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Abstract 

 

 Nano carbon materials include various defects such as functional groups, 

pentagons, heptagons, and vacancy defects. These defects affect the electronic, chemical, 

mechanical, and magnetic properties of graphene. Thus, it is essential to analyze the 

defects on nano carbon materials in detail. In this study, defects such as 

oxygen-containing functional groups, pentagons, and vacancy defects were analyzed by 

empirical and simulated spectroscopies.  

 First, C1s X-ray photoelectron spectroscopy (XPS) spectra of graphene with 

two to twelve pentagons were simulated using density functional theory calculation. 

Peak shifts and full width at half maximum (FWHM) of calculated C1s spectra were 

applied to actual C1s spectra. Introduction of pentagons shifted the peak top toward low 

binding energy. The presence of pentagons also influenced FWHM of calculated C1s 

spectra. Introduction of six pentagons increased the calculated FWHMs from 1.25 to 

1.45 eV. These calculated shifts and FWHMs were close to the actual shifts of graphite 

(284.0 eV) and fullerene (282.9 eV) and FWHMs of graphite (1.25 eV) and fullerene 

(1.15 eV). By combining the calculated and actual results, we proposed peak shifts and 

FWHMs of graphene with different numbers of pentagons, which can be utilized for 

actual XPS analysis.  

Second, epoxide was introduced on fullerenes and the epoxidized fullerenes 

upon heat treatment were analyzed by XPS, infrared spectroscopy (IR), and gas 

chromatography–mass spectrometry (GC-MS). Epoxide was transformed to C=O and 

lactone groups at 523 K. Lactone groups were decomposed into CO and CO2 gases, 

generating vacancy defects at 673 K. The ratio of decomposed CO2/CO gas increased as 

the amount of epoxides increased. 

 Third, pyrolysis mechanism of epoxidized fullerenes was estimated by 

computational calculation. Epoxides were gathered and decomposed into CO and CO2 

gases. From the fullerenes with two epoxides, decomposition of CO gas is energetically 

favored than that of CO2 gas. From the fullerenes with three epoxides, decomposition of 

CO2 gas is energetically favored than that of CO gas. These results were well matched 

with those of the empirical study. 
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Chapter 1 Background of this research 

1.1 Nano carbon materials 

 Nano carbon materials have attracted much attention for a few decades. After 

discovery of fullerene (Fig. 1-1a) in 1985 [1], carbon nanotube (Fig. 1-1b) in 1991 [2], 

and graphene (Fig. 1-1c) in 2004 [3], the studies for these materials have been 

intensively performed. Nano carbon materials can be categorized depending on the 

bonding state of carbon atoms. For example, graphene, a sheet of sp
2
C-sp

2
C networks 

of carbon atoms, is one layer of graphite, indicating that graphene is macroscopically a 

2D structure. Carbon nanotubes with a 1D structure are tubes of graphene. Fullerenes 

with a 0D structure are a shape of a soccer ball. Diamond (Fig. 1-1d) consists of 

sp
3
C-sp

3
C networks of carbon atoms, indicating that diamond is a 3D structure. Pure 

nano carbon materials such as graphene and carbon nanotubes consist of mainly 

hexagons. However, defects such as pentagons and heptagons, vacancy defects, 

functional groups, and zigzag and armchair edges exist in the actual nano carbon 

materials (Fig. 1-2). These defects influence the shape as well as various properties such 

as electronic, mechanical, chemical, and optical properties.  

 

(a)                          (b) 

 

 

 

 

 

 

    (c)                          (d) 

 

 

 

 

 

 

 

 

Figure 1-1 Structures of nano carbon materials. (a) Fullerene. (b) Carbon nanotube. (c) 

Graphene. (d) Diamond. 
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Figure 1-2 Various types of defects on nano carbon materials.  

 

 

1.1.1 Fullerenes 

Fullerenes are hollow carbon shells with ca. sp
2
C-sp

2
C bonding. There are 

many types of fullerenes such as C60, C70, C72, C76, C84 and C100. The most well-known 

fullerene is a C60 with sp
2.28

C-sp
2.28

C bonding [4], which resembles a soccer ball. C60 

consists of 20 hexagons and 12 pentagons (Fig. 1-3), which means the existence of two 

types of bonding such as hexagon-hexagon bonding (6-6 bonding) and 

pentagon-hexagon bonding (5-6 bonding). By calculation, the lengths of 6-6 bonding 

and 5-6 bonding have been reported as 1.39 and 1.45 Å, respectively [5]. Electrons are 

localized on 6-6 bonding more than on 5-6 bonding [5].  

C60 contains the lowest unoccupied molecular orbital (LUMO) level (t1u) with 

three-fold degeneration and the highest occupied molecular orbital (HOMO) level (hu) 

with five-fold degeneration occupied by 10 electrons as shown in Fig. 1-4 [6]. Because 

of existence of 10 electrons in HOMO, multi-electron reaction such as oxidation 

proceeds. Moreover, energy level of LUMO of C60 is lower than that of graphene and 
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single walled carbon nanotubes. The low energy level of LUMO of C60 results in the 

outstanding performance as electron acceptor [7-10]. These electronic properties 

indicate that both C60 anion formed by reduction and C60 cation formed by oxidation are 

exceptionally delocalized compared with other nano carbon materials. The band gap 

between LUMO and HOMO is 1.8 eV, indicating that C60 is a semiconductor [11]. 

Regardless of these distinct properties, C60 is not able to be dissolved in almost 

all of solvents, which means that C60 is intractable. Thus, analysis of the structure, 

enhancement of properties, and applications to C60 composites are challenging. As a 

solution for this problem, chemical functionalization has been studied [12-20]. 

Chemical functionalization increases the solubility in liquid and provides different 

electronic and optical properties. By functionalization, sp
2.28

C-sp
2.28

C bonding is 

transferred to sp
3
 C-sp

3
C bonding, inducing that the conjugate system disappears. As the 

representative functionalization of C60, hydrogenation [12], oxidation [13-15], 

hydroxylation [16-20], and nitrogenation [21] have been reported. 

 

 

 

Figure 1-3 The structure of C60 fullerene. 

 

 

 

Figure 1-4 HOMO and LUMO energy levels of C60. 
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As the representative methods for synthesis of C60, arc discharge (Fig. 1-5) and 

laser evaporation method (Fig. 1-6) have been utilized. Arc discharge evaporates carbon 

atoms between two carbon electrodes contacted each other in a chamber filled with an 

inert gas at ca. 4000 K, and C60 are synthesized on carbon electrodes [22,23]. Laser also 

evaporates carbon atoms from a carbon precursor such as a graphite bar at ca. 1400 K 

by irradiating a pulse laser under inert gas, and C60 is collected in the trap [24]. The 

laser evaporation method can synthesize C60 with high selectivity, where the arc 

discharge method synthesizes C60 with other fullerenes such as C70, C84, and so forth. 

However, the productivity of C60 by the laser evaporation method is lower than that by 

the arc discharge method [25].  

 

Figure 1-5 Arc discharge method. 

 

 

 

Figure 1-6 Laser evaporation method. 
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1.1.2 Carbon nanotubes 

 Carbon nanotubes can be categorized into basically three types such as single 

walled carbon nanotubes (SWCNTs), double walled carbon nanotubes (DWCNTs), and 

multi walled nanotubes (MWCNTs). SWCNTs are cylindrical tubes with a single wall 

with diameters of 0.5-4.0 nm and lengths of several tens of μm (Fig. 1-7) [26]. The end 

caps of SWCNTs contain pentagons, which generate curvature. DWCNTs and 

MWCNTs have one and more layers wrapped around SWCNTs. The diameters of 

DWCNTs and MWCNTs are 1.2-4.7 and 1.9-100 nm [27], respectively.  

  

 

 

 

 

 

 

Figure 1-7 Structure of (12, 0) SWCNT. 

 

 

 Structure of SWCNTs can be expressed using chiral vector (Ch) [28]. Figure 

1-8 shows that determination of structure of SWCNT using Ch. The Ch is defined using 

unit vector such as a1 and a2 using a following equation (n and m are constant numbers).  

 

Ch (OA) = na1 + ma2     (eq. 1-1) 

Ch is also calculated by a following equation.  

 

Ch = 3
1/2

 × a1 × (n
2
 + nm + m

2
)    (eq. 1-2) 

Diameter of tube (d) is calculated using Ch. 

 

  d = Ch / π      (eq. 1-3) 

 Differences of chirality have an effect on the electronic properties of CNTs. For 

example, CNTs with “(n-m) / 3 = constant number” are metallic and the other CNTs are 

semi-metallic [29]. Also, optical, chemical, and mechanical properties of CNTs depend 

on the chirality. 

 

  

0.80 nm 
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Figure 1-8 Determination of chirality of SWCNT. Ch is chiral vector. a1 and a2 are unit 

vector. 

 

 

 Arc discharge, laser evaporation, and chemical vapor deposition (CVD) have 

been reported for synthesis of CNTs. Methods of arc discharge and laser evaporation are 

shown in section 1.1.1 (Figs. 1-5 and 1-6). A CVD method (Fig. 1-13) is explained in 

section 1.1.3.  

Peapod is materials of C60 inserted in SWCNTs (Fig. 1-9), which was observed 

in 1998 by Smith et al [30]. Recently, not only C60 but also other organic and inorganic 

materials such as sulfur [31-33] and metal [34] have been inserted into SWCNTs. These 

encapsulations change the properties of SWCNTs, indicating that SWCNTs with different 

properties can be synthesized for various applications of SWCNTs [31-34]. SWCNTs can 

also be utilized as a test tube to observe chemical reaction under transmission electron 

microscope [35,36] and as a capsule to deliver drags to in-vivo targets [37,38].  
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Figure 1-9 Transmission electron microscopy image of peapod (C60 inserted into 

SWCNTs). 

 

 

1.1.3 Graphene 

The structure of graphene (Fig. 1-10) is one-atom-thick sheet of graphite. The 

carbon-carbon bond in graphene consists of strong sp
2
C-sp

2
C bonding whose length is 

0.142 nm [39]. Because of this strong sp
2
C-sp

2
C bonding, tensile strength of graphene 

is the highest in the world [40,41] and chemical stability of graphene is also high. 

Moreover, pi electrons, which are not involved in sp
2
C-sp

2
C bonding, are delocalized on 

both sides of graphene layer. These pi electrons generate the high electrical conductivity 

of graphene.  

 

 

Figure 1-10 The structure of graphene. The carbon atoms are arranged in the 

honeycomb structure. 
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 Figure 1-11 shows the band structures of a typical semi-conductor and 

graphene. The band structure of the typical semi-conductor can be divided into 

conductance band and valance band. This typical semi-conductor exhibits a parabolic 

dispersion relation, in which the charge carriers move with some effective mass under 

electric fields. On the other hands, graphene has a linear dispersion relation around K 

point [42,43]. This connected point is so called “Dirac point”. Because of its linear band 

structure, the effective mass of charge is 0, exhibiting the high charge mobility. 

