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In this thesis, the adsorption and dissociation of oxygen molecule on different
fullerenes are studied by calculating the adsorption and dissociation energies for
different reaction paths. In addition, the activation energies for the dissociation
reaction of the adsorbed oxygen molecule are calculated for selected reaction
paths. All calculations are based on the density functional theory (DFT), and
the calculations are carried out with the CP2K program.

The studied fullerenes are C60, C59N, C180, and C179N. For each of these, the
effects of charging on the bond lengths and reaction energies are studied. Studying
charged fullerenes may give some insight to endohedral metallofullerenes, as the
carbon atoms in those systems are also negatively charged. One of the central
goals of this thesis is to understand the effects of the fullerene charge, nitrogen
doping, and the size of the fullerene on the adsorption, dissociation, and activation
energies for the dissociation reaction.

It was found that the size, charge, and presence of nitrogen on the fullerene all
affect the reaction energies. Both extra charge and nitrogen doping make both the
adsorption and dissociation of the oxygen molecule more energetically favourable
compared to a free oxygen molecule. Increasing the size of the fullerene has the
opposite effect. Besides these three parameters, the adsorption site of the oxygen
molecule on the fullerene also has a large effect on the reaction energies. It was
also seen that both extra charge and nitrogen lower the activation energies for
the dissociation of the adsorbed oxygen molecule. The size of the fullerene has
only a weak effect on the activation energies.
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Téasséd tyossa tutkitaan happimolekyylin adsorptiota ja dissosiaatiota erilaisten
fullereenien pinnoilla. Happimolekyylin eri reaktiopoluille lasketaan adsorptio-
ja dissosiaatioenergiat. Tamén liséksi tarkastellaan muutamalla valitulla polulla
myo0s aktivaatioenergiaa happimolekyylin adsorboituneen ja dissosioituneen tilan
vélilla. Tyossa kdytetéadn tiheysfunktionaaliteoriaa (DFT), jonka laskujen suorit-
tamiseen kdytetddin CP2K-nimistd ohjelmistoa.

Tyossa tutkittavat fullereenit ovat Cgo ja Cs9N seké Cigg ja Ci79N. Kussakin ana-
lysoidussa tapauksessa tarkasteltiin fullereenin varauksen vaikutusta eri atomien
vilisten sidosten pituuksiin ja reaktioenergioihin. Varattujen fullereenien tutki-
minen voi tuoda lisétietoa myos metallitdytteisista fullereeneista, silla mikali ful-
lereenin sisélld on metalliatomeja, jotka luovuttavat elektroneja sille, sen varaus
muuttuu negatiiviseksi kuten téssékin tutkituilla fullereeneilla. Tyon yhtené kes-
keisené tavoitteena onkin ymmartaé fullereenin séhkoévarauksen ja yhden hiiliato-
min korvaamisen typpiatomilla vaikutuksia hapen adsorptio- ja dissosiaatioener-
gioihin seké aktivaatioenergioihin adsorboituneen ja dissosioituneen konfiguraa-
tion valilla.

Tehtyjen laskujen perusteella havaittiin, ettd fullereenin koko, varaus, ja typen-
lisdys systeemiin vaikuttavat reaktioenergioihin. Typpilisidys ja fullereenin va-
raus siirtdvit happimolekyylin adsorptio- ja dissosiaatioreaktioiden tasapaino-
tilaa reaktiotuotteiden suuntaan. Sen sijaan fullereenin koon kasvattaminen vai-
kutti painvastaiseen suuntaan. Lisdksi havaittiin, ettd sillda mihin fullereenin koh-
taan happimolekyyli kiinnittyy on huomattava vaikutus reaktioenergioihin. Seké
typpidouppas ettd varaus myos pienentdvit aktivaatioenergiaa adsorboituneen
happimolekyylin dissosiaatioreaktiossa, eli ne nopeuttavat happimolekyylin ha-
joamista. Fullereenin koon kasvattaminen puolestaan vaikuttaa aktivaatioenergi-
aan korkeintaan heikosti.

Asiasanat: tiheysfunktionaaliteoria, DFT, fullereenit, adsorptio, dissosi-
aatio

Kieli: englanti
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DFT
GGA
GTH
GPW
HH
HP
IPR
LDA
LSD
MEP
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(Ceo-11,)[5-6]fullerene

Density functional theory
generalized gradient approximation
Goedecker-Teter-Hutter
Gaussian and plane wave method
hexagon-hexagon
hexagon-pentagon

isolated pentagon rule

local density approximation

local spin density approximation
minimum energy path

nudged elastic band method
Perdew-Burke-Ernzerhof
Self-organizing map
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Chapter 1

Introduction

Carbon nanomaterials have become a topic of great scientific interest re-
cently. A lot of research is done about fullerenes, carbon nanotubes, as well
as graphene. Finding possible applications for these materials is also of great
interest. In this thesis several fullerenes are studied.

One suggested application for fullerenes and fullerene-based materials has
been to use them as catalysts for fuel cells [1]. Breaking a dioxygen molecule
to separate oxygens is often the step that limits the efficiency of fuel cells.
That is why it is interesting to see what properties affect this process.

In this thesis the important question is what affects the oxygen reduc-
tion reactions on fullerenes. The scientific interest is the effect of size of the
system, presence of nitrogen, and the charge of the system to the energet-
ics of dioxygen adsorption and dissociation. The case of charged fullerenes
is interesting because in endohedral metallo-fullerenes, a net charge on the
fullerene part has been observed.

This thesis begins with a short introduction to fuel cells, catalysis and
fullerenes. After that, a brief description of the methods used in this the-
sis is given, beginning with density functional theory, then proceeding with
nudged elastic band method, and the definition of Bader charge. A brief
description of self-organizing maps is also given. This is followed by results:
optimized geometries of the fullerenes obtained via density functional theo-
retical calculations. After the geometries of the fullerenes are presented, the
adsorption of dioxygen molecules, and the related quantities are presented.
Adsorption configurations are followed by related oxygen dissociation config-
urations. After these results have been presented, the energetics of different
reaction pathways are briefly summarized. This is followed by discussion of
the effects of the size of the fullerene, presence of nitrogen, and the charge of
the system.



Chapter 2

Background

In this chapter the background of this thesis is discussed. Fuel cells are
discussed briefly. Catalysis is then discussed and in particular how it relates
to the fuel cell reactions. Then the fullerenes are discussed.

2.1 Fuel cells

A fuel cell is a device where chemical energy is converted into electricity
without any additional energy conversions [2, 3]. A fuel cell consists of three
main parts: anode, cathode and electrolyte. A common fuel in fuel cells is

hydrogen.
Hydrogen —» Anode
Electrolyte 1
Cathode

Oxygen —>
' '

Water Waste heat

Figure 2.1: A schematic of a fuel cell. R stands for the load of the outer
circuit.

Figure 2.1 shows a schematic representation of the structure and opera-
tion of the fuel cell. Hydrogen is lead to the anode, and oxygen is lead to
the cathode.

There are several partial processes that take part in a fuel cell [4]. First,
we have a reaction at the anode:

2H,(g) — AH + de™. (2.1)

2
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The reaction at the cathode is:
Os(g) +4H +4e™ — 2H,0(1). (2.2)

Combining the anode and cathode partial reactions we get the total reaction

[5]:
2H,(g) + Os(g) — 2H,0(1). (2.3)

The oxygen reduction reaction at the cathode plays a key role in a fuel
cell [6]. It is therefore very important to have it happen as efficiently as
possible [7].
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2.2 Catalysis

A catalyst is a substance that speeds up a reaction without changing the
overall standard Gibbs energy change AG in the reaction [8]. Unlike other
reagents in a chemical reaction, the catalyst is not consumed in the reaction.
In other words, there is the same amount of catalyst before and after the
reaction.

Catalysis is often divided into two categories, homogeneous catalysis and
heterogeneous catalysis. In homogeneous catalysis the catalyst is in the same
phase as the reactants, whereas in heterogeneous catalysis the phase of the
catalyst is different than the phase of the reactants. [9, 10]

Eg (no catalyst)

Energy

Reaction Progress

Figure 2.2: A potential energy diagram showing the effect of the catalyst [3].
We see that the activation energy F, is a lot smaller with the catalyst than
without. We also see that the free energy change AG stays the same with
and without the catalyst.

Figure 2.2 shows the effect the catalyst has on a reaction. We see that the
activation energy is lower with the catalyst than without it. We also observe
that the reaction energy AG stays the same in the reaction with and without
the catalyst. We also see that the energy landscape with the catalyst is more
complicated than without the catalyst. This is because the catalyst takes
part in the reaction and the local energy minima among the path correspond
to intermediate states.

Lowering the activation energy can lead to a faster reaction rate. Ac-
cording to the Arrhenius equation [11, 12] the rate constant k of a reaction
depends on the activation energy FE,:

k= Ae o7, (2.4)

where A is a prefactor, kg is the Boltzmann constant and T is the tempera-
ture. Assuming that the prefactor term stays the same, we see that lowering
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the activation energy leads to considerable speed-ups in the reaction speed.
The prefactor A has a weak temperature dependence [13, 14]. In this thesis
the temperature is not taken into account.

It can be seen that lowering the activation energy leads to higher reaction
rates. However, this is not everything we want from a catalyst. We often
have many competing reactions that are happening at the same time. An
ideal catalyst would only speed-up the output of desirable end-products. In
ideal catalyst is therefore also selective [15].

