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Chapter 1. Introduction 
The concept of “nano” is introduced. In the “nano world”, “classical mechanics" does not work 
any more, but instead, it is necessary to step into “quantum mechanics”.  

The behaviour of molecules can be explained by solving the Schrödinger equation. However, in 
most cases, it is too complicated to solve the problems by hand. Therefore, we use computers 
specialised for calculations employing some approximate methods (Quantum calculations – 
Chapter 2). 

The quantum mechanics can also be applied to quantum computers. A single “qubit” in the 
quantum computers can represent 0 and 1 simultaneously by superposition without any energy 
loss [1]; quantum computers can perform multiple calculations at the same time and save a huge 
amount of time cost. As one of the candidates for qubits, I theoretically investigated in Chapter 
5 the formation of stable radical azafullerene C59N; an organic magnetic molecule in which the 
magnetic dipolar interaction enables qubit coupling. It also overcomes a problem on the 
synthesis yield of the current fullerene candidate N@C60 [2]. 

Besides the computing technologies, carbon nanomaterials have been paid a wide attention to; 
e.g., metallofullerenes for stable, nontoxic contrast media, nanorobots for drug delivery systems, 
and clusters of carbon nanotubes as buckypaper for cell cultivation. If we look up to space over 
the sky (Chapter 3), there are fullerenes particularly around hydrogen-rich stars (Chapter 6) as 
well as carbon chains (Chapter 7). We now recognise the importance of nanocarbons in both 
science and technology/engineering. 

The present thesis focuses on the modelling of nanocarbons for a better understanding of 
astrochemistry, noting that we still cannot obtain any samples such as interstellar substances 
directly from space, but only indirect data are collectable. Many of the transformation processes 
are rapid or rare and therefore it is difficult or impossible to characterise those samples 
experimentally. Modelling is a unique tool to cope with such problems. 

Chapter 2. Quantum calculations 
In this chapter, differences between classical and quantum mechanics are introduced, followed 
by a description of various approximations used in quantum chemical calculations, notably those 
are used in the following sections and chapters. 

2.1. Towards DFT calculations 

In the classical mechanics, we solve problems by the Newtonian equation. When we tackle nano-
scale problems such as molecular behaviour, we instead solve the Schrödinger equation. In the 
field of quantum mechanics, the state of a particle is expresses by a wave function ψ, and we 
cannot derive the exact position and momentum simultaneously. Since it is not possible to solve 
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the Schrödinger equation by hand, we employ several approximation methods with computers. 
As the first approximation, we apply the Born-Oppenheimer approximation and introduce the 
density functional theory (DFT). This approximation reduces a number of system variables. Next, 
the Hohenberg-Kohn theorem is introduced and the Korn-Sham method is used for the DFT 
calculations. 

In this thesis, the ab initio modelling program (AIMPRO) [3–5] is utilised to perform the DFT 
calculations. Gaussian type orbitals (GTOs) are implemented to express the shape of atomic 
orbitals [6]. For the pseudopotential, the Hartwisen-Goedecker-Hutter (HGH) potentials [7] 
which is specialised for Gaussian type basis sets are utilised to approximate the core region of 
wave functions. In the AIMPRO, several k-points are selected for sampling based on the 
Monkhorst-Pack method [8]. Particularly a large cell in the real space is used in this thesis and 
therefore a single k-point at the Gamma point is used. 

The calculations are iteratively carried out (self-consistent field (SCF) method) using the AIMPRO 
code, and the solutions of the Schrödinger equation are finally obtained. 

After solving the Kohn-Sham equations, the optimal structures and physicochemical properties 
of the system can be investigated. The structure optimisation is carried out via the following 
steps; (a) move the atoms with a certain distance based on the Hellmann-Feynman theorem [9], 
(b) solve the Korn-Sham equation to obtain Etot, and (c) find the structure which gives the minimal 
Etot after the energy conversion. 