Although the charge mobility of the typical semi-conductor such as silicon is 1400 cm
2
 

Vs
-1

, that of graphene is 15000 cm
2
 Vs

-1
. Because of this high charge mobility and the 

flat structures of graphene, graphene has attracted much attention for application to 

transistors. However, 0 band gap of graphene causes problems for application to 

transistors. To solve this problem, syntheses of graphene with narrow width [44,45], 

double layered graphene [46], graphene with vacancy defects [47,48], and graphene 

with hetero atoms [49,50] have been conducted.   

 

 (a)                                 (b) 

 

Figure 1-11 Band structures of a typical semi-conductor (a) and graphene (b).  

 

 

 Four methods such as mechanical exfoliation, epitaxial growth, chemical vapor 

deposition (CVD), and reduction of graphene oxide (GO) have been reported for 

preparation of graphene. Mechanical exfoliation is a method for peeling graphene from 

natural graphite by scotch tape [3]. After transferring graphene from graphite to a 

substrate such as Si/SiO2 by scotch tape, the position of graphene can be detected using 
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microscopes [3]. Graphene prepared by this method has superior structural features such 

as size with 100 μm or larger, flatness, and small amount of defects. However, the 

position of graphene on the substrate is arbitrarily pasted by scotch tape, so that it is 

almost impossible to control the position of graphene pasted on the substrate. Moreover, 

this method is not suitable for bulk production because of the layer-by-layer peeling 

method. 

The epitaxial growth is a method that graphene is formed from residual 

graphite on SiC surface after pyrolysis of silica inside SiC (Fig. 1-12) [51,52]. This 

method utilizes difference in pyrolysis temperature between silica and graphite. The 

epitaxial method has high repeatability and productivity, indicating this method is 

suitable to industry. However, it is difficult to obtain the SiC substrate with large size 

and synthesis cost is high. It is possible to solve this problem by growing thin SiC film 

on Si substrate by epitaxial growth [53].  

 

 

 

Figure 1-12 Epitaxial growth mechanism of graphene on SiC. 

 

 

The CVD method is commonly utilized to synthesize graphene because this 

method is suitable for synthesizing graphene with a large size, which can be utilized for 

electronic devices such as transistors [54-60]. Figure 1-13 shows the growth mechanism 

of graphene by the CVD method. Graphene is synthesized using carbon source on a 

metal foil as catalyst at 773-1273 K. In detail, the metal foil is reduced under vacuum 

together with hydrogen flow at 1273 K. Carbon source such as hydrocarbon gas is fed 

on metal foil at desired temperatures. The structure of graphene synthesized by this 

method depends on the temperature of synthesis, reaction time of synthesis, and partial 

pressure of carbon source [54,57,59]. For application to industry, it is necessary to 

synthesize the graphene at low temperatures. The reason why hydrocarbon gas such as 

methane gas is utilized for carbon source is low decomposition temperature of 

hydrocarbon gas. The graphene synthesized on the metal foil by the CVD method 

should be transferred to other substrates such as other metals and polymers for the 

following application. One of the transfer methods includes etching of the metal foil by 



11 

 

metal-chelating agents. Another transfer method include direct transfer to polymer 

substrates without etching of the metal foil for low-price mass production [61]. 

Graphene tend to be torn apart during transfer process unless it is carefully transferred. 

Depending on the transferring methods, the tendency of tearing differs. 

 

 

 

Figure 1-13 Growth mechanism of graphene by CVD method.  

 

 

 GO is synthesized by oxidizing graphite and exfoliating the oxidized graphite 

[62-67]. The synthesis method of GO is shown in Fig. 1-14. In detail, 

oxygen-containing functional groups such as epoxy, hydroxyl, C=O, and carboxyl 

groups are introduced on graphite by reacting with strong acid such as nitric acid and 

sulfuric acid in addition to oxidizing agents such as potassium chlorate for synthesis of 

oxidized graphite, so called graphite oxide. Graphite oxide is rinsed in water to 

eliminate the residual acid for several times. The oxidized graphite layers are exfoliated 

to individual layers (GO) by either sonication or heat treatment. Reduction process is 

necessary to eliminate the oxygen-containing functional groups on surface of graphene. 

GO is reduced by reacting with the reductant such as hydrazine and reduced graphene 

oxide (RGO) is prepared. This chemically synthesized graphene is suitable for 

composite materials because of the mass production of RGO. This method is 

inexpensive, but various defects remain in the graphene. Synthesis of graphene without 

defects such as functional groups, pentagons, heptagons, and vacancy defects is 

challenging. 

 



12 

 

 

Figure 1-14 Graphene synthesized from graphite by chemical exfoliation. 

 

 

1.1.4 Characterization 

 Accurate characterizations of structures of nano carbon materials are necessary 

for controlling the structures and applying nano carbon materials to industries. 

Microscopies, spectroscopies, X-ray diffraction [68], and nitrogen adsorption [69,70] 

have been reported as common techniques for analysis of the structures. Especially, 

microscopes [71,72] such as transmission electron microscopy (TEM) and scanning 

tunneling microscope (STM) for direct imaging of the structures (Fig. 1-15) and 

spectroscopies [73-91] such as infrared spectroscopies (IR), X-ray photoelectron 

spectroscopy (XPS), and Raman spectroscopy have been utilized for detailed analysis of 

the defective structures.  
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Figure 1-15 High resolution TEM image of graphene. 

 

 

1.2 Defects in nano carbon materials 

1.2.1 Pentagons and heptagons 

 Existence of either pentagons or heptagons changes the structure of graphene 

and CNTs. For example, fullerenes and the end caps of CNTs have curvatures because 

of the presence of pentagons in the center of five hexagons (Fig. 1-16) [92,93]. 

Heptagons can form at the saddle-shaped junctions in the SWCNTs [94,95]. It has also 

been reported that pentagons and heptagons exist in Stone-Thrower-Wales (STW) 

defects [96], grain boundaries [97], and edges [98] of graphene (Fig. 1-17). Among 

these defects, the simplest structure is a STW defect. The STW defect is formed at 

formation energy of ca. 5 eV by rotating one of the C-C bonds in hexagonal lattice 

without removal and addition of atoms [99,100]. Another common defect is grain 

boundary. The grain boundary is formed in a graphene sheet because multiple graphene 

crystals grow on catalysts and those crystals with different orientations bond each other. 

The grain boundaries containing pentagons and heptagons are necessary to grow one 

graphene sheet [97]. Edges with pentagons and heptagons have been directly observed 

by TEM at atomic scale [98] because of the energetic stability of the edges [101]. 
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        (a)                             (b) 

 

Figure 1-16 One pentagon surrounded by five hexagons in graphene. (a) Top view. (b) 

Side view. 

 

 

(a)                         (b) 

 

 

 

 

 

 

 

 

   

(c) 

   

                       

 

 

 

 

 

 

Figure 1-17 Pentagons and heptagons in graphene. (a) STW defect. (b) Grain boundary. 

(c) Edges with pentagons and heptagons. 
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These structural changes generated by the presence of pentagons and heptagons 

influence mechanical, electronic, and chemical properties of SWCNTs [102-107] and 

graphene [108-110]. For example, the graphene are easily torn at the grain boundaries, 

indicating that the presence of pentagons and heptagons decrease the mechanical 

strength of graphene [40]. The introduction of STW into graphene widens the bandgap, 

indicating that the presence of pentagons and heptagons influence the electronic 

properties [106, 111]. The introduction of STW into graphene increases the adsorption 

of substances as well as the reactivity, indicating that the pentagons and heptagons also 

influences chemical properties [110]. 

 

1.2.2 Vacancy defects  

 Vacancy defects along with pentagons and heptagons are introduced on nano 

carbon materials during the growth process of nano carbon materials. Although 

existence of the vacancy defects decreases the mechanical strength of nano carbon 

materials, introduction of vacancy defects with nanometer size have advantages for 

applications in industries. For example, introduction of vacancy defect opens the 

bandgap of graphene for transistors [47,48]. Moreover, graphene with the vacancy 

defects have also been utilized as gas separators [111,112] and catalyst ligands 

[113,114]. As the methods for introducing vacancy defects on nano carbon materials, 

electron [115] and ion irradiation [116] and reaction with oxygen, such as heat treatment 

under oxygen gas [117], ozone oxidation generated by UV [118], and oxygen plasma 

treatment [119] have been reported. Because of these advantages of vacancy defects, the 

structural analysis has also been intensively performed recently. 

  Mono-vacancy defects (MV) on graphene (Fig 1-18a) are 

pentagon-nonagon-hexagon (5-9-6) defects with one electron-rich unstable carbene site, 

which have been observed by TEM [120,121] as well as STM [122]. Two carbene sites 

among three carbene sites are bonded each other by Jahn-Teller distortion [123], and 

one carbene site remains, forming MV defects. The calculated formation energy of MV 

has been reported to be ca. 7.5 eV [124]. 

 Divacancy defects (DV) on graphene (Fig. 1-18b) are 

pentagon-octagon-pentagon (5-8-5) defects without any carbene sites. The calculated 

formation energy of DV is ca. 4.0 eV [124], indicating that the DV is energetically more 

favored than the MV. It is because of the absence of carbene sites on DV. From DV on 

graphene, the other defects such as 555-777 and 5555-6-7777 can be formed by rotation 

of a carbon-carbon bond (Fig. 1-19). The rotation of one of bonds in an octagon in the 

5-8-5 defect (Fig. 1-19a) transforms the defect into a structure with three pentagons and 
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three heptagons (555-777) defect (Fig. 1-19b) [125]. The formation energy of this defect 

has been reported as ca. 3 eV which is 1 eV lower than that of a 5-8-5 defect. Moreover, 

one more rotation of one of bonds in a heptagon of the 555-777 defect transforms the 

defect into a 5555-6-7777 defect (Fig. 1-19c). The formation energy of this defect has 

been reported as ca. 3.5 eV [125], whose energy is between those of 5-8-5 and 555-777 

defects. 

 

 

(a)                                    

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

Figure 1-18 Vacancy defects on graphene. (a) A mono-vacancy defect (5-9-6 defect) 

before and after optimization of the structure. (b) A divacancy defect (5-8-5 defect) 

before and after optimization of the structure. 
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(a)                       (b)                      (c) 

 

Figure 1-19 Atomic structures of reconstructed divacancy defect in graphene. (a) 5-8-5 

defect. (b) 555-777 defect transformed from the 5-8-5 defect by rotating a C-C bond. (c) 

5555-6-7777 defect transformed from the 555-777 defect by another bond rotation. 

 

 

1.2.3 Functional groups        

Nano carbon materials such as fullerenes, CNTs, and graphene tend to 

aggregate because of van der Waals interactions. The agglomerated nano carbon 

materials cannot easily separate each other. Thus, these nano carbon materials without 

functionalization are neither soluble nor dispersible in most solvents [126]. The 

agglomeration complicates the utilization of nano carbon materials for most 

applications such as composite materials and molecular electronic device. The chemical 

modification of surface on nano carbon materials increases either solubility or 

dispersibility of nano carbon materials in various solvents [127-129] because of the 

presence of hydrophilic oxygen-containing functional groups. These functionalized 

nano carbon materials have been applied to the electronic device such as biosensors 

[130,131]. 