In a fuel cell application the production of hydrogen peroxide:

2H+ + 2e” + 02 — HQOQ (25)

is not desirable, because it is known to contribute to the chemical degradation
of fuel cells [16]. It can now be seen that for fuel cell applications we want
such catalysts that the oxygen dissociation gets faster, but the hydrogen
peroxide formation does not.
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2.3 Fullerenes

A fullerene is a hollow spherical molecule composed of carbon. First ever
fullerene to be found was the buckminsterfullerene consisting of 60 carbon
atoms. A stable 60 carbon atom molecule was predicted theoretically in the
1970s [17]. The buckminsterfullerene was experimentally observed in the
1980s [17, 18].

Fullerenes follow Euler’s formula for polyhedra:

v+ f=e+2, (2.6)

where v is the number of vertices, e is the number of edges and f is the
number of faces. In this case v is the number of atoms and e is the number
of bonds between the atoms. The number of faces f can also be written as:

5
f:6p+h+2, (27)

where p is the number of pentagons and h is the number of hexagons. It can
further be shown, that for a cage of v atoms, it must contain 12 pentagons
and (5 — 10) hexagons. This means that if there are 60 atoms in a fullerene,
there are 12 pentagons and 20 hexagons in it.

When talking about the 60 atom fullerene, it should be remembered that
the 12 pentagons and 20 hexagons may form 1812 topologically different
isomers. It turns out that the one with most symmetry out of all the possible
structures is the most stable of them.

The number of topologically different fullerenes as a function of number
of atoms grows quite rapidly [19]. Table 2.1 shows the number of fullerene
isomers as a function of number of atoms on the fullerene molecule. We see
a combinatoric explosion of the numbers.

n 20 22 24 26 28 30 40 60 80 100
1somers | 1 0 1 1 2 3 40 1812 31924 285913

Table 2.1: Number of topologically different isomers as a function of number
of atoms.

For larger fullerenes it is energetically favourable for the pentagons to be
located only next to hexagons. This rule is called the isolated pentagon rule
(IPR). However, it should be known that for example in the case of charged
fullerene, or endohedral or exohedral system, the IPR system might not be
the most stable form. Because of the large number of possible isomers, it
is very important to have an efficient way to find the most stable isomers
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without going through them all. The IPR is often a good place to start
looking.

Fullerenes can always be represented as a planar graph. A Schlegel di-
agram of the Cgy obeying the isolated pentagon rule can be seen in figure
2.3.

Figure 2.3: A Schlegel diagram of the isolated pentagon Cgy. Every node
corresponds to a carbon atom.

A common way for visualizing carbon nanotubes is thinking of them
as rolled up graphene sheets [20]. There is also a similar approach to the
fullerenes [21]. In this approach the starting point is the honeycomb lattice
of carbon. On the lattice there is a pentagon defect and it removes a sec-
tion of lattice, figure 2.4. This change of a hexagon to a pentagon causes a
distortion on the lattice.

We then place a second pentagonal defect on the lattice. The location
of the second defect is specified by the lattice vectors @ and b and a pair of
indexes (m,n). Figure 2.5 shows an example of the location of the second
defect with indexes (m,n) = (2,1).

A fullerene with an icosahedral symmetry is fully specified by the pair
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Figure 2.4: Location of the pentagon defect on the hexagonal lattice. The
area marked by the triangle is removed when hexagon is turned to a pentagon.

Figure 2.5: The location of the second pentagonal defect on a hexagonal
lattice. In this case the second defect is specified by (m,n) = (2,1).

(m,n). This symmetry is obtained by placing five pentagons on 60° intervals.
Figure 2.6 shows the full construction of the (2, 1) fullerene on the honeycomb
lattice.

A fullerene described by (m,n) contains 20(m? +mn +n?) carbon atoms.
For example the 60 atom fullerene is given by (1, 1). This method of obtaining
fullerenes from graphene sheet can also be generalized to fullerenes with no
icosahedral symmetries.
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Figure 2.6:  The locations of all pentagon defects in the (m,n) = (2,1)
fullerene. Sites with the same number are taken to be taken the same. This
results in a spherical structure. This results in an icosahedral 140 atom
fullerene. Every number on the picture corresponds to a site where a hexagon
is transformed to a pentagon.

Both the graph theoretical and the geometrical approach give some insight
to the structure of fullerenes. It is also good to see how they are synthesized.
There are several possible ways to produce fullerenes. A common method for
producing fullerenes is the arc vaporization method [22], sometimes referred
to as the Kratschmer-Huffman method.

window

isolated high
current feedthrough

IS | m

__ﬂmiw rod H

O-ring sealed cover

Figure 2.7: A schematic illustration of the apparatus for producing fullerenes
with the arc vaporization method.

A schematic of the apparatus used in the arc vaporization method can
be seen in figure 2.7. At first the reaction chamber is turned into a vacuum.
After that, the chamber is filled with a helium atmosphere. Then a large
current is lead through the graphite rods. This leads to the formation of
fullerene containing soot on the sides of the chamber. The fullerene molecules
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will then have to be separated from the soot.

Igd -

Cou

38 4

88 4

0 v 1 g 1 g ? U | 3 d
e9d P8 1288 (38 (409 1S@@ 1650 1799 1808 19P@ 2089 2188 2263
Liad4

Figure 2.8:  Mass spectrum of soot obtained with the arc vaporization
method. We see that a large number of different carbon products are pro-

duced. The intensity spike corresponding to the 60 atom fullerene has been
scaled to 100.

Figure 2.8 shows the mass spectrum of a sample analyzed by the arc
vaporization method. There are many spikes in the spectrum, each corre-
sponding to a different carbon product.

There are also fullerenes, in which one or many carbon atoms have been
replaced with atoms of other elements. The other elements observed have
been for example nitrogen [23], boron [24, 25], arsenic, germanium [26] and
silicon [27, 28]

Besides the fullerenes where a carbon atom has been replaced with an
atom of another element there are also other fullerene based materials. An
example of these would be fullerenes with additional atoms, ions or clus-
ters inside of them. These endohedral fullerenes are often quite interesting.
For example if there are metal atoms inside the carbon cage, the electrons
from the metal atoms have the tendency to move to the fullerene making it
negatively charged [29, 30].

Possible future uses of fullerenes include for example lubricants [31-34],
drug delivery [35-38] and catalysis [39-44].



Chapter 3

Methods

In this chapter the methodology of the thesis is explained. First thing that is
discussed is the density functional theory and how it is used in calculations.
This is followed by an introduction to the Nudged Elastic Band method
used for studying the transition states in processes. Bader charge is then
presented as a definition of a partial charge. The chapter concludes with a
short introduction to self-organizing maps.

3.1 Density functional theory

The density functional theory is a quantum mechanical tool for obtaining
the physical properties of a system from the electron density of the ground
state of the system.
In the Born-Oppenheimer approximation of a many atom system we have
the Hamiltonian H [45]:
H=T+V+U, (3.1)

where T is the kinetic energy:

1 2
T:—§ZVi, (3.2)

U is the interaction energy:

1 1
U=_

2 4= |ri = 1]

(3.3)

and V is the external potential:

V= Z V(r), (3.4)

11
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where r; is the position of electron i.

First Hohenberg-Kohn theorem (1) states that the ground state density
n(r) defines, up to a constant, the external potential V' (r). Since the density
n also defines the particle number N, it also defines the full Hamiltonian H.
Now, for a given potential V' (r) it is possible to write an energy functional
Evy:

v = / V(r)n(r)dr + Fln(r). (3.5)
where Fln(r)] is defined as:
EFln(r)] = (n@)| T+ U |¥[n(r)]). (3.6)
Variational principle says, that for all n(r) it holds that:
Ey = Ev(y)[no(r)] < Evln(r)), (3.7)

where Ejy and ng are the energy and the density of the ground state.
F[n] may now be written in another way:

1 [n(r)n

Fln(r)] = Ts[n(r)] + 5/%0[ dr’ + Egc[n(r)], (3.8)
where Ts[n| is the kinetic energy of a non-interacting system with density

n and the second term is the classical electron electron interaction term. This

equation is taken as the definition of the exchange correlation energy F,..
We now obtain the Kohn-Sham equations for the energy Ey[n]:

d
(__ + V / |7” — il xc) P — Ez(bz; (39)
or in an alternative form:
v2
(_7 + Vers(r)oi = e, (3.10)
where:
= leu(r)P? (3.11)
and: 5]
xc n
= . 12
Vae(r) 5 (3.12)

and the effective potential Vs is:

Vers(r) Vie. (3.13)

e
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The eigenvalues ¢; and eigenfunctions ¢; in equation 3.9 have no direct
physical interpretation.
We now have one more equation for the ground state energy FEj:

E, = ZEi B %/H(T)n(r’)drdr’ B /%C(r)n(r)dr + Epln(r)].  (3.14)

=7

This equation is in principle exact. The only errors in it come from the
approximations in F,.. In practice it is difficult to find good expressions for
E..[n(r)]. There are several widely used approximations. The simplest of
them is the local density approximation (LDA):

E’afCDA[n(r)] = /ezc(n(r))n(r)dr, (3.15)

where €,.(n) is the exchange-correlation energy per particle in uniform
interacting electron gas with density of n. This quantity is quite well known.

The second widely used family of functionals are the generalized gradient
approximations (GGA) :

EGGA _ / Fn(r), Vn(r))dr, (3.16)

where f is some function of two variables fitting for the problem. It is
worth noticing that the parameters in LDA have a physical meaning, but the
parameters in GGA don’t need to have it.

In figure 3.1 there is a flowchart of what is done in a DFT calculation.
From the initial guess of the density, we first solve the effective potential.
After the effective potential is known, the Kohn-Sham equations related to
it are solved. After the Kohn-Sham equations have been solved, we can get
the new density. This procedure is repeated until the density converges.
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Initial guess of
density ng(r)

Calculate
Vess(T)

Solve Kohn-

t .
goto Sham equations

Calculate
new n(r)

|

Converged?