2.2. Other computational calculation methods 

In this thesis, empirical and semi-empirical calculations are used for the structural optimisations. 
The accuracy of the (semi-)empirical methods is not so high as that of the DFT, therefore its main 
usage in this thesis is to make a first guess of stable structures among a huge number of 
candidates, followed by the DFT calculations to compare and validate the results. 

Empirical calculations have been established for a fast simulation of large molecules which 
cannot be handled by the DFT due to the calculation cost. The time-dependent behaviour of the 
system is calculated by an algorithm based on the molecular dynamics (MD). In this thesis, the 
calculation package; large-scale atomic/molecular massively parallel simulator (LAMMPS) [10] is 
utilised with the following 3 types of potentials: adaptive intermolecular reactive empirical bond 
order (AIREBO) potential [11], reactive empirical bond order (REBO) potential [12], and AIREBO-
Morse (AIREBO-M) potential [13]. 

Semi-empirical calculations have been developed to carry out the Hartree-Fock calculations, by 
several approximations and reference data obtained by experiments and/or ab initio simulations. 
In this thesis, the molecular orbital package (MOPAC) [14] is utilised with the following 3 
methods: PM7 [15–17], PM6+D3 [15,18], and RM1 [19]. Among the semi-empirical methods, 
semi-empirical extended tight binding method (xTB) [20] is also utilised. It has been already 
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reported that the xTB simulation showed an excellent structure-energy agreement with the DFT 
results with the Pearson’s correlation coefficient r=0.998 [21], for a massive number of C60 

fullerene isomers. 

Chapter 3. Astrochemistry of hydrocarbons 
In this chapter, the materials and the conditions for the formation, interaction and destruction 
of the materials, which will be dealt with in this thesis, are explained. 

3.1. Interstellar substances 

The interstellar medium (ISM) is composed of approximately 90% of hydrogen, and 9% of helium 
[22]. 99% of interstellar materials are in gas phase, and the rest are dust grains like the nebula, 
which could be a base of surface reactions [23]. However, most of its exact components are still 
unclear. What is formed in the interstellar substances is the subject of great interest in the 
community of astrochemistry. 

According to the periodic table of astronomer, approximately 74% of the whole universe consists 
of hydrogen, 24% helium and the rest 2% other heavy atoms [24]. Hydrogen plays an important 
role particularly for the formation of polycyclic aromatic hydrocarbons (PAHs), in which the 
carbon edge favours the hydrogen termination to remove unstable dangling bonds. 

Carbon is one of rare elements in space. However, carbon rich regions are sometimes found in 
interstellar and circumstellar media. From the thick envelope of a carbon-rich star, various 
molecules such as carbon chains and hydrocarbons have been detected so far [25–28]. Since 
carbon is a source of life on the earth, investigation of space carbon may reveal the source of life 
and discovery of extraterrestrial life. Chemical reactions are also of interest. Space carbon 
experiences a cycle of the formation and deformation of different types of structures by strong 
energy irradiation in space. Eventually, it results in energetically stable structures such as 
fullerenes. 

3.2. Diffuse interstellar bands and carbon nanostructures 

Diffuse interstellar bands (DIBs) bring us some information of molecules present in the 
interstellar substances. Two of the carriers have been assigned as C60

+ [29] and CN-naphthalene 
[30] so far. Interestingly, most of the DIB signals have been estimated as hydrocarbon molecules 
by spectroscopic observation [31], however, most of the DIB signals have not yet been identified. 

PAHs are composed of a various number of aromatic rings with edges terminated by hydrogen. 
The PAHs constitute a large part of the DIB [31], and play an important role as a carrier of carbon 
in the carbon cycle in space [32]. For the investigation of the DIBs, planar PAHs or open-curved 
PAHs such as corannulene [33] have been intensively studied so far, while closed-curved PAHs 
except for fullerenes, such as ring-shaped molecules have not yet been reported. The ring shapes 
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are also interesting from a chemical point of view since they are expected to encapsulate alien 
molecule(s) inside. In this thesis, so-called carbon nanobelt ([12]isocyclophenacene, C48H24) [34] 
and carbon nanoring ([10]cycloparahenylene, C60H40) are studied. 