Introduction of functional groups can also change the electronic properties of 

nano carbon materials [132-137]. Graphene has high electronic conductivity but the 

zero bandgap of graphene prevent from the application to electronic devices such as 

sensors using semiconductors. Functionalization of graphene by hetero atoms opens up 

the bandgap, so that graphene can be used for electronic devices [138]. For example, 

nitrogen-containing graphene has been reported to have relatively low conductivity and 

larger on/off ratio [139].  

 

1.3 Spectroscopic analysis of defects 

 Spectroscopic analyses such as IR, XPS, and Raman spectroscopy have been 
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utilized for characterizing the structure of nano carbon materials with defects such as 

pentagons, heptagons, vacancy defects, and functional groups. Analysis of defects 

requires these multiple spectroscopic methods because various possible defects are 

present in nano carbon materials. The more the number of analytical methods is, the 

higher the accuracy of the estimated structure of defects become. 

 

1.3.1 Infrared spectroscopy  

IR has been widely utilized to analyze the defects on nano carbon materials 

because of the simple and speedy measurement. For example, vacancy defects as well 

as functional groups such as C–OH, COOH, C=O, epoxy, alkoxy, C–N, C–ONH, and 

C–H on graphene have been analyzed by IR (Table 1-1) [73-78]. Especially, the 

detection of vacancy defects such as mono- and divacancy defects has been studied 

using simulated and experimental IR analysis of graphene oxide [74]. Although various 

defects of graphene have been gradually revealed by simulated and experimental IR 

analysis, the peak assignments for determining the defects only by IR are extremely 

challenging and almost impossible because many peaks are overlapped each other as 

shown in Table 1-1. Thus, characterization of defects on nano carbon materials requires 

combination of multiple analytical techniques.  

 

Table 1-1 Reported assignment of defects on graphene using IR  

Defects  Wavenumber / cm
-1

 

C=C aromatic rings (without defect) 1577 [73], 1500-1600 [74,75], 1622 [76] 

C–H 2854, 2925 [77] 

C–O carboxylic 1416 [79] 

C=O carboxylic 1600–1650, 1725 [78]  

Epoxy 1070 [74], 1230 [76] 

C–O Alkoxy 1060 [76] 

C–OH hydroxyl 3000–3600 [78], 3000–3700 [74] 

C=ONH 1653 [77] 

C–N 1350 [76] 

Mono-vacancy defects 

Di-vacancy defects 

804, 974, 1122, 1159, 1296 [74]  

1067, 1104, 1237 [74] 

 

 

1.3.2 X-ray photoelectron spectroscopy 

XPS is a potent qualitative and quantitative surface characterization technique 
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because of high sensitivity of XPS. XPS has an ability to determine chemical state 

information within nanometer-scale depth (≤ 10 nm). Thus, XPS is an ideal technique 

for investigating the types and amounts of defects of nano carbon materials.  

The assignments of defects such as functional groups, vacancy defects, and 

pentagons using XPS have been experimentally revealed owing to the efforts of many 

researchers [79-85]. For example, oxygen-containing functional groups on nano carbon 

materials have been intensively analyzed by XPS. Only up to four peaks originating 

from C=C, mono-(C−O), di-(C=O, O−C−O), and trioxygenated carbon (COO) have 

been mainly utilized for the waveform separation of C1s spectra [79-82]. However, 

more than three types of functional groups in addition to C=C should exist on nano 

carbon materials. Thus, techniques to clarify the difference of many types of functional 

groups are essential for analyzing the structure.  

Larciprete et al. conducted further detailed waveform separation using seven 

peaks including vacancy defects, C=C, C–C in the close vicinity of chemisorbed O atom, 

C–O–C in-plane ether, epoxide, C=O, and O–C=O on graphene. Also, an O1s spectrum 

was separated into four peaks such as C=O, C=O in different surroundings, epoxides, 

and C–O–C [80]. In addition to the functional groups, XPS analysis of pentagons on 

graphene has been also reported [81-83]. Point defects including one pentagon in 

graphene have been analyzed and the peak originating from pentagons was negatively 

shifted to -0.8 eV from a peak originating from carbon atoms on hexagons [81]. As 

another example, peak shifts of carbon atoms on a pentagon in MV(-1.10 ~ -0.37 eV), 

DV (-1.18 ~ -0.34 eV), and a STW defect (-0.94 eV) from the peak top of a C=C peak 

of graphene has been reported [82]. The references of peak shifts from the peak top of a 

C=C peak in C1s XPS spectra for various defects on graphene are summarized in Table 

1-2.  

 

Table 1-2 Reported C1s XPS peak assignments of various defects on graphene. 

Defects  Peak shifts from a C=C peak / eV 

Ether  0.9-1.2 [80] 

C–OH, Epoxy 1.9 [80], 2.0 [84], 2.1 [85] 

C=O 3.4 [84], 3.5 [85] 

COO 4.4 [85], 4.7 [84] 

C–N 1.3 [84] 

Vacancy defects -1.1 [80], -0.8 [81] 

STW defects -0.1 [82] 
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1.3.3 Raman spectroscopy    

Raman spectroscopy is especially sensitive to sp
2
 and sp

3
 carbon-carbon bonds 

of nano carbon materials. All of bands in the Raman spectrum corresponds to a specific 

vibrational frequency of a bond in the structures. The main band of Raman spectra of 

graphite with sp
2
C-sp

2
C bonds and diamond with sp

3
C-sp

3
C bonds appears ca. 1580 

cm
-1

 and ca. 1330 cm
-1

, respectively. The band at ca. 1580 cm
-1 

is so called G band, 

originated from quadrant stretch of sp
2
C-sp

2
C bonds [86,87]. The band at ca. 1360 nm

-1
 

is so called D band, originated from ring breathing mode/in-phase ring stretch and 

intervalley scattering associated with graphene edges [88,89]. The presence of D band 

indicates the presence of disorder on the nano carbon materials. This band is often 

referred to as the disorder band and the intensity of the D band relative to that of the G 

band is often used as a measure for a degree of defects on nano carbon materials. 

An intensity ratio of two main bands at ca. 1580 cm
-1

 (G band) and 2700 cm
-1

 

(2D band) of graphene has been reported to be a measure to determine the number of 

graphene layer. Mono-layered graphene, double-layered graphene, and multi-layered 

graphene has been reported to show 3 or more, 1-2, 1 or less of the value of 2D/G band, 

respectively [90]. 

The number of graphene layer can also be estimated by the full width at half 

maximum (FWHM) of 2D band. The FWHM of 2D band of mono layered graphene 

spectrum is 25 cm
-1

, which is almost half of FWHM of the 2D band of graphite. It 

indicates that the 2D band of mono-layered graphene spectrum fits to a single band, 

whereas that of multi layered graphene spectrum fits to several bands [90]. These bands 

are generated as a result of the different interlayer interactions occurred at different 

depths within the graphene [90]. The number of graphene layer can also be estimated by 

the Raman shift (cm
-1

) of 2D band. The difference in peak shift between mono-layered 

and multi-layered graphene is caused by interactions between the stacked graphene 

layers. The Raman shift of 2D band of mono-layered graphene is 20 cm
-1

 higher than 

that of multi-layered graphite. 

The characteristic mode of Raman spectrum for SWCNTs is radial breathing 

mode (RBM) appeared at ca. 200 cm
-1

. The RBM bands correspond to the expansion 

and contraction of the tubes. Diameter of SWCNTs can be estimated by dividing 248 by 

the Raman shift of the actual RBM band [91]. This equation can change depending on 

the separated or aggregated SWCNTs. Another feature of spectra for SWCNTs is 

separation of G band to G+ and G- (Breit-Wigner-Fano) band. G+ band is shifted at 

1590 cm
-1

, but the G- band is shifted to different frequency depending on the structures 

of SWCNTs. The frequency of G- band in Raman spectrum of metallic nanotubes is 
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shifted to 1550 cm
-1

, whereas that of semi-metallic nanotubes is shifted to 1580 cm
-1

 

[88], indicating that G band in Raman spectrum of metallic nanotubes is separated into 

two clear bands. The main feature in the C60 spectrum is a relatively sharp line at around 

1469 cm
-1

, known as the pentagonal pinch mode [140].  

 

1.4 Density functional theory calculation                

 Structures of defects with atomic size on nano carbon materials could be fully 

understood only if empirical and computational analyses were combined because 

current technology has not achieved to analyze the defective structure completely using 

only empirical approach. Density functional theory (DFT) has been commonly utilized 

in computational simulation because of its efficiency in time cost and accuracy of 

calculation. Various calculations such as geometry optimizations, vibrational analysis, 

and population analysis can be conducted using DFT. Through these simulations, 

reaction mechanism [141,142] and simulated XPS [80-83], Raman [143], IR [74,75,78], 

and UV-Vis spectra [62] can be calculated. 

 

1.5 Purpose of this study       

In this study, introduction and characterization of defects on nano carbon 

materials were investigated. This study is comprised of three following objects. The first 

object is analysis of pentagon-containing graphene by XPS. C1s XPS spectra of 

graphene with two to twelve pentagons were simulated using DFT calculation. The 

second one is introduction of epoxide on fullerenes and characterization of the 

epoxidized fullerenes upon heat treatment by spectroscopies. The third one is estimation 

of pyrolysis mechanism of epoxidized fullerenes upon heat treatment by DFT 

calculation.  

 

1.5.1 Spectral change of simulated X-ray photoelectron spectroscopy from 

graphene to fullerene 

Graphene has received enormous attention because of various possible 

applications such as electronic devices and catalyst supports [144]. The presence of 

pentagons in graphene changes the morphology [108], electronic states [109], and 

reactivity of graphene [110]. Quantitative information such as the number of pentagons 

per area (i.e. areal density) in graphene and qualitative information such as closeness of 

pentagons are essential to understand such electrical and chemical properties. 

Pentagons have been analyzed by several methods such as high resolution 

TEM (HRTEM) [145] and Raman [146], IR [147], and nuclear magnetic resonance 
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(NMR) [148] spectroscopies. For example, pentagons have been directly observed at 

grain boundaries of graphene and defective structures of reduced graphene oxide by 

HRTEM [145], but electron irradiation during observation may cause the structural 

change and prevent from observing correct structures. Raman and IR spectroscopies 

have been utilized to determine vacancy defects and STW defects in graphene [146,147], 

but the peaks solely analyzing pentagons have not been reported other than fullerenes. 

In addition, Raman and IR have disadvantages in quantitative analysis. Conventional 

solid-state NMR spectroscopy requires the large amount of samples for measurement, 

which is not suitable for analyzing precious nano materials. Thus, it is urgent to develop 

other analytical techniques. 

XPS analysis can be one of suitable techniques to analyze graphene with 

pentagons quantitatively and qualitatively. Most research groups have separated the 

main peak of C1s spectra of graphene as sp
2
C and sp

3
C, and neglected the analysis of 

detailed states of bonding of graphene. In terms of fullerene containing pentagons, the 

peak position of C1s spectra has been reported, but the peak originating from pentagons 

of fullerenes has not been separated from hexagons because all pentagons connect with 

hexagons [15,150]. Because of the difficulty to synthesize such reference compounds 

currently, computational simulation is necessary as one of the tools to investigate the 

structure clearly. 