Output desired
quantities

Figure 3.1: A flowchart of what happens in a DFT calculation

14



CHAPTER 3. METHODS 15

3.1.1 Hohenberg-Kohn theorems

There are two very important theorems in the background of the density
functional theory.

Theorem 1 The external potential V (7) is, up to a constant, a unique func-
tional of the density n(T).

Assume we have two external potentials v; and vy that differ by more
than a constant that give the same ground state density ng(r). Therefore
there are two different Hamiltonians H; and H, that have the ground states
U, and U, that give the same ground state density ng(r).

Now we have:

E? = (U1 Hy [¥y). (3.17)
By the variational principle it holds that:

E? < (V| Hy |Wy) , (3.18)

where the equality cannot hold as ¥, and ¥y were assumed to be different.
It also holds that:
H1:H2+H1—H2. (319)

From which we get:
EY < EY + /no(r)(vl(r) — va(r))dr. (3.20)

A similar inequality holds also after changing the order of 1 and 2:
EY < B + /no(r)(vg(r) —vy(r))dr. (3.21)
Summing the two inequalities we obtain:
EY +E) < E) + EY, (3.22)
which is a contradiction. This proves theorem 1.

Theorem 2 The groundstate energy can be obtained variationally: the den-
sity that minimises the total energy is the exact groundstate density.

By theorem 1 the density n(r) defines V(r). The density n(r) also de-
fines the particle number N. The density n(r) therefore defines the system
Hamiltonian H and also the ground state wave function W.
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The expectation values of F' is also therefore a functional of n(r):
Fln(r)] = (¥n(r)]| £ [¥[n(r)]) (3.23)

Now:
Eln(r)] = (¥[n(n)]| F+V [W[n(r)]). (3.24)

Another energy functional for a different state ¥’ can be defined:
Byln'(r)] = / WPV (r)dr + Fln (r)] (3.25)
From variational principle we obtain:
(V| F W) + (V| V|V) > (U] F|T) + (U] V[T), (3.26)
where W is the ground state wavefunction. Now combining we obtain:
Ey[n/(r)] > Ey[n(r)]. (3.27)

That is to say, densities different from the ground state density have
higher energies. This means that the ground state density gives the global
minimum of the energy functional.

3.1.2 Gaussian and plane waves method
In the Gaussian and plane waves method (GPW) the energy functional En|
is written as a sum of five terms [46]:

En] = E'[n] + EY[n] + E"[n] + E*° + B, (3.28)

where E7 is the kinetic energy, EV is the electron-core interaction, E
is the electronic Hartree energy, EX¢ is the exchange correlation energy and
E™ is jon-ion interaction energy.

Assume now, that we have a set of functions ¢; such that:

¢; = Z dijg; (), (3.29)

where g;(r) are Gaussian functions. The density n can now be written as
a sum:

n(r) = Z Pijﬁbiﬁbj; (3.30)

where P is an element of the density matrix.
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We can also define an auxiliary density n(r):
() = — _anZ ik (3.31)

where V is the volume of the unit cell and k are the reciprocal lattice

vectors. The coefficients k are such that:
n(r) = n(r), (3.32)

when 7 is in the unit cell. We now have two possible representations for
the density in the unit cell.

It is now possible to write the terms in the energy functional more ex-
plicitly. The kinetic energy functional E7 may be written as:

ZP” o7 r——|¢3< ). (3.33)

It is possible to divide the electron-core interaction term EY to two parts:
¢j (T/)> )

(3.34)
where the electron-core interaction has been divided into local and non-
local parts. The second change that has been done was going from the real
potential V' to the pseudopotentials V7.
The Hartree energy E* is calculated with the auxiliary density:

Ev[n] ZP” <¢l( )| local F) |¢] F) +Z PU gbl F)| non— local(Fﬂ:;)

ij

Hp) = 27TVZ M (3.35)

where V' is the volume of the unit cell.
Exchange-correlation energy £*¢ is calculated with suitable exchange cor-
relation functional €*¢

e — / €. (3.36)
The ion-ion interaction E! is

1 2
EII - = Z %, (337)
z;é] ‘R RJ’

where ]?21 is the position and Z; is the charge of core 7.
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3.1.3 PBE functionals

One possible way to model the exchange-correlation effects is to use the
Perdew-Burke-Ernzerhof (PBE) functional [47]. We start by writing:

E.=FE.+ E., (3.38)
that is to say that the exchange-correlation energy is divided into exchange

and correlation terms. Second thing that needs to be remembered is the local
spin density (LSD) approximation:

ELSP — / ne™ dr. (3.39)
For the correlation term E. in the GGA we write:
B ny,ny] = / nlege! (ry,€) + H(ry, €, 1)]dr, (3.40)

where r, is the local Seitz radius:

= 3, 3.41
re= (5> (3.41)
¢ is the relative spin polarization:
g=T (3.42)
n

ns,n; are the densities for spins up and down, ¢ is a dimensionless density
gradient:

v
t = 2|¢k”ll (3.43)
where ¢ is a spin-scaling factor:

and k; is the Thomas-Fermi screening wave number:

Ak
kg =4/ —=. (3.45)
Tagp

The first term in 3.40 depends only on density, the second term depends
both on the density and the density gradient. We want the term depending
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on the gradient to satisfy three conditions. The first condition is that, at the
almost uniform case (t — 0):

H— (Z—Z)ﬁ¢3t2, (3.46)

where [ is a constant. The second condition we want to be satisfied is that
the correlations wanish at the rapidly varying limit (¢ — 00):

H — —e"mif, (3.47)

The third condition we want is that under high-density limit:

2

H— <Z—O>v¢3m<t2>, (3.48)

where 7y is a constant.
These conditions are met by functions:

e pt? 14 At?
H=(—)y¢*In(1+— 3.49
(ao)w n(l + ~y 3 + A2 + A2 +t4])’ (349)
where it

A= é[ef W 1] (3.50)

g

A second dimensionless density gradient s is defined as:
Ts

s=,]—a¢t/c, (3.51)

where ¢ is a constant.
We want the exchange energy to satisfy four more conditions. We must
have:

ECCA = /ne;mfFr(s)dr, (3.52)
where
F.(0) = 1 (3.53)
and 22k
unif — 2O OF 3.54

We also want the exchange energy to satisfy:

Eune, ] = 22 [2n] ‘g Eal2ny] (3.55)
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Third additional condition we have is that as s — 0:
Fo(s) — 1+ ps* (3.56)
The fourth additional condition we have is the Lieb-Oxford bound:

E.nt,ny] > Ey[ne,ng) > —C/ngdr, (3.57)

where C' is a universal constant.
A simple suitable F,(s) is

(3.58)

where k is a constant.

3.1.4 GTH pseudopotentials

GTH pseudopotentials are named after Goedecker, Teter and Hutter [48]. In
this method the potential V is divided to a local part V;/'F and a non-local
part VPP [48-50]. The local part is:

non—local

oca

Vioea

4
oot = —=Hher f(aPr) + 3 CFP (V2o TP te T (359)
=1
where: .
PP _
« (3.60)
\/_Tloc
sets the scale of locality.
The non-local potential is of the form:

Vnon local Z Z ‘pim> h’ ‘ r > (361)
Im  ij
where: I
<7’ |pﬁm> = Nlem(f’)rl“i_Qe_i(Tl) , (3.62)

where N! are normalization constants, Y™ (#) are the spherical harmonics.
Because of the Gaussian factors in both the local and the non-local potentials
there is a reasonable convergence in both the real space and in the Fourier
space.

The free parameters in the pseudopotentials need to be optimized with
respect to the functional used. In practice there are many tables of pseu-
dopotentials optimized for different functionals.
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3.2 Nudged Elastic Band method

The nudged elastic band method (NEB) is a method for finding a minimum
energy path (MEP) between two states [51]. More specifically it finds a
minimum energy path between two stable states. That is to say, both the
initial and final state need to be local minima of the system energy function.

The nudged elastic band is a chain-of-states method. A reaction pathway
is described by a group of images connected with a spring. A nudged elastic
band calculation usually starts with a set of states linearly interpolated be-
tween the initial and the final state. A schematic is in figure 3.2 [52]. The
images are then moved according to the following rules.

0.5

-0.5

-

-1.5

Figure 3.2: A schematic of the Nudged Elastic Band method. Dashed line
is the initial chain of of states, and the solid line is the converged one.

A force acting on an images 7 consists of two components:

FZNEB _ F;z + F’uispr'ing, (363)
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where ﬁz is a component due to the potential of the system:
Fy = —V(R) + V(Ry) - 7+7; (3.64)

where 7; is the unit vector towards the higher energy neighbouring image,
and the F;7"":

F’aispring _ ]{?(|R@+1 _ RZ| _ |R2 —_ R@'71|)7:i7 (365)

where the k is the spring constant and the R; is the position of the image
7.

An important variation of the nudged elastic band method is the climbing-
image nudged elastic band method (CI-NEB). It proceeds just like the regular
nudged elastic band, until a highest energy image [ is found. The force acting
on [ is now defined to be:

FCl = F, — 2F, - 7:7;. (3.66)

This means the highest energy image feels no spring force and that it
climbs among the highest energy route.
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3.3 Bader charge

There are many different ways to define partial charge. One intuitive way to
is to divide the space into volumes and define the partial charges as integrals
of the charge density over the volumes defined. The division of space into
subspaces is done with the so called zero flux surfaces S(r), for which the
condition [53, 54]:

Vn(r)-ua(r) =0, (3.67)

where u(r) is the normal unit vector of S(r) at r, holds.

This definition allows the partition of a molecule into atoms based on the
observable charge density n(r).

Bader charge of an atom can now be obtained by integrating the charge
density:

4Bader = / n(T)d‘/; (368)
Vatom

where Viiom is the volume described by the surface S(r).