Fullerenes are well known as physically stable and chemically reactive cage-shaped carbon 
nanomaterials and they have also been detected in the interstellar bands [35,36]. Theoretical or 
experimental studies on fullerenes from C20 [37], C2n where n is a natural number, grown by a C2 
unit have been reported (except for C24). Since fullerenes smaller than C60 and giant fullerenes 
are less stable and therefore it is hard to synthesise them experimentally, they have mainly been 
studied theoretically. Interestingly in space, fullerenes are efficiently formed in hydrogen-
containing circumstances in which hydrogenated amorphous carbons (HACs) are abundant 
[38,39].  

3.3. Fullerene growth and the isolated pentagon rule 

There are two well-known fullerenes formation models; top-down dissociation [40] and bottom-
up growths [41]. In this thesis, the bottom-up growth is focused on, and in this case carbon 
clusters are grown into fullerene cages, keeping pentagons separated by hexagons following the 
isolated pentagon rule (IPR) [42] as far as possible, except for several endohedral fullerenes [43]. 

In addition, the isolated pentagon rule (IPR) is another important factor for the fullerenes 
geometry. Since fullerene cages are formed by a mixture of 12 pentagons and several hexagons, 
curvature is introduced in the structure. The localisation of pentagons results in a high degree of 
curvature which causes strong strain, and as a result, the fullerene structure becomes less stable 
[42]. Therefore in order to delocalise the strain, pentagons must be surrounded by hexagons, 
not to be adjacent to each other [42]. The smallest fullerene that satisfies the IPR is C60; this is 
why C60 is the most stable fullerene.  

Fullerenes are stable but chemically active. Active sites on the cages depend on the symmetry 
and size of the cages. In order to investigate the active sites for the chemical modification, several 
local parameters are considered to evaluate the local properties of fullerenes in this thesis; 
geometric and electronic parameters. 

As the geometric parameters, the following 3 approaches are made based on the bond angle in 
order to evaluate the curvatures; pyramidalisation angle in atom A (PyrA) [44], hybridisation 
value [45–47], and bond lengths sum. For the electronic parameters, the following 2 approaches 
are made focusing on electrons distributed on the surface of the fullerene cage;: Mulliken charge, 
and frontier orbital values. 

3.4. Heterofullerenes 

Interesting molecules analogous to the conventional fullerenes; Heterofullerenes, have been 
reported. In the structure of heterofullerenes, at least 1 carbon atom is replaced with another 
atom, such as N [48,49] called azafullerene. C59N possesses a radical due to the replacement of 
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C atom with N which causes 1 dangling bond and therefore it is detectable by electron spin 
resonance (EPR) analysis. This very active molecule rapidly forms a dimer (C59N)2 and loses the 
radical.  

3.5. Cyclodehydrogenation 

Dehydrogenation is a possible reaction occurring in high energy regions in space. 
Cyclodehydrogenation is also one of the interesting intramolecular reactions which transform 
molecular structures from even 2D to 3D. For example, a planar PAH C60H30, which is the 
development of C60, is transformed into C60 losing the hydrogen atoms by nitrogen laser [50].  

Chapter 4. Experimental background 
In this chapter, the principles of experiments carried out in this thesis are explained. Experiments 
of electron spin resonance are carried out supported by colleagues at Institut "Jožef Stefan" in 
Slovenia. 

When a particle with spin angular momentum like an electron (spin quantum number: s=1/2) is 
placed in a magnetic field, the energy state is split into two with an energy difference of ΔE. For 
example, in the case of an electron, it is split into two states; magnetic spin quantum number: 
ms = +1/2 (α, up spin) and ms = -1/2 (β, down spin). α spin is antiparallel while β spin is parallel 
to the external magnetic field, and it results in unstable α and stable β states, i.e., the Zeeman 
effect. Their energy difference is in proportion to the strength of the external magnetic field. 
When applied external magnetic flux density is equivalent to ΔE, electron spin jumps from β to 
α, and there will be strong absorption.  