Computational simulations of XPS spectra of graphene-related materials have 

been recently utilized to clarify the defective structures [78,81,82,151-156]. Since 

Proctor and Sherwood [151] and Boutique et al. [152] have started computational 

analyses of functional groups on carbon materials in the 1980s, several groups have 

reported assignments of defective structures of graphene-related materials using 

calculation [78,82,153-156]. However, XPS analysis of pentagons on graphene has not 

been reported except three papers [81-83] to the best of our knowledge. For example, 

point defects including one pentagon in graphene have been analyzed and the peak 

originating from the pentagon was negatively shifted to -0.8 eV from a peak originating 

from carbon atoms on hexagons [81]. As another example, peak shifts of carbons on 

pentagon in single vacancies (from -1.10 to -0.37 eV), double vacancies (from -1.18 to 

-0.34 eV), and STW defects (-0.94 eV) from a sp
2
C-sp

2
C peak of graphene has been 

reported [82]. These works showed only the peak shifts originated from the presence of 

either one or two pentagons in graphene, and influence of the number and closeness of 

pentagons on peak shifts as well as the FWHM were not mentioned.   

Our group has demonstrated the effects of defects such as functional groups 

and STW defects on FWHMs and shifts of XPS spectra [83,157]. Electron-withdrawing 
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groups such as C=O and C-CN have large effects on shifts of main peaks as well as the 

increment of FWHMs. Pentagons have a similar role to C=O and C-CN because of their 

electron-withdrawing nature [158]. It is possible that the presence of pentagons also 

affect shifts of main peaks as well as FWHMs. 

In this work, the number of pentagons was increased in the basal plane of 

graphene and the effect of the number and position of introduced pentagons on C1s 

shifts and FWHMs was analyzed by computational simulation of C1s XPS spectra. 

Especially, isolated pentagons and connected pentagons in graphene generated the 

different peak shifts each other. 

 

1.5.2 Pyrolysis of epoxidized fullerenes analyzed by spectroscopies 

The defects such as functional groups and vacancy defects on nano carbon 

materials are well-known as one of the major issues for mechanical, chemical, and 

electrical properties of nano carbon materials [159]. It is important to study mechanisms 

of defect formations in the basal plane of nano carbon materials in order to fully 

understand, improve, and control these properties [142,160,161]. Especially, oxidation 

is among the simplest and historically the most important approaches for introducing 

functional groups and vacancy defects in nano carbon materials [117,142,160-163]. 

The most common oxidation method of nano carbon materials to introduce 

vacancy defects in the basal plane of nano carbon materials is heat treatment under 

oxygen and ozone gas [15,117,164]. This one-step oxidation reaction is currently still 

favored because of the simplicity and the cost-effectiveness. But this one-step treatment 

basically involves mainly three mechanisms such as chemisorption of oxygen molecules 

[165,166], migration of oxygen atoms [167,168], and pyrolysis of oxygen-containing 

functional groups such as epoxides and lactone groups [169,170], leaving vacancy 

defects in the basal plane of nano carbon materials. In addition, van der Waals 

interactions among contacting nano carbon materials in the form of powders cause 

diffusion-limited region for the oxygen gas. The non-uniform reaction cannot be 

avoided unless single-layered graphene and single-walled carbon nanotubes without 

overlapping and bundling are utilized [117], respectively. Fullerenes are crystals which 

have face-centered cubic close-packed structures [171], which cause difficulty to react 

uniformly with the oxygen gas. The multiple mechanisms and non-uniform reactions 

cause difficulties to analyze each mechanism in detail. 

Epoxidation of fullerenes in a solvent is, on the other hand, one of the simplest 

uniform liquid-phase reactions for fullerenes [13,14]. Because epoxidation of fullerenes 

can be conducted at much lower temperature (ca. 343 K) than oxidation of fullerenes by 
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the oxygen gas (above 473 K), this reaction temperature avoids the severe migration of 

oxygen atoms in the basal plane. Thus, the epoxidation reaction is an effective approach 

to separate the one-step method involving multiple mechanisms into two mechanisms.  

One of the separated mechanisms is epoxidation. Even with this simple 

epoxidation reaction, various functional groups are formed as shown in this work. 

Organic chemists commonly discuss selectivity of reactions, which indicates the 

percentage of transformation of structures from a raw material into an aiming compound. 

The same concept can be applied to the functional groups on nano carbon materials such 

as fullerenes. Because of the presence of these multiple functional groups on fullerenes, 

it is essential to clarify the types of functional groups accurately. 

Another separated mechanism is migration and pyrolysis of oxygen-containing 

functional groups. Migration of one epoxide in the basal plane of graphene has been 

reported in detail [167,168,170]. Migration of one epoxide occurs at ca. 94.1 kJ mol
-1

 of 

activation energy [168]. The presence of one epoxide close to another epoxide reduces 

the total electron energy comparing to two isolated epoxides, so that epoxides tend to be 

gathered [170]. Upon heat treatment of two epoxides in the basal plane of graphene, one 

O2 gas is formed [170]. Upon heat treatment of three epoxides, lactone and ketone 

groups are formed and CO and CO2 gases generate [170]. This second mechanism 

including migration and pyrolysis of epoxidized fullerene also involve changes of 

functional groups upon heat treatment, so that the techniques to analyze the functional 

groups in detail are required. 

XPS and IR have been utilized to analyze nano carbon materials with 

oxygen-containing functional groups [161,172-174]. For example, fullerenes with 

oxygen-containing functional groups have been analyzed by XPS. Only up to four peaks 

originating from C=C, mono- (C-O), di- (C=O), and tri-oxygenated carbon (O-C=O) 

have been mainly utilized for the waveform separation of C1s spectra [172-174]. 

However, more than three types of functional groups should be formed upon heat 

treatment. Thus, techniques to clarify the difference of many types of functional groups 

are essential to determine the mechanisms for pyrolysis of epoxidized fullerenes. Since 

analysis of nano carbon materials by only one spectroscopy technique is not reliable 

[83], IR spectroscopy should be combined with XPS. Fullerenes with 

oxygen-containing functional groups have also been analyzed using IR spectroscopy, 

and several functional groups such as ether, epoxy, C=O, and hydroxyl groups have 

been assigned [174,175]. But defective structures of fullerenes could be revealed more 

precisely by comparing with the results of computational simulations. 

Since Proctor and Sherwood have started computational analysis of functional 
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groups on carbon fibers for XPS using small aromatic molecules [151], computational 

analyses of defective structures including oxygen-containing functional groups of 

carbon materials have been developed [83,81]. Computational analysis is necessary 

especially for the fine analysis of XPS spectra. But most of the modelled molecules 

used in the prior work are either small molecules [151] or relatively large graphene 

sheets with terminated hydrogen atoms and without pure pentagons [83]. The presence 

of hydrogen atoms and pentagons should influence XPS and IR spectra. For fine 

analysis of pyrolysis of epoxidized fullerenes, the utilization of whole fullerene 

molecules is necessary to reveal structures of defective fullerenes in detail. 

In this work, defects such as oxygen-containing functional groups and vacancy 

defects were introduced on fullerenes by epoxidation and heat treatment. The defective 

structures were analyzed by combination of spectroscopic and computational methods. 

 

1.5.3 Oxygen migration and selective CO and CO2 formation from epoxidized 

fullerenes 

Oxidation is one of the most effective approaches to introduce vacancy defects 

at the end caps of CNTs [176-181].
 
CNTs with such open end caps have been utilized as 

test tubes to observe movements of molecules by microscopes [30,182-186] and 

electrodes of electric double layer capacitors [163], whereas the mechanisms for 

opening end caps are still under investigation. Fullerenes have similarity to end caps of 

CNTs because of the pentagons. Because the area of end caps of CNTs is small 

compared to that of CNT wall, analyses of end caps of CNTs are difficult, whereas 

pyrolyzed fullerenes with epoxides show clear difference in the results of X-ray 

photoelectron spectroscopy and IR [150]. Thus, analyses of fullerenes are essential to 

understand hole-opening mechanisms of the end caps of CNTs. 

Hole-opening of the basal plane of graphene and the wall of CNTs has been 

reported empirically
 
[117,163,176-181] and theoretically [167,187-189]. It has been 

understood that the hole-opening mechanisms involve mainly three mechanisms such as 

chemisorption of oxygen molecules, migration of oxygen atoms in the form of epoxides, 

and pyrolysis of oxygen-containing functional groups [142,145,160,161,169,190]. An 

activation energy required for migration of one epoxide in the basal plane of graphene 

has been reported to be ca. 94.1 kJ mol
-1

, indicating that epoxides migrate even at a low 

temperature [168]. The migrated epoxides gather to minimize the energy, forming other 

functional groups such as lactone and ketone groups [170]. These functional groups are 

decomposed and CO and CO2 gases are released at an elevated temperature [169].  

All of these hole-opening mechanisms of graphene-based materials containing 
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only hexagons have been discussed, whereas mechanisms of pyrolysis of epoxidized 

fullerenes containing pentagons have not been reported in detail. The only report that I 

have found is the heat treatment of fullerenes in an O2 gas which has been studied by 

Wohlers et al [15]. The heat treatment of fullerenes in the O2 gas involves mechanisms 

such as chemisorption of O2 molecules, transformation from oxygen atoms to either an 

epoxide or a ketone group, and the formation of CO and CO2 gases at 570 K [15]. Since 

it has been reported that oxygen atoms migrate in the basal plane of graphene
 
[165,168] 

and unzip the C-C bond [167,188,189,192], it is expected that the migration of oxygen 

atoms and unzipping of C-C bond may also occur on C60 fullerene. 

Contrary to the relatively simple mechanisms proposed by Wohlers et al. [15], I 

have empirically demonstrated more detailed mechanisms such as the formation of 

ketone and lactone groups generating CO and CO2 gases by pyrolysis of epoxidized C60 

[150]. I have also empirically shown that the ratio of the CO2 gas to the CO gas 

increased as the coverage of oxygen atoms on C60 increased. However, I have not 

shown the detailed mechanism theoretically. It is expected that understanding 

mechanisms for migration of oxygen atoms and the formation of CO and CO2 gases on 

C60 will lead to further control the size and the structure of vacancy defects at end caps 

of CNTs.  

In this work, activation and formation energies for migration of oxygen atoms 

and transformation of oxygen-containing functional groups upon pyrolysis of 

epoxidized C60 were calculated using computer simulations based on DFT. 
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Chapter 2 Experimental 

 

2.1 X-ray photoelectron spectroscopy of fullerene related materials 

2.1.1 Spectral change of simulated X-ray photoelectron spectroscopy from 

graphene to fullerene 

2.1.1.1 Simulation of X-ray photoelectron spectroscopy 

Graphene terminated with hydrogen atoms on zigzag and armchair edges 

(C100H26) was constructed (Fig. 2-1) as a basic structure in this work. The introduced 

positions of pentagons and the numbering of the positions are indicated in the structure.  