3.4 Self-organizing maps

A self-organizing map is an artificial neural network, that is trained with
methods of unsupervised machine learning. Every neuron of the network has
a weight vector in the same space as the data vectors [55-57].
Assume the input vectors are of dimension n. Now, for every node ¢ there
is a weight vector wj;:
Wi = [wit...win) " (3.69)

It is now possible to define the winning neuron ¢(%) corresponding to an

input vector -
q(Z) = argmin;d(w; — T), (3.70)

where d is the distance function and argmin is the argument of the minimum:
argmini(f(i)) = {ilVj f(j) > J(0)}. (3.71)

Euclidean distance is often used as the distance function.
The update rule for weight vectors is:

ik + 1) = i (k) + ng(k)[E(k) — (k)] (3.72)

where k is the iteration number and n,; is the neighbourhood function of the
winning neuron . There are several common ways to define the neughbour-
hood function. One way to define it is to have a predefined neighbourhood
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N,(k) and have the neighbourhood function be constant for all the neurons
in there:

ng(k) = (k). (3.73)

where p(k) is the learning parameter that decreases with iteration number k
according to some predetermined strategy. The learning parameter needs to
satisfy the condition:

0<u(k)<1. (3.74)

When training a self-organizing map, there are two phases, ordering phase
and convergence phase. Initially the learning parameter is close to one, and
the updates are large. This way the ordering of weight vectors is carried out.
Then the learning parameter is decreased to make the training more stable.
In the convergence phase the learning parameter is decreased still and the
map is fine tuned.

Important term related to self-organizing maps is the component plane.
When the values of a selected component of the weight vectors are represented
on the self-organizing map grid, it is called a component plane.

Another important tool related to self-organizing maps is the unified dis-
tance matrix, also called the U-matrix. The U-matrix contains the distances
between adjacent weight vectors in the map. It also contains the average
value of the distance of a neuron from its neighbours.

When using two-dimensional maps it is common to visualize component
planes and U-matrices using a colored grid. Looking at the distances between
weight vectors as seen on the U-matrix visualization can give information
about the distribution of the input data.



Chapter 4

Geometries

This chapter introduces the geometries of the fullerenes discussed in this
thesis. The first fullerene introduced is the pristine Cgy. After that CsgN is
discussed. Then Cigy and Cyi79N are introduced. Besides the bond lengths
of the fullerenes, this chapter also introduces the naming conventions for
different sites at the fullerenes.

4.1 Geometry of Cg

Figure 4.1: Geometry of the pristine Cg, fullerene and the names of the sites
on it. HP stands for hexagon-pentagon and HH stands for hexagon-hexagon.

25
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In this thesis Cgyp means an icosahedral fullerene defined with indices
(1,1). Tt consists of 60 carbon atoms positioned in a spherical cage. The
cage consists of pentagons and hexagons. There are twelve pentagons.

The geometry of the Cgg is in figure 4.1. In the pristine fullerene there
are essentially two kinds of C-C bonds. First one is corresponds to a con-
nection between a hexagon and a pentagon, the second one corresponds to
a connection between a hexagon and a hexagon. Hexagon-pentagon site is
marked with HP and hexagon-hexagon is marked with HH. Pentagons on the
fullerene could also be called five-membered rings and the hexagons could be
called six-membered rings.

Every side of a pentagon is connected to a side of a hexagon. In a hexagon,
three sides are connected to pentagons and three sides to other hexagons.
This means that there are five HP sites in a pentagon, and in a hexagon
there are three HP sites and three HH sites.

Table 4.1: Calculated bond lengths of Cgg in A. Calculations were done at
the PBE/TZVP level of theory. The net charge q of the system is given in e.

site q=0 q=-1 q=-2 q=-3
HP 1.45 1.45 1.44-1.46 1.44-1.46
HH 1.40 1.40-1.41 1.40-1.42 1.40-1.42

Table 4.1 shows the calculated bond lengths of the Cgy. We can see that
the accuracy of the calculated bond lengths is of the order of 1 pm. Ideally
the bond lengths at similar places should be the same. In practice there is
some asymmetry in the optimized structure.
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4.2 Geometry of C;N

Figure 4.2: Geometry of the Cs9N fullerene. There are now two different
kinds of HP and HH sites. The HP sites next to the nitrogen atom are called
HP-Pauling. The HH site next to the nitrogen atom is called HH-Pauling.

Cs9N is a Cgo fullerene, where one of the carbon atoms has been sub-
stituted with a nitrogen atom. In Cgy all carbon atoms are equivalent, so
it does not make a difference where the nitrogen substituted site is located.
The nitrogen atom gives a natural way to name the sites on the fullerene. In
the pristine fullerene there are two different kinds of sites, HH and HP. The
doped fullerene has several different kinds of HH and HP sites. Sites where
the nitrogen atom are involved are called HH-Pauling and HP-Pauling. These
are HH and HP sites, where one of the involved atoms is a nitrogen atom and
the other is a carbon atom. Sites where all the atoms involved are carbon
atoms are called HH-CC and HP-CC. HH-Pauling site and HP-Pauling site
are shown in figure 4.2.

Table 4.2 shows the effect of charge on the bond lengths near the nitrogen
atom. We can see that the changes in the bond lengths due to the charge
are of the order of 1 pm. This behaviour is similar to the pristine fullerene.
When there is net charge in the system, the bond lengths of HP-PS and
HH-PS are about the same.

A thing that should be remembered is that the nitrogen atom brings an
unpaired electron to the system. This means that there is some spin density
spread out to the system. Figure 4.3 shows an isosurface of this density. We
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Table 4.2: Calculated bond lengths of CsoN near the nitrogen atom in A.
Calculations were done at the PBE/TZVP level of theory. The net charge q
of the system is given in e.

site q=0 q=-1 q=-2 q=-3
HP-PS 143 142 143 1.43
HH-PS 140 1.43 1.43 142
HP-CC 144 144 143 1.43
HH-CC 1.39 141 142 142

see that a large amount of it goes to the nitrogen, but we also see that the
atom with most magnetic moment is the carbon atom next to the nitrogen
in the HH-PS site. The magnetic moment of the carbon atom next to the
nitrogen atom having the largest amount of magnetic moment is 0.17 up,
other atoms have less.

It is important to keep in mind that different directions on the fullerene
are no longer the same when there is nitrogen doping. This should be kept in
mind when thinking about what is far and what is near the nitrogen atom.
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Figure 4.3: Isosurface of the spin density on the CsgN fullerene. Calculations
were done at the PBE/TZVP level.

4.3 Geometry of Cig

In this thesis Cyg9 means an icosahedral fullerene defined with indices (3, 0).
It obeys the isolated pentagon rule. There are essentially three different kinds
of polygons on the Cig9, pentagons, and two different kinds of hexagons.
Every pentagon is surrounded by five hexagons. First kind of hexagon is
touching one pentagon and five hexagons. The second kind of hexagon is
surrounded by six hexagons.

Figure 4.4 shows the geometry of the Cigy fullerene and the naming con-
vention for different sites. As was the case with Cgg, HP is the hexagon-
pentagon connection. In Cigy there are three different hexagon-hexagon con-
nections. HH1 is the site of a hexagon-hexagon connection, where both
hexagons are touching a pentagon. HH2 is a site, where one of the hexagons
is touching a pentagon and the other is touching only hexagons. HH3 is a
site that is exactly in the halfway from one pentagon to another.
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Figure 4.4: Geometry of the Cygg fullerene. HP stands for hexagon-pentagon,

HH1, HH2, and HH3 stand for different hexagon-hexagon sites.

Table 4.3: Calculated bond lengths of Cyg in A. Calculations were done at

the PBE/TZVP level. The net charge q of the system is given in e.

site q=0 q=-6 q=-12
HP 143 143 143
HH1 1.39 1.41 142
HH2 1.45 1.44 143
HH3 1.45 147 1.49

Table 4.3 shows the effect of charge on the bond lengths of the Cigg
fullerene. We see that the geometry of the pentagons does not change much
with extra charge, but different HH bonds are affected. Adding charge in-
creases the bond lengths by order of picometers along hexagons that are
touching pentagons. We also see that the bond lengths decrease by the or-
der of picometers with charge when the site considered involves a hexagon
touching only other hexagons. We can also see that the changes in the bond
lengths are of the order of several picometers.
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4.4 Geometry of C;79N

Ci79N is a Cygg fullerene, where one of the carbon atoms has been substituted
with a nitrogen atom. In Cigy all the carbon atoms are not equivalent, so
it is important to consider, where the substitution happens and what is
energetically the most favourable option.

Table 4.4: Relative total energy F,. in eV of different C;79N fullerenes

Location of nitrogen E,..
pentagon 0

hexagon next to a pentagon .39
hexagon next to hexagons 0.50

Table 4.4 shows the relative energies of several possible nitrogen substi-
tution sites. The most favourable nitrogen substitution site is at a pentagon.
The naming convention for sites on C;79N follows the convention for Cigg
and CsgN.

Similarly to Cs9N, also Cy79N has distribution for the spin density. This
means that it is important to consider the directions when talking about
what is far and what is near the nitrogen atom. An isosurface of the spin
density can be seen in figure 4.5.
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Figure 4.5: Spin density isosurface on the C;79N fullerene. Calculations were

done at the PBE/TZVP level of theory.



Chapter 5

Adsorption

In this chapter the adsorption of oxygen to the fullerenes is discussed. The
adsorption energy F4, is calculated as:

Eads = Efullerene-l—OQ - (Efullerene + EOz)a (51)

that is to say the energy of the system after the adsorption minus the sum
of energies of the original molecules.

Adsorption can be divided to chemisorption and physisorption. In this
thesis the adsorption studied is chemisorption.