In the same way, spin orientation of a nucleus with nuclear spin quantum number I≠0 such as 
13C(I=1/2) and 14N(I=1) splits in mI = I, I-1, …, -I in a magnetic field. In the case of nuclei, α spin 
becomes more stable than β in the magnetic field. When we irradiate energy equivalent to the 
specific resonance condition, nuclear spin jumps from α to β, and there will also be strong 
absorption. This absorption spectrum is complexed by magnetic interactions between 
neighbouring spins of electrons and nuclei.  

In the EPR analysis, hyperfine structures originated from coupling of the electron spin and 
nuclear magnetic moment give the most important information about radicals in a sample. If we 
assume that an electron (s=1/2) and nucleus (I=1/2) are in an external magnetic field, the 
electron spin is split into two states mS=+1/2 and mS=-1/2, and the nuclear spin would also be 
mI=+1/2 and mI=-1/2. Then, the local magnetic field would be affected by the nuclear spin and 
therefore, absorption peaks appear as two spikes with a width of a. The intensity of the two 
peaks become half of the original peak from the electron. 
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Chapter 5. Structural change during the synthesis of 
powder radical azafullerene monomer 
Azafullerene C59N radical has an unpaired electron on a carbon atom next to the nitrogen atom 
and therefore it is an organic magnetic molecule. C59N is expected to be an alternative to another 
organic magnet N@C60 thanks to its size proximity and electron-spin dephasing time [51]. 
One problem on the practical application of C59N is that C59N is immediately polymerised into a 
dimer and becomes a stable non-magnetic molecule. In order to prevent the monomer from 
dimerisation, a complexation method with [10]CPP in a liquid phase has been established by 
Stergiou et al. so far [51].  

In this chapter, I theoretically investigated the structural change during the synthesis of [10]CPP-
C59N complex (hereinafter [10]CPP⊃C59N) in a solid (powder) phase which enables practical 
application of [10]CPP⊃C59N particles as qubit arrays [52].  

A solid state sample of [10]CPPÉ(C59N)2Ì[10]CPP was prepared by Dr A. Stergiou at the National 
Hellenic Research Foundation in Greece. By the X-band EPR analysis, which was carried out by 
the group of Prof. Denis Arčon at the Jožef Stefan Institute in Slovenia, several unique signals 
were observed. The transformation of the EPR signal during heating up to 290°C indicated that 
the thermolysis of the dimer proceeds via two steps. DFT calculations indicated that the stable 
pristine dimer starts rotating the cage with intermittent bond breaks at 100-150°C and form 
trimers and tetramers with neighbouring molecules. Expected EPR signals of the mixture of 
trimers and tetramers based on the unpaired electron distribution matched the experimental 
signals. Further heating up caused complete bond breaks between the C59N cages and finally 
they formed radical monomers, the signal of which has already been known [51].  

The obtained C59N•
 showed the signal with an extremely long lifetime at room temperature. The 

signal intensity was still high even 158 days after the experiment. Surprisingly, the EPR signal was 
still detected even 30 months after the experiment unlike C59N•

 without [10]CPP. 

Chapter 6. Hydrogenation of non-IPR smaller fullerenes 

In this study [54], I focus on the bottom-up growth of small fullerenes from C20 to C52, which are 
non-IPR species, in the presence of hydrogen. In order to avoid the time cost using the DFT, this 
study aims to test and validate various simulation methods; i.e., (a) sequential hydrogenation to 
pursue the most stable structure, (b) introduction of geometric and electronic parameters to 
select the next hydrogenation site, and (b) employment of some empirical, semi-empirical, and 
tight-binding methods to increase the speed of calculations keeping consistency with the DFT.  