Structures used in this work are shown in Fig. 2-2. Zero (Fig. 2-2a), two (Fig. 2-2b), 

four (Fig. 2-2c), six (Fig. 2-2d), and eight pentagons (Fig. 2-2e) were introduced in the 

basal plane of graphene. Peak positions and FWHMs of XPS spectra of isolated 

pentagons such as two (Fig. 2-2b) and four (Fig. 2-2c) pentagons in graphene and 

connected pentagons such as six (Fig. 2-2d) and eight (Fig. 2-2e) pentagons in graphene 

were estimated to determine whether isolated pentagons or connected pentagons. For 

comparison, C60 fullerene with twelve pentagons (Fig. 2-2f) was also used. These 

structures include mainly three types of carbon atoms such as C1 (sp
2
C-sp

2
C) on 

hexagons, C2 (sp
2
C-H), and C3 (pink spheres) on pentagons (Fig. 2-2b-f).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1 Positions of introduced pentagons and the numbering of the positions in 

graphene terminated with hydrogen atoms. Two pentagons : Position 1. Four pentagons: 

Positions 1 and 2. Six pentagons: Positions 1, 2, and 3. Eight pentagons: Positions 1, 2, 

3, and 4. 
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(a)                         (b)                      (c) 

 

 

 

 

 

 

 

 

(d)                         (e)                      (f) 

 

 

                          

 

 

 

 

Figure 2-2 Optimized structures of graphene, pentagon-containing graphene, and 

fullerene. All the edges were terminated with hydrogen atoms (white sphere). C1 is 

carbon atoms on hexagons which bonded with carbon atoms. C2 is carbon atoms 

bonded with hydrogen atoms. C3 is carbon atoms on pentagons (pink spheres). (a) 

Graphene terminated with hydrogen atoms. (b) Two pentagons. (c) Four pentagons. (d) 

Six pentagons. (e) Eight pentagons. (f) Twelve pentagons without hydrogen atoms 

(Fullerene). 

 

 

All of the following calculations were conducted using B3LYP/6-31g(d) 

integral=grid=ultrafine of Gaussian 09 [193]. After the structures were optimized, 

population analyses for simulated XPS spectra using the keyword of pop=full gfprint 

were conducted. Charge was set as either 0 or 2, but charge was normally equal to 0 

unless stated. Spin multiplicity was set as 1 for all calculations. Binding energies of 

these model structures were directly obtained from the orbital energy using an 

approximation based on the modified Koopmans theory [194] calculating from the 

highest occupied molecular orbital (HOMO) level to each orbital. For simulating C1s 

spectra using the calculated binding energy, the scaling factor of 1.038, obtained from 

C1 
C2 

C3 
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the actual value of graphite (284.0 eV from Fermi level) divided by the calculated value 

of graphene terminated with hydrogen atoms (273.7 eV from HOMO level), was 

multiplied to all of calculated binding energies to compensate for the difference between 

the calculated and the actual binding energies. The number of orbitals was counted 

every 0.05 eV to simulate C1s spectra (Fig. 2-3). Furthermore, modified asymmetric 

Voigt-type lineshape [195] was applied to obtain simulated XPS spectra which resemble 

actual XPS spectra. (Fig. 2-4a and b).  Different values of ratio of Lorentzian function 

to Gaussain function (m) calculated from following equation was applied to XPS 

spectrum of each structure (Fig. 2-4c).  

m = Lorentzian function / (Lorentzian function + Gaussian function)       eq.1 

Different values of asymmetry factor (α) were also applied to XPS spectrum of 

each structure (Fig. 2-4c). All of the maximum intensities of C1s spectra were adjusted 

at 1.0 for fair comparisons. The number of electrons of carbon atoms in each structure 

was obtained using the Mulliken population analysis.  
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 (a)                    (b)                     (c) 

 

 

 

 

(d)                     (e)                     (f) 

 

 

 

 

 

Figure 2-3 Simulated C1s XPS spectra of structures shown in Fig. 2-2.  (a) Graphene 

terminated with hydrogen atoms. (b) Two pentagons. (c) Four pentagons. (d) Six 

pentagons. (e) Eight pentagons. (f) Twelve pentagons without hydrogen atoms 

(Fullerene). C1 indicates carbon atoms on hexagons which bonded with carbon atoms. 

C2 indicates carbon atoms bonded with hydrogen atoms. C3 indicates carbon atoms on 

pentagons. 
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(a)                                      (b) 

 

(c) 

 

 

 

 

 

Figure 2-4  Actual XPS spectra of graphite and C60 and simulated XPS spectra of 

graphene and C60 using asymmetric Voigt-type with different of values of m and α. (a) 

XPS spectra of graphene (graphite). Black line: Simulated XPS spectrum of graphene 

using asymmetric Voigt-type lineshape (m = 0.95, α = 0.27). Red line: Actual XPS 

spectrum of graphite. (b) XPS spectra C60. Black line: Simulated XPS spectrum of C60 

using asymmetric Voigt-type lineshape (m = 0.80, α = 0). Red line: Actual XPS 

spectrum of C60. (c) Proposed values of m and α for applying simulated XPS spectrum 

of each structure (Fig. 2-2). 
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2.1.1.2 Measurement of X-ray photoelectron spectroscopy 

Graphite (SP270, particle size: 4 μm, Brunauer-Emmett-Teller specific (BET) 

surface area: 265 m
2
g

-1
) was provided from Nippon Graphite Industries, Ltd in Japan. 

This graphite consists of ca. 10 layers of graphene which were geometrically calculated 

from the BET specific surface area. Fullerene (C60) was purchased from Kanto 

Chemical, Ltd. in Japan. XPS analysis (AXIS ULTRA DLD, Shimadzu Corp.) was 

conducted using X-ray gun of Mg at 10 mA and 10 kV and pass energy of 40 eV. 

Samples were placed on conductive tapes (3 M X-7001) for XPS analysis. The binding 

energies at peak maxima of C1s spectra of graphite and fullerenes were obtained after 

adjusting energies at Fermi level to 0 eV for correcting charging phenomenon. As 

another method, gold nano powder (99.9 %, <100 nm, Sigma-Aldrich Corp.) was placed 

on samples for correcting charging phenomenon. Au4f7/2 was set at 83.8 eV, and all of 

the spectra were adjusted. Adjustment of energies at Fermi level to 0 eV was selected in 

two methods for correcting charging phenomenon in this work. The modified 

asymmetric Voigt-type lineshape [195] was applied to separate the waveform of XPS 

spectra. All of the maximum intensities of C1s spectra were adjusted to 1.0.   

 

2.1.2 Pyrolysis of epoxidized fullerenes analyzed by spectroscopies 

2.1.2.1 Simulation of X-ray photoelectron spectroscopy 

Calculation method is the same to that in section 2.1.1.1. All calculations were 

carried out using a whole C60 molecule. Charge was set as 0 and spin multiplicity (M) 

was set as either 1 or 3, where M is equal to 1 unless stated. After the structures were 

optimized, population analyses for simulated XPS spectra were conducted. For 

simulating C1s XPS spectra using the calculated binding energy, the first scaling factor 

of 1.024, obtained from dividing the empirical value of 284.3 eV by the calculated value 

of 277.6 eV, was multiplied to all of calculated binding energies to compensate for the 

difference between calculated values and empirical values [83]. The second scaling 

factor of 1.2 was further multiplied to simulated C1s shifts from C=C and simulated 

O1s shifts from C-O in epoxides. 

 

2.1.2.2 Measurement of X-ray photoelectron spectroscopy 

 The defective structure of epoxidized C60 and the pyrolyzed sample of 

epoxidized C60 were characterized by XPS (AXIS ULTRA DLD, Shimadzu Corp.). 

Measurement method is the same to that of section 2.1.1.2. The main peak originating 

from C=C was normalized to unity and the peak top was adjusted to 284.9 eV which is 
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the peak top of the main peak for as-received C60. 

 

2.2 Other experimental parts 

2.2.1 Pyrolysis of epoxidized fullerenes analyzed by spectroscopies 

2.2.1.1 Sample preparation 

 Fullerene C60 (0.001 mol, purity 99%, Kanto Chemical, Ltd.) was added in 

toluene (100 ml, Wako Pure Chemical Industries, Ltd.) dissolving 

m-chloroperoxybenzoic acid (0.01 mol, Tokyo Chemical Industry Co., Ltd.). The 

solution was stirred at 343 K for 50, 300, and 900 h. Epoxidized C60 is abbreviated as 

E_T, where T is a reaction time in hour. Epoxidized C60 was separated from purple 

solution by filteration. The filtered brown solid was rinsed with methanol (Wako Pure 

Chemical Industries, Ltd.) five times and dried at 323 K for 24 h. Epoxidized C60 was 

pyrolyzed at 673 K for 1 h in helium gas to remove thermally unstable 

oxygen-containing functional groups along with carbon atoms on C60. The pyrolyzed 

sample of epoxidized C60 is abbreviated as E_T-P, where P stands for pyrolysis. 

 

2.2.1.2 Characterization 

The amount of CO and CO2 gases formed from epoxidized C60 were 

determined by elemental analysis (CE-440F, Elemental Analysis Inc.). The gases 

decomposed from epoxidized C60 were also analyzed by direct injection-mass 

spectrometry (DI-MS, GCMS-QP2010 plus, Shimadzu Corp.) up to 673 K at a heating 

rate of 10 K min
-1

. The defective structure of epoxidized C60 and the pyrolyzed sample 

of epoxidized C60 were characterized by diffuse reflectance infrared Fourier transform 

(DRIFT) spectroscopy (FT-IR-4200, JASCO Corp.). DRIFT spectroscopic analysis was 

performed with a resolution of 4 cm
-1

 after each sample was mixed with 100 times of 

KBr in weight for measurement. HRTEM and powder X-ray diffraction (XRD) were 

carried out to ensure the absence of cross-linking. For HRTEM observation, C60 and 

epoxidized and pyrolyzed C60 were inserted inside SWCNTs with a diameter of ca. 1.5 

nm. Purified and uncapped SWCNTs were placed in a glass ampule with as-received 

C60 or pyrolyzed sample of epoxidized C60, and the ampule was sealed in vacuum and 

heated at 673 K for 50 h. The peapods were rinsed with methanol to remove C60 outside 

the SWCNTs and dried prior to HRTEM observation. HRTEM was carried out on the 

TEAM 0.5 microscope carried out to ensure the absence of cross-linking. The 

microscope was operated in monochromated mode at 50 keV and tuned for bright atom 

contrast (C3 = -13 um, C5 = 4 mm). Crystallographic analysis was performed with 
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powder XRD (XRD7000, Shimadzu Corp.) in reflection mode using CuKα radiation. 

 

2.2.1.3 Computational method 

Frequency analysis for computational DRIFT spectra was conducted using 

Gaussian 09 [193]. The scaling factor of 0.96 was multiplied with the calculated DRIFT 

spectra to adjust the difference with empirical spectra. Charge distributions were 

obtained using the Mulliken population analysis. 