5.1 Adsorption on Cg

There are two topologically different possible adsorption sites on the pristine
Cgo fullerene. The first one is at the HP site and the second one is at the
HH site.

Figure 5.1 shows the oxygen molecule on the HP adsorption site of Cgp.
The naming convention for the oxygen atoms is that the atom with the larger
Bader charge is called O(1), and the oxygen atom with smaller Bader charge
is called O(2). The carbon atoms corresponding to these oxygen atoms are
called C(1) and C(2). This naming convention is followed in all the adsorption
cases in this thesis.

33
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Figure 5.1: Oxygen molecule on the HP adsorption site. O(1) is the oxygen
atom with larger Bader charge, O(2) is the one with smaller Bader charge.

C(1) is the carbon atom corresponding to O(1), and C(2) corresponds to
0(2).

Table 5.1: Total charges in e, bond lengths in A, and adsorption energies in
eV on the charged Cgo. Calculations were done at the PBE/TZVP level of
theory.

Site charge dc_o do_o dC—C’ Eads
HP O 147 152  1.59 0.36
-1 148 153 159 -0.24
-3 1.51 153 1.58 -0.99
HH O 1.46 151 1.57 -0.35
-1 1.47 1,51 1.57 -0.50
-3 149 152 157 -0.81

Table 5.1 shows the bond lengths and adsorption energies for the adsorp-
tions on the Cgo. We can see that the carbon-carbon and oxygen-oxygen
bond lengths are relatively independent of the charge of the system. The
carbon-oxygen bond lengths however change several picometers with charge.
We also see that adding charge to the fullerene makes the adsorption event
more and more favourable energetically.

At both HH and HP the oxygen molecule forms a quadrilateral structure
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Table 5.2: Bader charges in e for the oxygen atoms O(1) and O(2) and the

carbon atoms C(1) and C(2) binding to them.

Site charge O(1) O(2) C(1) C(2)
HP 0 -0.45 -045 042 0.41
-1 -0.47 -048 0.38 0.41
-3 -0.51 -0.52 0.31 0.39
HH 0 -0.45 -0.46 041 0.45
-1 -0.47 -048 040 0.43
-3 -0.50 -0.51 0.36 0.41

with the carbon atoms. O(1) is the oxygen with the smaller Bader charge

and O(2) is the oxygen with larger Bader charge. O(1) is located at the top of

carbon atom C(1) and O(2) is on top of C(2). The quadrilateral structure is
then formed by atoms O(1), O(2), C(1), and C(2). Table 5.2 shows the Bader

charges for these atoms. We can see that the charges are of opposite sign
and that the absolute values of the partial charges are about the same. The

unit formed by a carbon atom and the oxygen atom on top of it is therefore

essentially neutral. This is a strongly polarized bond. When charge is added
to the fullerene, we see that the Bader charges change. The changes in Bader
charges roughly correspond to the extra charge being divided evenly among

all the atoms on the molecule.
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5.2 Adsorption on Cy;yN

There are many more topologically different adsorption sites on CsoN than
there are on Cgg. We are interested in the effects caused by the nitrogen
atom.

Table 5.3: Adsorption energies in eV for different adsorption sites of CsgN.
Calculations were done at the PBE/TZVP level of theory.

Adsorption site E,is | Euas in Ceo
HP-Pauling -0.15

HP-CC, pentagon doped -0.17

HP-CC, hexagon doped -0.61

HP-CC, doping several polygons away 0.33 | 0.36

HP-CC, doping several polygons away, oxygen 0.18
atoms next to carbons with magnetic moment

HH-Pauling -0.71
HH-CC, hexagon doped -0.52
HH-CC, doping several polygons away -0.37 | -0.35

Table 5.3 shows the adsorption energies for different sites of the neutral
CsoN. First thing we see that the HP-CC and HH-CC sites far away from the
nitrogen site have the same adsorption energies as the HP and HH sites of
the pristine Cgy. Second thing that is noticed is that the magnetic moment
that is localized on the carbons relatively far from nitrogen have an effect on
the adsorption energy.

Energetically the most favourable adsorption site is the HH-Pauling, fol-
lowed by HP-CC and HH-CC near a hexagon with a nitrogen atom. We also
see that most of the sites have a negative adsorption energy, which means that
the adsorption is energetically favourable compared to the oxygen molecule
being free.

Table 5.4 shows the effect charge has on the adsorption energies at the
adsorption sites near the nitrogen atom. We can see that adding electrons to
the fullerene system makes the oxygen molecules to bind more strongly with
the fullerene. There is a clear trend of adsorption becoming more and more
favourable with extra electrons. However, we also see that the energy at
some sites changes more than at others. We see large changes at the energies
of the HP-CC sites when the first extra electron is added. There is almost
no change in the adsorption energies at the HH-CC and HH-Pauling sites at
that point.
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Table 5.4: Adsorption energies in eV at different sites of CsgN fullerene with
different total charges in e. Calculations were done at the PBE/TZVP level
of theory.

Adsorption site Charge FEuqs (eV)
HP-CC, nitrogen in pentagon 0 -0.17
-1 -0.58
-2 -0.83
-3 -1.09
HP-CC, nitrogen in hexagon 0 -0.61
-1 -1.14
-2 -1.26
-3 -1.40
HH-CC 0 -0.52
-1 -0.59
-2 -0.72
-3 -0.88
HH-Pauling 0 -0.71
-1 -0.68
-2 -0.96
-3 -1.19

5.3 Adsorption on Cig

The structure of the Cigg is a bit more complicated than that of Cgy. In Cgg
every carbon atom is topologically similar to the other carbon atoms. In the
Cigo fullerene there are several topologically different carbon atoms. Simi-
larly to the two possible adsorption sites of the Cgg, there are four possible
adsorption sites for the oxygen molecule on the Cigg.

Table 5.5 shows the structural properties and adsorption energies for oxy-
gen adsorption on Cygy fullerene. We see that for the neutral fullerene all the
adsorption energies are positive, which means that it is favourable for the
oxygen molecule to stay free. When charge is added the adsorption energies
decrease. Adsorption at the HP site is energetically favourable when the
charge of the fullerene is -6. Adsorption at sites HH1 and HH2 is at charge
of -6 still energetically unfavourable. At charge -6 the oxygen can undergo a
dissociative adsorption at the HH3 site.

At charge -12 all adsorption sites except HH2 lead to dissociative adsorp-
tion. At HH2 the oxygen molecule stays intact and points upwards from the
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Table 5.5: Adsorption energies in eV and bond lengths in A at different sites
of Cygo fullerene with different charges in e. Calculations were done at the
PBE/TZVP level of theory.

Site Charge dC—O dC—O dO—O dC—C Eads
HP 0 148 148 152 1.5 0.54
-6 1.51 151 153 1.55 -0.33
* -12 1.38  1.38 287 1.67 -2.67
HH1 O 146 146 151 1.53 0.56
-6 148 153 152 1.54 0.42
* -12 1.39 141 276 1.60 -1.61
HH2 0 1.49 147 152 1.60 1.13
-6 1.54 150 1.51 1.59 0.21
-12 284 155 145 153 -1.06
HH3 0 1.47 147 150 1.68 0.36
* -6 1.23 124 264 3.03 -2.38
* -12 1.26 126 253 3.02 -3.44

* dissociative adsorption.

surface of the fullerene.

The dissociative adsorption at the HH3 site also creates a hole to the
fullerene. Besides the oxygen-oxygen bond breaking also the carbon-carbon
bond at the HH3 site breaks. The carbon atoms bonded with the oxygen
atoms rise upwards from the surface of the fullerene.

Table 5.6: Bader charges in e for the oxygen atoms O(1) and O(2) and the
carbon atoms C(1) and C(2) near them on neutral Cig.

Site  O(1) 0(2) C(1) C(2)
HP -0.42 -044 0.36 0.43
HH1 -0.41 -045 0.36 0.44
HH2 -0.43 -0.45 0.34 0.33
HH3 -0.46 -0.47 0.42 0.50

Bader charges for atoms O(1), O(2), C(1), and C(2) on neutral Cig9 are in
table 5.6. We can see that the oxygen atoms have a negative Bader charge,
and the corresponding carbon atoms have a positive Bader charge of the
same magnitude. This is similar to what happens with Cgg, see table 5.2.
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5.4 Adsorption on C;7gN

In the case of pristine Cigg fullerene there are only a few topologically different
adsorption sites. In the case of doped fullerenes there are lot less symmetries,
so there are many more different adsorption sites. However, as we saw in the
case of the 60 atom fullerene, when we are far away from the doped site, the
doped fullerene acts like the undoped one. This allows us to only look at the
cases in the immediate neighbourhood of the doped site.

Table 5.7: Adsorption energies in eV of the oxygen adsorption on the Cy79N
with different total charges in e. Calculations were done at the PBE/TZVP
level of theory.

Site charge F,gs
HP 0 0.05
-6 -0.64
* -12 -2.64
HH1 0 0.43
* -6 -1.35
kk -12
HH2a 0 0.26
-6 -0.39
* -12 -2.24
HH2b 0 0.69
-6 -0.10
ok 12
HH3 0 0.44
-6 0.26
* -12 -3.91
ok

* dissociative adsorption. no adsorption.

Table 5.7 shows the adsorption energies for different adsorption sites on
the Cy79N. In general, adding the nitrogen atom in the fullerene makes the
adsorption event more favourable energetically. The only site where this
does not hold is the HH3 site where the adsorption energy goes up by 0.08
eV when comparing the doped and undoped fullerenes.

Adding charge to the system makes the adsorption more favourable ener-
getically. The adsorption energies go down for all the sites near the nitrogen
atom. We again see that when the charge is large enough, the adsorption
happens dissociatively.
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We see that there is a difference in adsorption energies for the variations
of the HH2 adsorption sites. This means that it is energetically favourable
for the oxygen molecule to be bind to the carbon atom next to the nitrogen
atom.



