra nér det
giller att fanga visentlig for MN-interaktionen, och nir den anvinds for att



berikna tvirsnittet som en funktion av kollisionsenergin finner vi att den &r en
storleksordning storre én vad som har rapporterats for H* + H~ kollisioner.
Modellforutsdgelser rapporterade i litteratur om laddningsbalansen i den diffusa
ISM, ger uppskattningsvis 0,6:0,1:0,3 relativ forekomst for Cg : ng) : Cqp - Men
modellen tar inte ta hdnsyn till dmsesidig neutralisering, sa vara resultat tyder
pa att det &r viktigt att 6vervidga MN-processer for tillforlitliga uppskattningar
av t.ex. joniseringsbalansen i molekyldra moln. Som ett nésta steg, experiment
med andra stora astrofysiska molekyler relevans, sdsom PAH (t.ex. pyren, ko-
ronen, etc.) ska studeras i detalj. Vissa experiment som involverar dessa stora
molekyler har redan gjorts utfors pa DESIREE med limpliga kollisionspartners
som elektrondonatorer. Berdkningar av dessa métningar pagar dr vi tillimpar
en liknande teoretiskt recept for att modellera avgiftsoverforingen.
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