 

2.2.2 Oxygen migration and selective CO and CO2 formation from epoxidized 

fullerenes 

All calculations were carried out using an entire C60 molecule by the DFT 

calculation at the B3LYP/6-31G(d) integral=grid=ultrafine level using Gaussian 09 

[193], not using a partial structure of C60. Charge was set as 0. Spin multiplicity (M) 

was basically set as 1 except an O2 molecule (M=3) and a carbene site. Spin multiplicity 

of structures with a carbene site was set as both M=1 and M=3. Total electron energies 

at ground and transition states were calculated to obtain activation energies. The 

structures of transition states were verified by the existence of imaginary vibrations 

obtained from frequency analyses and intrinsic reaction coordinate analyses. 
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Chapter 3 Results and discussion 

 

3.1 Spectral change of simulated X-ray photoelectron spectroscopy from graphene 

to fullerene 

Figure 3-1a-f shows simulated C1s XPS spectra using structures in Fig. 2-2a-f. 

The peak tops originating from C1 (a thin line) and C2 (a dashed line) in Fig. 3-1a were 

at 284.0 and 283.7 eV, respectively. The peak top of C2 is lower than that of C1 in 

binding energy because hydrogen atoms donate electrons to carbon atoms of C2 (Fig. 

3-2) [83, 157]. The peak top of C3 in graphene with two pentagons (a dotted line) was 

located at 283.4 eV (Fig. 3-1b), whose binding energy was the lowest among those of 

C1, C2, and C3 because of electron-withdrawing nature of the pentagons (Fig. 3-3). In 

Table 3-1 and Fig. 3-1, the binding energies of peak tops of C3 for graphene with two, 

four, and six pentagons were the lowest among peak tops of C1, C2, and C3 of each 

spectrum (Fig. 3-1b-d), but the binding energy of the peak top of C2 for graphene with 

eight pentagons (282.6 eV in Fig. 3-1e) was lower than that of C3 (282.7 eV in Fig. 

3-1e). This change was induced by the connection of all eight pentagons in graphene 

and the decrease of the number of electrons on carbon atoms (Table 3-1 and Fig. 3-4). 
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(a)                     (b)                     (c) 

 

 

 

 

(d)                     (e)                     (f) 

 

 

 

 

Figure 3-1 Simulated and normalized C1s XPS spectra of structures shown in Fig. 2-2 

using asymmetric Voigt-type lineshape. Simulated original spectra are shown as bold 

lines. Peaks originating from carbon atoms on hexagons which bonded with carbon 

atoms (C1), carbon atoms bonded with hydrogen atoms (C2), and carbon atoms on 

pentagons (C3) are shown as thin, dashed, and dotted lines, respectively. (a) Graphene 

terminated with hydrogen atoms. (b) Two pentagons. (c) Four pentagons. (d) Six 

pentagons. (e) Eight pentagons. (f) Twelve pentagons without hydrogen atoms 

(Fullerene).Values of m and α (Fig. 2-4) were applied to each spectrum. 
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Figure 3-2 Mulliken charge distribution of graphene terminated with hydrogen atoms. 

C1 indicates carbon atoms which bond with carbon atoms. C2 indicates carbon atoms 

bonded with hydrogen atoms. 

 

 

 

(a)                                   (b) 

 

 

 

 

 

 

 

 

 

 

Figure 3-3 Mulliken charge distribution of graphene with two pentagons. (a) An 

optimized structure. Two pentagons are identical in structures. (b) A magnified image of 

(a) and charge distribution of one pentagon. 
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Table 3-1 Calculated peak shifts and FWHMs of C1s spectra and work function. 

Number of pentagons  0 2 4 6 8 12 

Ratio of the number of 

carbon atoms 

(C1:C2:C3) 

 100:26:0 60:22:10 46:18:20 32:14:30 10:8:40 0:0:60 

Whole C1s spectrum 

(C1 + C2 + C3) 

Peak top / eV 284.0 284.0 284.0 283.9 282.7 282.7 

FWHM / eV 1.25 1.30 1.35 1.45 1.25 1.15 

Simulated whole C1s 

spectrum [196] 
Peak top / eV 

289.7-290.1 

(Pyrene) 
- - - - 290.5 

Empirical whole C1s 

spectrum [196] 
Peak top / eV 

284.3 

(Graphite) 
- - - - 284.7 

C1 + C3  

Peak top / eV - 284.0 284.0 283.9 282.8 - 

FWHM / eV - 1.25 1.45 1.55 1.25 - 

C1 (Hexagon) 

Peak top / eV 282.9 283.0 283.0 283.0 281.9 - 

Peak shift of C1 from 

C1 of graphene / eV 
0 0.1 0.1 0.1 -1.0 - 

FWHM / eV 1.15 1.20 1.15 1.30 1.20 - 

C2 (C-H) 

Peak top / eV 283.7 283.9 284.0 283.9 282.6 - 

Peak shift of C2 from 

C1 / eV 
-0.3 -0.2 -0.1 -0.2 -0.4 - 

FWHM / eV 1.15 1.20 1.20 1.15 1.15  

C3 (Pentagon) 

Peak top / eV - 283.4 283.6 283.6 282.7 - 

Peak shift of C3 from 

C1 / eV 
- -0.7 -0.5 -0.5 -0.3 - 

FWHM / eV - 1.20 1.15 1.20 1.15 - 

Work functiona / eV  3.98 4.03 4.13 4.30 5.56 5.99 

Empirical work function 

/ eV [197] 
 

4.73 

(Graphite) 
- - - - 6.16 

Empirical work function 

/ eV [198] 
 

4.80 

(Graphite) 
- - - - 6.50 

Averaged number of 

electrons of one carbon 

atom on one pentagon 

 - 6.066 6.060 6.034 6.008 - 

aWork function: Energy difference between HOMO level and vacuum level.  
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Figure 3-4 Mulliken charge distributions of isolated pentagons and connected 

pentagons. (a) Two isolated pentagons. (b) Two connected pentagons. (c) Eight 

connected pentagons. Red circle: One pentagon. Blue circle: Two carbon atoms bonded 

each other in two connected pentagons. 
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The peak top of calculated spectra of graphene (284.0 eV) was slightly shifted 

to 283.9 eV by introducing six pentagons and the peak top was dramatically shifted to 

lower binding energy as the number of connected pentagons increased. The peak top 

reached up to 282.7 eV by introducing twelve pentagons (fullerene) (Figs. 2-2 and 3-1 

and Table 3-1). These tendencies was well-matched with results simulated in a state of 

elimination of hydrogen atoms on edges (C2) (Table 3-1). Actual peak tops of C1s 

spectrum of graphite and fullerenes analyzed by a device in this work were 284.0 and 

282.9 eV from Fermi level, respectively (Fig. 3-6). The actual peak shift of C1s 

spectrum of fullerenes from that of graphite was -1.1 eV, whereas the calculated peak 

shift of C1s spectrum of fullerene from that of graphene was -1.3 eV (Table 3-1). The 

difference between actual and calculated binding energy can be explained by the 

charging phenomena of fullerenes with low electrical conductivity. I calculated the peak 

position of C1s spectrum using fullerene with charge +2 to explain this difference 

between actual and computational values. I obtained the result that peak position of 

fullerene with charge +2 (283.1 eV) was higher than that of fullerene (282.9 eV), 

indicating that the binding energy of fullerene cation shifted higher than that of 

fullerene without charging. 

The reported empirical binding energy of the peak top of C1s spectrum for 

graphite (284.3 eV), on the other hand, was lower than that for C60 (284.7 eV) (Table 

3-1) [196]. Similarly, the reported calculated binding energy of the peak top of the 

whole C1s spectrum for pyrene (from 289.7 to 290.1 eV), which was utilized as a 

substitute of graphite, was lower than that of C60 (290.5 eV) [196]. These opposite 

tendency between our results and reported values [196] can be explained from the 

difference of standards. The peak tops of empirical C1s spectra of graphite and C60 

using Au4f7/2 as a standard were 284.3 and 284.6 eV, respectively. The peak tops of 

calculated C1s spectra of graphene and C60 using vacuum level as a standard in this 

work were 284.3 and 285.1 eV, respectively. My empirical results using Au4f7/2 and 

calculated results using vacuum level imply that the standard for the reported data may 

not be Fermi level, but I utilized the Fermi level to alleviate the charging effect caused 

by the low electronic conductivity of C60. 

Several groups have reported that the work functions of graphite and C60 are 

4.73-4.80 and 6.16-6.50 eV [197, 198], respectively. In this work, the calculated work 

functions, which were determined from energy differences between HOMO level [199] 

and vacuum level, were 3.98, 4.03, 4.13, 4.30, 5.56, 5.99 eV for graphene with zero 

(graphene), two, four, six, eight, and twelve (fullerene) pentagons, respectively (Table 
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3-1). The negative shifts of the peak top of C1s spectra were well-correlated with the 

increment of these work functions as the number of pentagons increased (Table 3-1 and 

Fig. 3-5a), because C1s orbitals and Fermi level become close to the atomic nucleus and 

the energy required for removing electrons from carbon atoms in graphene with 

pentagons becomes smaller than those without pentagons.  

 

 (a)                               (b) 

  

 

 

 

 

(c) 

 

 

 

 

Figure 3-5 Dependence of physical properties on the number of pentagons. (a) 

Dependence of work functions and peak tops of whole C1s spectra on the number of 

pentagons. (b) Dependence of averaged numbers of electrons of 1 carbon atom on 1 

pentagon and peak shifts of C3 from C1 on the number of pentagons. (c) Dependence of 

FWHMs and peak tops of C1s spectra on the number of pentagons. 
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(a)                                  (b) 

 

 

 

 

 

Figure 3-6 Actual C1s XPS spectra (a) and spectra near Fermi level (b) of graphite and 

fullerene. Black line: graphite. Red line: fullerene. 

 

 

Table 3-1 shows peak shifts of C1 of graphene with pentagons from C1 of 

graphene without pentagons. It also shows peak shifts of C2 and C3 from C1. The peak 

top of C1 was negatively shifted from 284.0 to 283.0 eV as the number of pentagons 

increased from zero to eight. The peak shifts of C2 for graphene without pentagons 

were -0.3 eV and those for graphene with pentagons were from -0.1 to -0.4 eV, 

indicating that the shift of C2 from C1 was not drastically changed. The peak shifts of 

C3 for graphene with two, four, six, and eight pentagons from C1 were -0.7, -0.5, -0.5, 

and -0.3 eV, respectively (Table 3-1 and Fig. 3-1). The increment of peak shifts of C3 

from C1, i.e. from -0.7 to -0.3 eV, can be explained by an averaged number of electrons 

of one carbon atom on one pentagon. The averaged numbers of electrons of one carbon 

atom on one pentagon were 6.066, 6.060, 6.034, and 6.008 in graphene with two (Fig. 

3-3), four, six, and eight pentagons, respectively (Table 3-1). The averaged numbers of 

electrons were obtained by adding the number of electron (6.000) for carbon atoms to 

the negative value of Mulliken charge. Especially, connection of pentagons reduced the 

number of electrons (Fig. 3-4). This connection caused the positive peak shifts of C3. 