Chapter 6

Oxygen dissociation

There are many different ways an oxygen molecule can dissociate on a fullerene
as elucidated below. There are also many different sites the oxygen molecule
may be be adsorbed to the fullerene as discussed previously. Every adsorp-
tion site is related to several different dissociation pathways.

A relevant quantity related to dissociation is the dissociation energy Ey;..
It is defined as:

Edis = Efullerene+0+0 - (Efullerene + E02>7 (61)

that is to say, the total energy of the system after the dissociation minus the
sum of the energies of the original molecules.

Dissociations, where the oxygen atoms end up to the same side of the
adsorption site are called symmetric dissociations. When this is not the
case, the dissociation is asymmetric.

6.1 Dissociation on Cg

As previously discussed, there are two different adsorption sites on a pristine
Cgo fullerene. There are several possible dissociation pathways from both of
the adsorption sites. The oxygen molecule may dissociate symmetrically or
asymmetrically. In the symmetric dissociation the oxygen atoms end up in
the same polygon. In the asymmetrical dissociation this is not the case.
Table 6.1 shows the dissociation energies for several oxygen dissociations
on the pristine Cg fullerene. We see as a general trend that the dissociation
energies tend to increase with charge. The only dissociation pathway that
does not follow this trend is the HP-sym 1 case. In that case the oxygen
atoms move from the HP site to the pentagon. At the pentagon they locate
themselves on two sides of the pentagons and also break the carbon-carbon
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Table 6.1: Dissociation energies in eV on pristine Cgo for different total
charges in e. Calculations were done with at the PBE/TZVP level of theory.

Adsorption site Dissociation charge FEgs
HP sym 1 0 -2.28
-1 -2.42

-2 -1.28

-3 -1.58

sym 2 0 -1.85

-1 -1.99

-2 -2.14

-3 -2.18

asym 1 0 -1.38

-1 -1.46

-2 -1.55

-3 -1.59

HH sym 1 0 -1.05
-1 -1.25

-2 -1.46

-3 -1.61

asym 1 0 -0.24

-1 -0.96

-2 -1.65

-3 -1.76

bonds there. When there is a lot of charge in the fullerene, the oxygen-carbon
bonds elongate, and the carbon-carbon bonds stay intact.

At the dissociation configurations the oxygen atoms tend to form epoxy
structures with the carbon atoms. A second possibility besides the triangular
structure is a chain-like formation where an oxygen atom is bonded with two
carbon atoms, but the carbon atoms are not bonded with each other. The
triangular configurations are more common than the chain-like ones, and
when charge is added to the system the chain-like configurations have the
tendency to turn into triangular ones.

Figure 6.1 shows the energy profile of the dissociation in the case HP-
sym 2 for different total charges. The oxygen molecule is first adsorbed to
the HP site, and then it dissociates in a way that both the oxygen atoms
end up in the sides of the hexagon of HP site. Adding charge to the system
makes the adsorption energetically more favourable. Also the dissociation is
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Figure 6.1: An example of a reaction energy diagram for oxygen dissociation
on Cgo. This is the HP-sym 2 dissociation case. Energy of zero corresponds
to the free oxygen molecule, and the plateaus correspond to the adsorption
configuration and dissociation configuration.

more favourable when more charge is added, but that the change is smaller.
The change in adsorption energy per electron is of the order 0.3 eV, and the
change in dissociation energy per electron is of the order 0.1 eV. The change
in the adsorption energy is therefore about three times as large as the change
in the dissociation energy. Other dissociation pathways besides the HP-sym
2 show similar behaviour.

The adsorbed configuration and the dissociated configuration are both
local minima of the energy. There is also an energy barrier between them.
Figure 6.2 shows the energy profiles of the HP-sym 2 dissociation. It should
be noticed that figures 6.1 and 6.2 have different energy scales. Energy barrier
for the oxygen dissociation on the neutral fullerene is 0.58 eV, fullerene with
charge -1 has barrier of 0.45 eV, and fullerene of charge -3 has barrier of
0.12 eV. We can therefore see that adding charge to the system decreases the
energy barrier for dissociation.
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Figure 6.2: Charge effects on the minimum energy path of the HP-sym 2
dissociation, as given by the Nudged Elastic Band method. Energy level zero
corresponds to the energy of the adsorption configuration.

6.2 Dissociation on C;gN

There are many more different adsorption sites on CsN than there are on
Cgo. There are again several different dissociation pathways relating to each
of these adsorption sites.

Table 6.2 shows some dissociation energies on CsgN. One thing we see is
that when the oxygen atoms move symmetrically away from the nitrogen we
obtain the same dissociation energies as we did on the symmetrical dissoci-
ations on the pristine fullerene. This tells us what exactly is 'far’ from the
substitution site.

Dissociation configurations where the oxygen atoms are closer to the ni-
trogen atom tend to be lower in energy than the ones where the oxygen atoms
are far away from the nitrogen atom.

Adding charge to the system does not affect the energy of all the dissoci-
ation configurations the same way. The sites that are far from the nitrogen
atom behave just like the sites on pristine fullerene. Some sites show no
change in their energy. Some sites show larger changes in energy that corre-
spond to breaking of carbon-carbon bonds.
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Table 6.2: Dissociation energies in eV on CsgN for different total charges in
e. Calculations were done at the PBE/TZVP level of theory.

Adsorption site Dissociation charge Fy;s
HP-CC, pentagon doped sym 1 0 -1.86
-1 -1.92

-2 -2.01

-3 -2.12

sym 2 0 -1.04
-1 -1.13

-2 -1.23

-3 -1.35

asym 1 0 -1.07
-1 -1.23

-2 -1.54

-3 -1.86

HP-CC, hexagon doped sym 1 0 -1.64
-1 -2.62

-2 -2.87

-3 -3.15

sym 2 0 -2.33
-1 -2.42

-2 -2.43

-3 -2.45

asym 1 0 -1.70
-1 -2.07

-2 -2.17

-3 -3.15

HH-CC sym 1 0 -1.20
-1 -1.25

-2 -1.29

-3 -1.35

sym 2 0 -1.94
-1 -1.88

-2 -1.88

-3 -1.90

asym 1 0 -1.44
-1 -1.82

-2 -2.03

-3 -2.27

asym 2 0 -1.07
-1 -1.58

-2 -1.70

-3 -1.83
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The effects of extra charge seem to be larger on the asymmetrical disso-
ciation configurations. We see that the more charge is added to the system,
the more favourable the asymmetric dissociations become.
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Figure 6.3: An example of a reaction energy diagram for oxygen dissociation
on CsgN. Energy of zero corresponds to the free oxygen molecule, and the
plateaus correspond to the adsorption configuration and dissociation config-
uration.

Figure 6.3 shows an example energy profile of a dissociation on CsgN.
There are similarities to the dissociation on pristine fullerene. Both the
adsorption and dissociation get more favourable when charge is added. Also
we can see that the change in adsorption energy is larger than the change
in dissociation energy. The case in figure 6.3 is similar to the one in figure
6.1, as they both correspond to the oxygen atoms moving from the HP site
to the sides of a hexagon.

Figure 6.4 shows the energy profile of the symmetric dissociation of the
oxygen molecule symmetrically from the HP site away from the nitrogen
atom. The energy barrier for the dissociation is 0.34 eV. Compared to the
similar dissociation on the pristine fullerene, as seen in figure 6.2, we see that
the barrier is lower than that of the neutral fullerene, and that of the pristine
fullerene with charge of -1. However, the barrier for the dissociation on the
neutral Cs9N is higher than the barrier on the pristine fullerene with charge
of -3 elementary charges.
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Figure 6.4: An example of the minimum energy path of oxygen dissociation
on neutral CsoN. Compare to figure 6.2.

We can see that even when the energies of the adsorption and dissociation
configurations are essentially the same in the case of pristine and the nitrogen-
doped fullerene, the energy barriers between the configurations are different.

A second thing that can be seen in figure 6.4 is that there is a plateau in
energy near the end of the reaction. The plateau corresponds to situation,
where an oxygen atom is on top of a carbon atom next to the nitrogen atom.
Depending on the total charge of the system, it is either more favourable
for the oxygen atom to be located on top of the carbon atom next to the
nitrogen atom, or in a triangular form with two carbon atoms.

6.3 Dissociation on Cjg

There are four adsorption sites on the pristine Cig9. Every one of them is
associated with several different dissociation pathways.

Table 6.3 shows the dissociation energies for different dissociation path-
ways. We can see that adding charge to the fullerene makes the dissociation
more favourable energetically. We can see that with neutral fullerene the
symmetric dissociations are favourable compared to the asymmetric dissoci-
ations. However, when charge is added the asymmetric dissociations become
more favourable energetically.
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Table 6.3: Dissociation energies in eV for the different dissociation config-
urations on the pristine Cigg fullerene with different total charges q in e.
Calculations were done at the PBE/TZVP level of theory.

Adsorption site Dissociation  Fy;,
qg=0 q=-6 q=-12
HP sym 1 -0.87 -1.02 -1.25
sym 2 -0.65 -0.69 -0.95
asym 1 -0.35 -0.80 -2.44
HH1 sym 1 -0.22 -0.58 -1.16
asym 1 0.32 -0.78 -1.44
HH2 sym 1 -0.84 -1.30 -2.94
sym 2 -0.71 -0.83 -1.21
asym 1 -0.03 -0.75 -2.67
HH3 sym 1 -0.01 -0.41 -1.08
asym 1 0.64 -0.48 -1.20

We can see that change in dissociation energy per six extra electrons is of
the order of 1 €V for the asymmetric dissociations. For the symmetric cases
the change is of the order 0.3 eV. The difference in the change is again of the
order of three, as was the case in Cgp.