Structural optimisation of pure carbon cages Cx (x=20, 24, 26, … 52) by the DFT-LDA calculations 
indicated that the instability of the cage structures is generally in proportion to the number of 
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atoms surrounded by triple fused pentagons. Since there are a too large number of isomers for 
the following hydrogenation steps, 4 representative structures are focused on; C28 (1-Td and 2-
D2, referring to the indices of Yoshida’s library[54]-symmetry symbol) and C40 (38-D2 and 40-Td).  

6.1. Sequential hydrogenation 

In order to save the calculation costs, first, a sequential hydrogenation method was tested. In 
this method, the first hydrogen atom binds to a site on a cage and each structure was optimised 
by the DFT-LDA. The second hydrogen atom was added to a site in the same way without moving 
the first hydrogen atom and the most stable structure was obtained. By repeating this sequence, 
the structures with up to the fifth hydrogen addition were obtained. This approach dramatically 
saved a number of structures to calculate, and also worked properly for halogenated fullerenes, 
such as chlorinated fullerenes [55].  

As a result of the sequential hydrogenation, for Td-C28, hydrogen atoms bound to the 4 triple 
fused pentagons on the tetrahedral corners. The fifth hydrogen attached to the fused pentagon 
site with lower binding energy was observed. These hydrogenated structures originally from Td-
C28 were more stable than those from D2-C28. On the other hand, in the case of C40, the Td isomer 
was less stable than the D2 isomer. For Td-C40, the obtained structure with 4 hydrogen atoms was 
not hydrogenated tetrahedrally, different from the C28 case. In both cases hydrogenation 
occurred at fused pentagon sites and at the fifth hydrogenation the Td structure became more 
stable than the D2 structure. This change in the order of stability suggests that we cannot make 
a guess for the stable hydrogenated fullerenes from the stability of pure carbon isomers.  

6.2. Hydrogenation based on geometric and electronic parameters 

As another approach, prediction methods using geometric parameters; the pyramidalisation 
angle (PyrA), hybridisation value, 3 bond lengths sum and 2 bond lengths sum, were tested. In 
these methods, one reactive site was selected for hydrogenation by the largest value of the 
geometric parameter before carrying out the hydrogenation. The hydrogenated structure was 
optimised by the DFT-LDA calculations. This operation was repeated up to the fifth 
hydrogenation. This method saved tremendously the calculation costs, for example, it reduced 
130 calculations into 5 in the case of C28H5. 

It was found that pyrA and hybridisation gave the same hydrogenated structures. These two 
parameters successfully predicted the lowest energy structures of Td-C40H and Td-C40H2. However, 
except for these two structures, none of the tested parameters gave the lowest energy structures. 

In the same way, local electronic parameters of fullerene cages were considered; local Mulliken 
charges and frontier orbital (FO) values, considering that charged sites may also be hydrogenated 
to stabilise the whole structure.  

The results showed that generally the frontier orbital values predict lower energy structures than 
the Mulliken values, and most of the derived structures were more stable than the ones given 
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by the geometric parameters. However, none of them predicted the sequence of structures with 
the lowest energy. Although the electronic parameters did not give the reliable hydrogenation 
routes, interestingly, the lowest frontier orbital value calculated by 0.1 electron addition 
provided negative ΔE for D2-C28H3 and for D2-C28H5. It indicates that the parameter derived more 
stable structures than the sequential hydrogenation. This is an important result that invalidates 
the first hypothesis, i.e., the sequential hydrogenation is not applicable to small fullerenes. It 
also implies that added hydrogen atoms can rearrange their positions on the cage surface when 
another hydrogen atom is added to stabilise the whole molecule.  

6.3. Empirical and semi-empirical calculations 

As the next approach, every possible hydrogenated structure was tested by quick (semi-) 
empirical calculations and the results were compared to those obtained by the DFT sequential 
calculations. The empirical calculations carried out by LAMMPS [10] utilised the empirical 
potentials of AIREBO, REBO, and AIREBO-M. For semi-empirical calculations, MOPAC [14] was 
utilised with PM7, PM6+D3, and RM1 methods. In addition, the semi-empirical extended tight 
binding method (GFN2-xTB) was also employed.  