The number of pentagons in graphene also had an influence on FWHMs of C1s 

spectra in addition to the shift. Calculated FWHMs of whole C1s spectra of graphene 

(1.25 eV for graphene including peaks originated from C-H bonding and 1.15 eV for 

graphene excluding peaks originated from C-H bonding) and fullerenes (1.15 eV) in 
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Table 3-1 and Fig. 3-5c were well-matched with actual FWHMs of whole C1s spectra of 

graphite (1.25 eV) and fullerenes (1.15 eV) in Fig. 3-6a. However, FWHMs were 

increased to 1.30, 1.35, 1.45, and 1.25 eV by introducing two, four, six, and eight 

pentagons in graphene, respectively (Table 3-1 and Fig. 3-5c). The reason for the small 

FWHMs of the calculated and actual C1s spectra of graphene (1.25 eV) and fullerenes 

(1.15 eV) is the presence of either similar or same states of C-C bonding, respectively. 

For example, graphene terminated with hydrogen atoms contains only two types of 

carbon atoms such as hexagonal sp
2
C-sp

2
C (C1) and sp

2
C-H (C2) and fullerene contains 

only one type of pentagonal sp
2
C-sp

2
C (C3). The increment of pentagons increased the 

presence of different states of C-C bondings and FWHMs became wide similar to our 

previously reported results of FWHMs of C1s spectra for graphene with oxygen- and 

nitrogen-containing functional groups [83, 157]. The FWHM of whole C1s XPS spectra 

(C1+C2+C3) basically depended on the calculated peak shifts of C1, C2, and C3 spectra 

as well as the ratios among the numbers of carbon atoms of C1, C2, and C3 (Fig. 3-1). 

Especially, the ratio between the number of carbon atoms with the highest binding 

energy (C1) and that with the lowest binding energy (C3) influenced FWHMs. The ratio 

between C1 and C3 of graphene with six pentagons was close to each other 

(C1:C3=32:30) and this specific ratio increased FWHMs significantly. 

Figure 3-7 and Table 3-2 show proposed FWHMs and peak tops of whole C1s 

spectra for actual XPS analysis. Calculated results (Fig. 3-5c and Table 3-1) and actual 

measured results (Fig. 3-6a) were used to obtain proposed peak tops. The Fermi 

energies of graphite and C60 were set as 0 eV (Fig. 3-6b) for fair comparison of the peak 

position of C1s spectrum between graphite and C60. Introduction of six pentagons 

increased the proposed FWHM up to 1.45 eV, and it slightly shifted the proposed peak 

top from 284.0 eV to a low binding energy of 283.9 eV. Introduction of eight pentagons 

decreased the proposed FWHM compared to six pentagons, and it shifted the proposed 

peak top to 282.9 eV. The binding energy is high for graphene with 0-6 pentagons (from 

284.0 to 283.9 eV) and become low by introducing more than 8 pentagons (282.9 eV). 

By separating Fig. 3-7 into two regions such as below and above 6 pentagons, the 

number of pentagons can be determined using FWHMs because the FWHMs depend on 

the number of pentagons. 
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Figure. 3-7 Proposed FWHMs and peak tops of whole C1s spectra of graphene 

including 0 to 8 pentagons and fullerene. The peak tops of actual spectra of graphite and 

fullerene in Fig. 3-6 were utilized for adjustment. 

 

 

Table 3-2 Proposed peak shifts and FWHMs of C1s spectra.  

Number of pentagons  0 (Graphene) 2 4 6 8 12 (Fullerene) 

Whole C1s spectrum 

(C1+C2+C3) 

Peak top / eV 284.0 284.0 284.0 283.9 282.9 282.9 

FWHM / eV 1.25 1.30 1.35 1.45 1.25 1.15 

 

 

3.2 Pyrolysis of epoxidized fullerenes analyzed by spectroscopies 

3.2.1 Elemental analysis and constructed model structures 

Table 3-3 shows the atomic percentages of carbon and oxygen atoms in 

epoxidized C60 and the pyrolyzed sample of epoxidized C60 by elemental analysis. On 

average, two to three oxygen atoms were introduced on each C60 by epoxidation and 

one to two oxygen atoms were eliminated by heat treatment. E50 released 1.0 oxygen 

atom corresponding to 52% of oxygen atom (=1.0/1.9), whereas E900 released 1.4 
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oxygen atoms corresponding to 45% of oxygen atom (=1.4/3.1). It indicates that the 

energy barriers for removing one oxygen atoms from E50 and E900 are close to each 

other. 

 

 

Table 3-3 The number of oxygen atoms per one C60 molecule prior to pyrolysis and the 

number of oxygen atoms eliminated per one C60 molecule after pyrolysis as determined 

by elemental analysis. 

Sample 

name 

Atomic percentages 

of C and O 

The number of 

oxygen atoms per 

one C60 

The number of 

eliminated oxygen 

atoms per one C60 Carbon Oxygen 

C60 100 0.0 0.0 - 

E50 97.0 3.0 1.9 - 

E50-P 98.6 1.4 0.9 1.0 

E300 96.3 3.7 2.3 - 

E300-P 98.1 1.9 1.2 1.1 

E900 95.1 4.9 3.1 - 

E900-P 97.2 2.8 1.7 1.4 

 

 

The number of oxygen atoms on epoxidized C60 is estimated as three or less on 

average as results of elemental analysis. Thus, as possible structures, one (1A - 1C), two 

(2A - 2E), and three (3A - 3D) oxygen atoms were introduced on C60 (Fig. 3-8). In 

addition, C60 with a mono-vacancy defect (MV) was also listed as the pyrolyzed 

structure whose stability was confirmed using our calculated results [200]. A 

zigzag-type carbene site formed on MV, 1C, and 2C was marked as an asterisk (Fig. 

3-8).  
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Figure 3-8 Possible structures of epoxidized C60 and pyrolyzed structures of epoxidized 

C60. The zigzag-type carbene site on MV, 1C, and 2C is marked with an asterisk. 

 

 

3.2.2 Mass analysis 

Figure 3-9 shows that the gases decomposed from E10, E50, E300, and E900 

upon heat treatment as analyzed by DI-MS. CO and CO2 gases were generated and O2 

gas was desorbed from epoxidized fullerenes upon heat treatment. The longer 

epoxidation time was, the more CO and CO2 gases generated, whereas the amount of 

desorbed O2 gas did not increase. Thus, the amount of vacancy defects on C60 tended to 

increase as O coverage increases. 
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(a)                                (b) 

 

 

 

 

 

 

 

 

(c)                                (d) 

 

 

 

 

 

 

 

 

 

 

Figure 3-9 Gases decomposed from (a) E10, (b) E50, (c) E300, and (d) E900 upon heat 

treatment as analyzed by DI-MS. 

 

 

It was also found that the epoxidation time also affected the ratio of the CO2 

gas to the CO gas. The ratios of the CO2 gas to the CO gas decomposed from E10, E50, 

E300, and E900 were 1.5, 1.7, 2.2, and 2.5, respectively. It indicates that the ratios of 

the CO2 gas to the CO gas increased as epoxidation time increased. I have shown by 

calculation that a CO gas tends to be released more than a CO2 gas from two oxygen 

atoms on C60, whereas a CO2 gas tends to be released more than a CO gas from three 

oxygen atoms on C60 [200]. These results suggest that the pyrolysis mechanisms of 

epoxidized C60 strongly depend on the O coverage on C60.  
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3.2.3 XPS analysis 

3.2.3.1 Computational XPS analysis  

Table 3-4 shows the calculated C1s and O1s XPS shifts of various structures in 

Fig. 3-8 and C1s XPS shifts from references. The C1s XPS shifts originating from 

oxygen-containing functional groups have been reported [172-174], but the values of 

the peak shifts have wide ranges. For example, mono-oxygenated carbon varies between 

0.2 and 1.4 eV, and di-oxygenated carbon varies between 1.6 and 3.8 eV.  

From our calculated results, the detailed assignments were obtained. C1s shifts 

originating from C=C in C1s XPS spectra of C60 range from -0.1 to 0.1 eV. The range of 

C1s shifts originating from C=C became wide (-0.6 ~ 0.8 eV) in the presence of 

vacancy defects and functional groups (VD and/or FGs in structures MV, 1C, and 2E). 

The tendency was same as our previously reported assignments for graphite oxide [83]. 

It has been reported that spin multiplicities of graphene with a zigzag-type carbene site 

influenced the charge distribution of graphene [201]. Thus, the spin multiplicities of 1 

and 3 for MV, 1C, and 2C were compared in Table 3-4. C1s XPS peak shifts between M 

= 1 and 3 of MV, 1C, and 2C were slightly different. In terms of difference of total 

electron energies between M = 1 and 3 in MV, 1C, and 2C, the energy of MV (M = 3) 

was 14.0 kJ mol
-1

 lower than that of MV (M = 1), whereas that of 1C (M = 1) was 65.4 

kJ mol
-1

 lower than that of 1C (M = 3) and that of 2C (M = 1) was 131 kJ mol
-1

 lower 

than that of 2C (M = 3). Thus, M = 3 for MV and M = 1 for 1C and 2C were used for 

assigning C1s shifts.  

In addition to the C1s shift originating from C=C, I obtained C1s shifts caused 

by the presence of oxygen-containing functional groups. The peak shifts originating 

from epoxide (1B and 3A) and unzipped epoxide (1A and 2A) were in the range of 1.6 ~ 

1.8 eV. The peak shifts of C-O-C (ether), C-O-C=O (lactone), and C=O groups were in 

the range of 2.0 ~ 2.5 eV. The peak shifts of one carbon atom located in the middle of 

two connecting ether groups (C-O-C-O-C) in 2B, 3B, and 3D2 were in the range of 3.1 

~ 3.5 eV. The peak shifts originating from C-O-C=O (lactone) groups were in the range 

of 3.5 ~ 4.0 eV.  

In O1s spectra, the binding energy of the peak top of epoxide in 1A was used as 

a reference binding energy for O1s spectra. The peak shifts originating from C=O and 

C-O-C=O (lactone) groups were in the range of -1.6 ~ -0.7 eV. The peak shifts 

originating from oxygen atoms in two connecting ethers (C-O-C-O-C), ether (C-O-C), 

and lactone (C-O-C=O) groups were in the range of 0.5 ~ 1.3 eV. 
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Table 3-4 Calculated peak shifts of C1s and O1s of various defects. 