Figure 6.5 shows an example of the changes in the dissociation energies
caused by adding charge to the system. Figure 6.5(a) has figures 6.5(b),
6.5(c), and 6.5(d) combined. This example case shows several ways charge
can affect the dissociation energy. First case is shown in figure 6.5(b). In this
case charge causes a change of only 0.04 eV, so it can be said that the energy
is not affected by the charge. Second case, as seen in figure 6.5(c), shows a
change of 0.15 eV in the dissociation energy. Both of these are symmetric
dissociations. The third case, as seen in figure 6.5(d) shows the charge effects
on an asymmetric configuration. We see that adding six electrons to the
systems changes the dissociation energy of the asymmetric dissociation by
0.45 eV.
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Figure 6.5: Charge effects on dissociation energies on the pristine Cig
fullerene. Energy level zero corresponds to the free oxygen molecule con-

figuration.
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Figure 6.6: An example of the energy profile of oxygen dissociation on
neutral Cigg. Compare to figures 6.2 and 6.4.

Figure 6.6 shows an example of a energy profile of a oxygen dissociation
on Cigp. In this example the dioxygen molecule starts at the HP site and
the oxygen atoms end at the sides of the neighbouring hexagon, and forming
triangular structures with the carbon atoms. The reaction barrier for this
dissociation is 0.63 eV. This value is quite close to the barrier of 0.58 eV seen
on neutral Cgy. Figure 6.6 shows the same dissociation reaction as does the
blue line in 6.5(b). It should be kept in mind that these two figures have
different scales for the energy. Zero energy in figure 6.5(b) is the sum of total
energies of fullerene and oxygen, but zero energy in figure 6.6 is the total
energy of the adsorption configuration. This explains the different values in
the energies in the figures.
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6.4 Dissociation on C;79IN

Fullerene C;79N has more adsorption sites than does Cigo. Far away from
the nitrogen atom the sites behave just like the sites on the pristine fullerene.
In this case the difference is seen in dissociation from HH3 site. When the
oxygen molecule moves away from the nitrogen, the dissociation energy goes
exactly like in the case of pristine fullerene, but when the oxygen atoms
move towards the nitrogen atom, the energies are different. This gives us an
accurate way to say what is near and what is far.

Table 6.4: Dissociation energies in eV for the different dissociation configu-
rations on the Ci79N fullerene for different total charges ¢ in e. Calculations
were done at the PBE/TZVP level of theory.

Adsorption site Dissociation FEgs (eV)
q=0 q=-6 q=-12
HP sym 1 -0.50 -1.73 -4.21
sym 2 -0.59 -1.76 -4.21 *
asym 1 -0.17 -1.73 % 421 %
asym 2 -0.68 -1.76 % 4.21 *
HH1 sym 1 -0.45 -1.63 -3.16
sym 2 -0.35 -0.84 -3.09
asym 1 -0.40 113 -3.16 *
asym 2 -0.23 -1.35 -3.09 *
HH2a sym 1 -0.62 -1.75 -3.15
sym 2 -0.18 -0.93 -3.28
asym 1 -0.84 -1.75 %  -3.15 *
HH2b sym 1 -0.58 -1.16 -4.53
sym 2 0.05 -0.66 -1.42
asym 1 -0.42 -0.74 -2.60
asym 2 -0.28 -0.72 -3.19
HH3 sym 1 -0.42 -0.84 -2.60
sym 2 -0.01 **  -0.41 ** -1.08 **
asym 1 0.17 056 -2.37
asym 2 -0.42 -1.02 -2.60 *

* same final state as earlier. ** Same as the dissociation on the pristine

fullerene.

Table 6.4 shows the effect charge has on the dissociation energies. It is
interesting to see that when charge is high, there are relatively few different
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dissociation configurations. When charge is -12, there are fewer minimum
energy configurations than there are on the neutral fullerene. This effect is
also seen to a lesser degree in the fullerene of charge -6.



Chapter 7

Comparisons

Previous chapters have shown that there are differences in the adsorption
and dissociation energies for different fullerenes. It is, however, interesting
to see what kind of correlations there are between different quantities.
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The first question that comes to mind is how the adsorption and dis-
sociation energies are connected. The dissociation energies and adsorption

33
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energies are shown in figure 7.1. We can see that there is some connection
between the two energies, but it is hard to say much more than that. We
see that there are many different dissociation pathways corresponding to the
same adsorption site as is expected. The red dashed lines in figure 7.1 di-
vide the plane in four quadrants. The horizontal red line divides the plane
into the upper part, where free oxygen molecule is energetically favourable
compared to the dissociated oxygen, and the lower part where dissociation is
more favourable. The vertical red dashed line divides the plane into left-hand
side, where adsorption is energetically favourable compared to free oxygen
molecule, and right-hand side, where it is not. The green dashed line divides
the plane into parts where dissociation is energetically favourable compared
to adsorption, and a part where adsorption is favourable compared to disso-
clation.

We see that in most casess dissociation is energetically favourable com-
pared to the adsorption. However, in some cases it is favourable for the
oxygen atoms to go from the dissociated configuration to the one, where
they form a molecule.

Figure 7.1 tells us something about the different dissociation reactions.
However, as the figure only shows the dissociation and adsorption energies,
it is quite difficult to see what else is happening. There are more factors
changing along each dissociation pathway than the mere energetics. A bit
more complete picture of the situation can be obtained when taking into
account also the net charge of the system, the presence of nitrogen, and
the size of the fullerene. So instead of two-dimensional vector of reaction
energies, we now have a five dimensional vector, where a data vector d; is of
the form:

d; = [Eadgs, Fais, q/atom, N, size|, (7.1)

where ¢/atom is the net charge of the system divided by the number of
atoms in the system, N is the nitrogen concentration and size is the number
of atoms in the fullerene. See appendix B for motivation for this choice of
representation. Furthermore, we define a distance for the data vectors as the
Euclidean distance between the first two components of the data vectors. It
is now possible to make a self-organizing map of the dissociation reaction
pathways.

Visualization of the self-organizing map is in figure 7.2. From looking at
the U-matrix it is seen that there are two areas with a boundary between
them. We see that the adsorption energy is at its highest at the upper side of
the map, and at its lowest at the lower side of the map. We see a similar pat-
tern for the dissociation energies. Both dissociation and adsorption energies
seem to reach their maximum at the upper right corner. Adsorption en-
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Figure 7.2: The U-matrix and the component planes for the self-organizing
map of the dissociation reactions.

ergy reaches its minimum at the lower right corner, whereas the dissociation
energy has its minimum at the lower left corner.

Looking at the map we also see a pattern with the charge per atom
quantity. We see that the lower side of the map tends to have a low charge
per atom, whereas there seems to be more charge per atom on the upper
side of the map. The charge has its maximum at the upper left corner of the
map, and a minimum at the lower left corner.

We see that the amount of nitrogen also has a distribution. A general
pattern seems to be that there is a lot of nitrogen in the upper parts of the
map, intermediate values on the lower left side, and small values at the right
side. We also see a local minimum at the same place, where there is a global
maximum of charge per atom.

We see that the size quantity also has different values at the top and
bottom of the map. Upper side of the map has about 60 atoms, and the
lower half has about 180 atoms in them. We also see an intermediate range,
that seems to correspond to the boundary seen in the U-matrix.

It is quite interesting to see that even if the distance used to train the self-
organizing map was based only on adsorption and dissociation energies, there
still are clear correlations with the charge per atom, presence of nitrogen and
the size of the fullerene.
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Table 7.1: Energy barriers for dissociation from HP adsorption site to the
sides of a hexagon.

Fullerene charge Energy barrier (eV) Eus (€V) Eas (eV)
Ceo 0 0.58 0.36 -1.85

-1 0.45 -0.24 -1.99

-3 0.12 -0.99 -2.18
CsoN 0 0.34 -0.17 -1.86
Ciso 0 0.63 0.54 -0.65

-6 0.10 -0.33 -0.69

When thinking about reaction kinetics, it is important to also keep in
mind the reaction barriers. Adsorption and dissociation energies alone do
not tell the whole story of the reaction. Table 7.1 shows energy barriers
for dissociations from HP adsorption site to the sides of the neighbouring
hexagon. We can see that adding charge to the system lowers the energy
barrier. Furthermore, also adding nitrogen to the fullerene decreases the
barrier. We see that the neutral Cgy and the neutral Cigyp have essentially
the same energy barrier, which would indicate that the size does not affect
the barrier much.
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Figure 7.3: Activation energies for dioxygen dissociation.

Energies from table 7.1 are also presented graphically in figure 7.3. We
see a general tendency of activation energy increasing with both adsorption
energy and dissociation energy. Especially the connection between the ad-
sorption energy and activation energy seems to be almost linear, based on
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figure 7.3(a). What should be kept in mind is that every adsorption site has
several different dissociation pathways, and every one of them has a different
activation energy. Before making fits of activation energy as a function of
adsorption energy, it should be made sure that the fit is for the pathway
with the lowest activation energy. The same holds for fitting activation and
dissociation energies. Even if a final state has a large dissociation energy,
that state is not seen in practice if the barrier is very large.
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Discussion

Geometry optimizations for Cgy and CsgN were done with basis sets SZV,
DZVP, TZVP, TZV2P, and TZV2PX. The bond lengths did not change af-
ter increasing the basis set from DZVP. When dioxygen adsorption geome-
try optimizations were done with the same basis sets it was seen that the
bond lengths did not change after increasing the basis set from TZVP. The
optimized geometries were also compared to the ones presented found in lit-
erature. Based on the calculations it can be said that DZVP basis set is a
large enough a basis set when carbon and nitrogen are present, but when
also oxygen is present, TZVP basis set should be used. The bond lenghts
calculated with different basis sets are given in appendix A. We see that
the calculated bond lenghts are in a relatively good agreement with other
calculations [58, 59], and also with experiments [60, 61].