It was found that in the case of C28H5, C40H, and C40H5, the empirical methods showed a very low 
Pearson’s correlation coefficient (r<0.4); in other words, the results obtained by the empirical 
potentials have essentially no consistency with those obtained by the DFT-LDA.  

In contrast, the GFN-xTB method gave an excellent agreement with the DFT-LDA with the 
correlation r=0.98. For simpler fullerenes (a smaller cage, and the same cage with less 
hydrogenation), the agreement was even better showing r=0.993-998. Furthermore, the most 
stable structures obtained by the xTB coincided with those obtained by the DFT. Therefore, DFT-
LDA can be safely switched to GFN2-xTB, which gains over 600 times less computational time. 

6.4. Testing all of the possible combinations of the hydrogenation sites 
using xTB 

All of the possible combinations of the hydrogenation sites were tested by GFN-xTB up to the 
fourth hydrogen atom addition. This method gives the total energy of all possible hydrogenated 
structures CnHm (n=28 and 40, m=1, …, 4), which is different from that obtained by the sequential 
hydrogenation. Although the number of structures tested is huge, the isomer with the lowest 
energy can be definitely obtained by this method.  

It was found that for C28H4, the tetrahedrally hydrogenated Td structure is the most stable 
structure among a huge number of isomers. This structure coincided with that characterised by 
experiment [56] and also with the one given by the sequential addition carried out by DFT-LDA, 
GFN2-xTB, PM7, PM6+D3 and RM1. In contrast, D2-C28H4 molecules were less stable. The most 
stable molecule had 2 pairs of hydrogen atoms on the opposite sides, thanks to which the local 
strain was released and the aromaticity was increased. For C40 species, the tetrahedrally 
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hydrogenated Td-C40H4 structure was the most stable among the Td-C40H4 isomers. However, 
interestingly, D2-C40H4, which was transformed into tube-like structure, was more stable and this 
structure corresponded to the one given by the sequential addition carried out by DFT-LDA. 
These results suggest that the sequential hydrogenation may be applicable to the numerical 
investigation of larger hydrogenated fullerenes, such as C40Hm,. It would be a great benefit in 
terms of the computational cost reduction.  

Chapter 7. Dehydrogenation of carbon nanobelts 
As one of the candidate molecules in the DIBs, in this chapter I investigated a curved structure; 
carbon nanobelt (CNB). It is also interesting to study CNBs from a carbon chemical point of view 
since the energy absorption in space may be explained by dehydrogenation, particularly 
cyclodehydrogenation, and single-walled carbon nanotubes of a uniform diameter may be 
grown via polymerisation of CNBs. Introducing curvature into carbonaceous structures 
decreases aromaticity and localises reactive sites. Structural reorganisation occurs, transforming 
the carbon bonds of sp2- to sp3-, which is similar to hydrogenation of small fullerene,.to 
delocalise the strain originated from the curvature. Thus, the investigation of transformation of 
curved aromatic hydrocarbons by dehydrogenation is also of great interest and importance. 

In this study, [(CH)2-C6H2]2n ([12]CNB) [34] was chosen as a curved polyaromatic hydrocarbon to 
investigate the structural change during hydrogen removal. In order to imitate the extreme 
conditions in the ISM, dehydrogenation routes were simulated by sequential hydrogen removal. 
The results obtained by the calculations were compared to those of the collision-induced 
dissociation (CID) experiments of CNBs, where the fragment molecules were analysed by Fourier 
transform ion cyclotron resonance mass spectrometry (FT-ICR MS), carried out by Dr Paul Dunk 
at Florida State University.  