When considering the charge effects on the bond lenghts, as seen in tables
4.1, 4.2, and 4.3, we can say that the effects to the bond lenghts from adding
charge to the fullerenes is of the order of picometers. Charge effects on bond
lenghts on pristine Cgp are small. With Cs9N there seems to be an effect
on the HH sites. With pristine Cig9 the bond lenghts on HH1 and HH3
sites increase with charge. Also the bond lenghts on HH2 site decrease with
charge.

After the fullerene geometries were optimized it was possible to optimize
the geometries for dioxygen adsorption configurations. Adsorption energies
for different sites are in tables 5.1, 5.3, 5.4, 5.5, and 5.7. Several trends on
the energies are seen: firstly the adsorption energies are more favourable on
the smaller fullerenes than on the larger ones. The second thing that is seen
is that the presence of nitrogen makes the sites near the nitrogen atom more
favourable energetically compared to the pristine fullerene. Adding charge
to the system also makes the adsorption energetically more favourable.

The calculated adsorption energies for the pristine fullerenes are similar
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to the adsorption energies of oxygen adsorption to carbon nanotubes [62].
Ref. [63] calculated oxygen adsorption energies 0.25 eV for the HH site, and
1.06 eV for the HP site at the cap of a (5,5) carbon nanotube. The difference
in the adsorption energies for these two sites found on the literature is 0.81
eV, which is of the same magnitude as the difference of 0.71 eV which was
obtained in this study for adsorption on Cgy. It can therefore be said that
there is a definite site dependence in the reaction energies.

Tables 6.1, 6.2, 6.3, and 6.4 show the dissociation energies for different
dissociation pathways. Comparing tables 6.3 and 6.4 gives us an estimate
on the range in which the nitrogen atom has an effect. When the oxygen
atoms move from HH3 site towards the nitrogen atom, the dissociation is
energetically more favourable than when the oxygen atoms move away from
the nitrogen atom. Furthermore when the oxygen atoms move away from the
nitrogen atom, the result is energetically the same as in the case of symmetric
dissociation from the HH3 site of the pristine Cigy. It is therefore possible
to say that the effects of the nitrogen in Cigy are limited to the polygons the
nitrogen atom is located in. When considering dissociation pathways on Cg
and CsgN as seen in tables 6.1 and 6.2 leads to the same conclusion about
the effects of nitrogen on Cgg, at least for small charges. With pristine Cgg
the oxygen atoms dissociated in a pentagon formed chain-like structures with
carbon atoms with small charges, and epoxy structures with larger charges.
CsoN forms chain-like structures even with larger charges.

Figure 7.1 shows the correspondence between the adsorption energy and
the dissociation energy for different pathways and fullerenes. There is some
correlation between the two energies. The Pearson correlation coefficient
between them is 0.76 and the coefficient of determination is 0.58. This means
that the linear correlation between the adsorption and dissociation energy is
moderate or strong [64]. Similar linear relationships between free energies
have been documented before [65, 66].

Figure 7.2 is very interesting, because it shows that even when the self-
organizing map is trained only with the data of the adsorption and dissocia-
tion energies, there is also a clear structure in the charge per atom, presence
of nitrogen, and the size of the fullerene component planes. Based on the
map it is possible to say, at least qualitatively, that adding charge or nitrogen
to a fullerene system makes adsorption and dissociation energetically more
favourable, and that increasing the size of the fullerene makes adsorption and
dissociation energetically less favourable.
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Table 7.1 and figure 7.3 show the energy barrier for the dissociation, the
adsorption energy, and the dissociation for several dissociation pathways. It
seems clear that adding charge or nitrogen to the system makes the energy
barrier for the dissociation lower. It would also seem that the size of the
fullerene does not affect the barrier for dissociation very much. The difference
in the barrier height for a similar dissociation on Cgy and Cigg is only 0.05
eV. This can be compared to the fact that a single extra electron on Cg
makes the same barrier lower by 0.13 eV, or to the addition of a nitrogen
atom, which lowers the barrier by 0.24 eV. This comparison would indicate
that the size effects on the barrier are smaller than those of the charge or
nitrogen.

Based on figure 7.3(a) it would seem that there is a strong linear corre-
lation between the adsorption energy and the energy barrier for the dissoci-
ation. The correlation coefficient between them is 0.97, and the coefficient
of determination is 0.95. However, it should be kept in mind that there are
not very many samples for the energy barriers. As there are only five data
points, the risk of overfitting must be acknowledged. It should also be kept
in mind that every adsorption site has several possible dissociation pathways,
all of which have their own energy barriers. It is therefore important to be
very careful when fitting these linear models. In practice, the most interest-
ing relationship is between the adsorption energy and the lowest activation
energy for dissociation.

A good topic for future research could be investigating the relationship
between the adsorption energy of an adsorption site and the lowest energy
barrier for different dissociation pathways from that site. Having a better
knowledge of the relationships between different system parameters would
make engineering the fullerene systems with the optimal properties for a
given task easier. Keeping up with that line of inquiry, it would also be
interesting to see what is the dissociation pathway with the lowest energy
barrier for a given site. A plausible guess would be that for near-neutral
fullerenes the pathways with lowest barriers would be the symmetric ones,
and for more charged fullerenes the asymmetric dissociation pathways.
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Having more data on the energy barriers for different pathways could
also be used as input for a self-organizing map. In this thesis the reaction
energies were used in the distance function. If the activation energies were
also available for every reaction path, the component planes of the map could
show more accurately what exactly is going on. In practice this would require
a relatively large number of NEB calculations. However, this might currently
not be the best use of computational resources.

When a NEB calculation is run between two energy minimum configura-
tions and there is a minimum energy configuration on the reaction pathway,
this can lead to problems with convergence of calculation. This practical
aspect should always be kept in mind when doing NEB calculations.



Chapter 9

Conclusions

Four different fullerenes with different charges were studied in this thesis:
fullerenes Cgg and Cygg in both pristine and nitrogen substituted form. Every
studied fullerene was further studied with several different charges.

Density functional calculations about adsorption and dissociation of dioxy-
gen molecules on the fullerenes were made. It was concluded that negative
charge and nitrogen doping both make the adsorption and the dissociation
of the oxygen molecules on fullerenes energetically more favourable. We also
see that increasing the size of the fullerenes makes both the adsorption and
dissociation energetically less favourable. A number of adsorption and dis-
sociation energies were calculated, so the conclusions about them are rather
reliable.

It was also seen that the adsorption and dissociation energies had a rather
strong dependence on the site considered. The site dependence observed in
this thesis was in line with those found in the literature.

It was also concluded that both extra charge and nitrogen doping lower
the energy barrier for the dissociation reaction for the dioxygen molecule.
It was seen that the dissociation barrier is only weakly dependent on the
size of the fullerene. A relatively small number of activation energies were
calculated, limiting the reliability of the conclusions compared to those made
about the adsorption and dissociation energies.

Besides these observations, it was also seen that when extra charge is
brought to a fullerene system, it spreads out nearly evenly among all the
atoms. This is true also in the cases where there is oxygen present on the
fullerene.
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These observations indicate that charged fullerenes remain a promising
catalyst for future applications in oxygen reduction reactions. For future
applications in catalysis it is important to find suitable combinations of the
relevant reaction energies and energy barriers. The findings in this thesis
show that adding charge and nitrogen doping, or taking a fullerene of different
size all change these energies.
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Appendix A

Basis set test results

Table A.1: Table of calculated bond lengths of C59N. Comparison is done
with ref [58]. Unit is A.

site Gao et al. DZVP TZVP TZV2P TZV2PX
HP-Pauling 1.41 1.43 1.43 1.43 1.43
HH-Pauling 1.38 1.40 1.40 1.40 1.40
HP-CC 1.42 1.44 1.44 1.44 1.44
HH-CC 1.38 1.39 1.39 1.39 1.39
short bridge 2.28 2.23 2.30 2.30 2.30
long bridge 2.41 2.44 2.44 2.44 2.44

Table A.2: Calculated bond lengths at the HH Pauling adsorption site of
CsoN. Comparison is done with ref [58]. Unit is A.

source de—o (A) do_o (A)
Gao et al. 1.57 1.30
DZVP 1.58 1.32
TZVP 1.73 1.29
TZV2P 1.73 1.29
TZV2PX 1.73 1.29
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SOM figures
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Figure B.1:  The calculated adsorption and dissociation energies are on
blue. Black circles are the adsorption energy and dissociation energy of the
codebook vectors. Gray line segments show the nearest neighbour relations
between the neurons of the map. Compare to figures 7.1 and 7.2.
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Figure B.3: Component planes for presence of nitrogen and the nitrogen
per atom. We see that using the presence of nitrogen as a binary variable is
more informative than using the nitrogen concentration.
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Bader charge

figures
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Figure C.1: Bader charges for the HP adsorption site of the Cgy. Atoms 1 to
60 are carbons, atoms 61 and 62 are oxygens. In table 5.2, atom 51 is C(1),

56 is C(2), 61 is O(1), and 62 is O(2).

Dashed lines show what the Bader

charge would be, were the charge evenly distributed among the atoms.
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Figure C.2: Bader charges for the HH adsorption site of the Cgy. Atoms 1 to
60 are carbons, atoms 61 and 62 are oxygens. In table 5.2, atom 53 is C(1),
56 is C(2), 61 is O(1), and 62 is O(2). Dashed lines show what the Bader
charge would be, were the charge evenly distributed among the atoms.
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