7.1. Mass spectrometry and DFT calculations 

FT-ICR MS experiments were carried out for pure CNB samples with and without molecular 
fragmentation by the CID, and several specific fragment ions were detected as “magic numbers”. 
In order to explain the mechanism of the dissociation, DFT calculations were carried out at a 
charge state of +1 which demonstrates the MS and CID systems.  

First, one hydrogen atom was removed from the optimised pristine CNB molecule. Considering 
the molecular symmetry, there are only 2 structures; i.e., hydrogen removal from an (a) exterior; 
armchair, or (b) interior; zigzag carbon edge, for 1H-loss CNB molecules (C48H23). Another 
structure (c) can be constructed from (b) by Stone-Wales bond rotation. For the next 
hydrogenation, another hydrogen atom was removed from each of optimised C48H23 structures 
and the 2H-loss structures; C48H22, were optimised. The most stable isomer was selected for the 
next hydrogen removal. For (c), the bond rotation was performed and the energy was compared 
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with that without the bond rotation. This operation was repeated to obtain nH-loss structures 
up to n=8. 

It was found that the dissociation proceeds by pairwise hydrogen loss, and from the 4H-loss, the 
routes (a) and (b) join (c), and two parallel carbyne chains with pentagon ends are formed, which 
gives the lowest energies among the three routes. After 6H-loss, the intensity of the 
experimentally detected signals of dehydrogenated CNB were very low. It can be attributed to 
the carbyne chains, i.e, too long sp chains localise the curvature on the rest of six-membered 
rings and the aromaticity is decreased, resulting in the difficulty in the extension of the chains. 
Instead, CH-loss from the six-membered rings and 2C-loss from the chains are preferred for 
further dissociation. These results well matched the experimental MS spectra.  

7.2. FT-IR signals calculated by DFT 

For the most stable structure of each isomer (pristine, 2H-, 4H-, and 6H-loss) in the optimal route 
(c), IR spectra were simulated by the DFT calculations focusing on the vibration modes attributed 
to pentagons. Comparing the absorption peaks of several planetary nebulae in the Magellanic 
cloud with the obtained spectra of dehydrogenated CNBs, these unique structures of “pentagons 
in a ring” cannot be a candidate for interstellar PAHs. However, CNB species become a good 
example of curved PAHs, which is a new concept in astrochemistry. 

Chapter 8. Conclusions 
This thesis explored three fields; (1) the radical formation of azafullerenes encapsulated in 
carbon nanoring, (2) the formation and growth behaviour of small fullerenes notably in the 
presence of hydrogen, and (3) the dehydrogenation routes for curved hydrocarbons, and the 
following results were obtained. 

(1) The radical formation mechanism of powdered C59N•Ì[10]CPP was revealed. The radicals 
are protected by [10]CPP ring, thanks to which the lifetime of radicals with the sharp triplet 
was more than 158 days. The signal was detected even 30 months after the experiment 
unlike bare C59N• which rapidly dimerises. Powdered C59N•Ì[10]CPP radicals are expected 
to be a building block of quantum circuits of qubits thanks to the stability and higher yield 
compared to other qubit candidates such as N@C60.  

(2) For the growth of small fullerenes in the presence of hydrogen, a variety of methodologies 
were investigated to systematically predict the most stable structures of hydrogenated small 
fullerenes (C28 and C40). Full-combination sites testing was also performed by xTB. It was 
found that the sequential hydrogenation is applicable to the investigation of larger non-IPR 
fullerenes such as C40, whereas full-testing using GFN2-xTB is reliable for smaller fullerenes 
such as C28. These results will directly contribute to a mapping of the hydrogen-catalysed 
non-IPR fullerene growth. 
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(3) For the dehydrogenation of carbon nanobelts (CNB), “Magic numbers” appeared in the 
mass spectra were successfully explained by the sequential dehydrogenation simulation 
carried out by the DFT. FT-IR absorption of the most stable structures was also investigated. 
It is believed that CNB species become a good example of curved PAHs, which is a new 
concept in astrochemistry. 
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