Model Name of defects 

C1s O1s C1s from references 

Peak shifts from the 

peak top of C=C (eV) 

Peak shifts from the 

peak top of epoxide on 

1A (eV) 

Peak shifts from the 

peak top of C=C (eV) 

- Mono-oxygenated C (C-O) - - 
0.2 [172], 2.0 [173],  

1.4 [174] 

- 
Di-oxygenated C  

(C=O, O-C-O) 
- - 

1.6 [172], 4.2 [173],  

3.8 [174] 

- Tri-oxygenated C (COOH) - - 2.5 [172] 

C60 - -0.1 ~ 0.1 - - 

MV (M=1) VDa -0.4 ~ 0.7 - - 

MV (M=3) VDa -0.5 ~ 0.6 - - 

1A 
Unzipped epoxide  

FGsb 

1.7                       

-0.1 ~ 0.6 

0                         

- 
- 

1B 
Epoxide              

FGsb 

1.8                       

0 ~ 0.1 

0                          

- 
- 

1C (M=1) 
C-O-C                 

VDa and/or FGsb 

2.0                        

-0.1 ~ 0.5 

1.3                       

- 
- 

1C (M=3) 
C-O-C                 

VDa and/or FGsb 

2.6                        

-0.1 ~ 0.8 

1.3                       

- 
- 

2A 
Unzipped epoxide  

FGsb 

1.7                        

-0.1 ~ 0.5 

0                          

- 
- 

2B 

C-O-C-O-C            

C-O-C-O-C      

FGsb 

3.2                    

2.0                        

-0.1 ~ 0.8 

0.5                      

-                           

- 

- 

2C (M=1) 

C-O-C=O                

C-O-C=O           

FGsb 

4.0                    

2.0                        

-0.2 ~ 0.5 

-0.9                  

0.7                       

- 

- 

2C (M=3) 

C-O-C=O               

C-O-C=O           

FGsb 

4.0                   

2.0                        

-0.1 ~ 0.8 

-1.1                   

0.6                      

- 

- 

2D 

C-O-C                 

C=O                   

FGsb 

2.0                    

2.3                        

-0.2 ~ 0.6 

1.3                       

-1.1                      

- 

- 
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2E 

C-O-C                 

C=O                    

VDa and/or FGsb 

2.0                    

2.2                        

-0.6 ~ 0.7 

1.2                       

-1.6                      

- 

- 

3A 
Epoxide             

FGsb 

1.6                        

-0.1 ~ 0.1 

0                         

- 
- 

3B 

C-O-C-O-C-O-C    

C-O-C-O-C-O-C  

FGsb 

3.5                    

2.2                       

-0.2 ~ 0.6 

1.1                       

1.1                        

- 

- 

3C 

C=O                        

C-O-C=O                

C-O-C=O           

FGsb 

2.3                   

3.5                    

2.0                        

-0.1 ~ 0.6 

-1.4                     

-1.3                   

0.9                      

- 

- 

3D1 

C-O(C=O)C-O-C    

C-O(C=O)C-O-C    

C-O(C=O)C-O-C    

C-O(C=O)C-O-C  

FGsb 

2.1                    

2.5                    

2.8                   

4.0                        

-0.2 ~ 0.8 

0.6                        

0.7                          

-                           

-0.7                      

- 

- 

3D2 

C-O-C-O-C=O        

C-O-C-O-C=O       

C-O-C-O-C=O    

FGsb 

2.2                     

3.1                      

4.0                        

-0.2 ~ 1.0 

0.7                     

0.1                       

-1.3                      

- 

- 

a VD: vacancy defect. b FGs: C=C influenced by neighboring functional groups such as unzipped epoxide, C=O, ether, and lactone 

groups. 

 

 

3.2.3.2 Empirical XPS spectra 

The calculated shifts in Table 3-4 were used to assign the empirical C1s and 

O1s peaks as shown in Tables 3-5 and 3-6, respectively. Figure 3-10 shows C1s and O1s 

spectra of C60, epoxidized C60, and the pyrolyzed sample of epoxidized C60. The peak 

shifts in Tables 3-5 and 3-6 were used to assign the peaks in Fig. 3-10. XPS spectra of 

defective graphene and graphite have been analyzed in detail recently. For instance, 

Larciprete and coworkers have analyzed C1s XPS spectra of graphene oxide and 

separated the spectra into seven peaks such as carbon atoms on a vacancy defect (VD), 

an interaction between graphene and a substrate, C=C, ether, epoxide, C=O, and lactone 

group [170]. Barinov and coworkers have analyzed the structure of defective highly 
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oriented pyrolytic graphite by calculated XPS spectra and separated the spectra of 

graphite with MV into four peaks depending on the positions near MV [81]. Our group 

has recently reported the calculated peak shifts of C1s and O1s spectra of pyrolyzed 

graphite oxide [83]. But these peak assignments of graphite oxide and graphite should 

not be exactly the same as those of fullerenes. 

 

 

Table 3-5 Lists of possible functional groups and other defects of C1s. 

Number of 

peaks 
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 Peak 8

c
 

Peak tops 

(eV) 
284.3 284.9 285.7 286.6 287.3 288.0 288.8 290.9 

Shifts from 

C=C (eV) 
-0.6 0.0 0.8 1.7 2.4 3.1 3.9 6.0 

FWHM (eV) 1.2 1.1 0.9 1.4 1.4 1.2 1.4 2.1 

Possible 

functional 

groups and 

other defects 

VD
a
,  

FGs
b
 

C=C 
VD

a
,  

FGs
b
 

Epoxide, 

Unzipped 

epoxide 

C-O-C, C=O,      

C-O-C=O 
C-O-C-O-C C-O-C=O 

π-π* 

shakeup 

a 
VD: vacancy defect. 

b
 FGs: C=C which is influenced by neighboring functional groups as unzipped epoxide, C=O, ether, 

and lactone group. 
c
 Peak 8: the peak position was determined from a reference [202].

 

 

 

Table 3-6 Lists of possible functional groups of O1s. 

Number of peaks Peak 9 Peak 10 Peak 11 

Peak top (eV) 531.9 532.9 533.8 

FWHM (eV) 1.4 1.6 1.6 

Possible functional groups 
C=O,                

C-O-C=O 

Epoxide, Unzipped 

epoxide 

C-O-C-O-C,        

C-O-C (Ether),               

C-O-C=O 
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(a)                     (b)                      (c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-10 XPS spectra of C60, epoxidized C60, and the pyrolyzed sample of 

epoxidized C60. (a) C1s spectra. (b) Enlarged C1s spectra and waveform separation. (c) 

O1s spectra and waveform separation. 

 

 

The C1s spectra of epoxidized C60 were fitted with up to eight peaks as shown 

in Fig. 3-10b. These peaks correspond to the following carbon atom components: VD 

and/or FGs (Peak 1), C=C (Peak 2), VD and/or FGs (Peak 3), epoxide and unzipped 

epoxide (Peak 4), C-O-C (ether) group, C=O group, and C-O-C=O group (Peak 5), 

C-O-C-O-C group (Peak 6), C-O-C=O group (Peak 7), and pi-pi* shakeup (Peak 8). 

The peak position of pi-pi* shakeup (Peak 8) was determined from a reference [202]. 

The O1s spectra in Fig. 3-10c can be fitted with three components: C=O and C-O-C=O 

group (Peak 9), epoxide and unzipped epoxide (Peak 10), C-O-C-O-C, C-O-C (ether), 

and C-O-C=O group (Peak 11). 

Figure 3-10 also shows the correlation between epoxidation time and the 

amount of epoxide (Peak 4 of E50, E300, and E900 in Fig. 3-10b and Peak 10 of E50, 

E300, and E900 in Fig 3-10c). After epoxidation, the C1s peak originating from pi-pi* 

shakeup (Peak 8 in Fig. 3-10b) disappeared except for E50 because conjugated pi bonds 

were decreased. After epoxidized C60 was pyrolyzed at 673 K, the amount of epoxide 
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(Peak 4 in Fig. 3-10b and Peak 10 in Fig. 3-10c) and C-O-C-O-C groups (Peak 6 in Fig. 

3-10b) also decreased, whereas that of C-O-C groups (Peak 5 in Fig. 3-10b) increased. 

The amount of the lactone groups (Peak 7 in Fig. 3-10b) remained unchanged. The 

reason for the unchanged amount of the lactone groups is thought to be because of the 

balance between a formation of the lactone groups by migration of epoxides and 

decomposition of the lactone groups into CO and CO2 gases. Thus, the formation of CO 

and CO2 gases detected by DI-MS should be because of the pyrolysis of the lactone 

groups. 

 

3.2.4 DRIFT spectroscopic analysis 

The functional groups were analyzed by DRIFT spectroscopy as shown in Fig. 

3-11. The peak positions of vibration modes of C60 (1183 and 1425 cm
-1

) and many 

functional groups such as epoxide (1000-1150 and 1250 cm
-1

), C=O groups (1750-1850 

cm
-1

), and carboxyl groups (1650-1750 cm
-1

) on C60 have been reported in FT-IR 

analyses [174,175]. Wohlers and coworkers experimentally showed that the peak at 

1550 cm
-1

 is because of isolated double bonds arising from break-down of conjugated 

double bonds in C60 [15]. I interpreted the isolated double bonds as carbene sites. From 

the results of our calculated DRIFT spectra (Fig. 3-11a and b), the peak position of 

epoxide in 1B, unzipped epoxide in 1A and 2A, and zigzag-type carbene in 1C and MV 

is 1520-1590 cm
-1

. Unzipped epoxide in 1A and 2A also shows the peak at 1000-1165 

cm
-1

 and 1210-1260 cm
-1

. C=O group in 3C (1754 cm
-1

) and lactone groups in 2C and 

3C (1801 cm
-1

) on C60 were confirmed. The calculated peak positions of the lactone 

groups and carbene sites in Fig. 3-11a and b were used to analyze empirical DRIFT 

spectra in Fig. 3-11c-e. 

Figure 3-11c-e shows empirical DRIFT spectra of C60, epoxidized C60, and C60 

pyrolyzed at 523 K and 673 K after epoxidation. Unzipped epoxides (1000-1150 and 

1220-1270 cm
-1

), C=O groups (1650-1740 cm
-1

), and lactone groups (1740-1820 cm
-1

) 

were introduced on C60 by epoxidation (E50, E300, and E900). After epoxidized C60 

were heated at 523 K (E50-P at 523 K, E300-P at 523 K, and E900-P at 523 K), the 

peaks corresponding to C=O and lactone groups increased because of the structural 

change from unzipped epoxides into combination of C=O and lactone groups such as 

3C in Fig. 3-8. After epoxidized C60 was heated at 673 K, the intensities corresponding 

to vibration modes of pure C60 decreased because of the presence of oxygen-containing 

functional groups and vacancy defects. In addition, the amount of unzipped epoxides, 

lactone groups, and C=O groups decreased after epoxidized C60 was heated at 673 K. 
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Decrease of the lactone group and C=O groups indicates that vacancy defects were 

introduced by formations of CO and CO2 gases. After the heat treatment, the amount of 

residual lactone groups was less than that of the residual C=O groups. Mass 

spectrometry analysis indicated that epoxidized C60 generated the CO2 gas more than 

the CO gas upon heat treatment (Fig. 3-9). Thus, it is considered that the CO2 gas was 

formed more than the CO gas from lactone groups by heat treatment. Moreover, the 

amount of carbene sites (1560-1620 cm
-1

) increased as the decomposition of C=O and 

lactone groups proceeded. 
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(a)                             (b) 

 

 

 

 

 

 

 

 

 

 

(c)                            (d) 

 

 

 

 

 

 

 

 

 

 

                       (e) 

 

 

 

 

 

 

 

 

 

Figure 3-11 Calculated and empirical DRIFT spectra of defective C60. (a and b) 

Calculated DRIFT spectra of C60 and defective models in Fig. 3-8. (c-e) Empirical 
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DRIFT spectra of C60, epoxidized C60, and the pyrolyzed sample of epoxidized C60 at 

523 K and 673 K after epoxidation. Epoxidation time is 50 h (c), 300 h (d), and 900 h 

(e).  

 

 

3.2.5 Distributions of electronic charge 

The effect of a neighboring oxygen atom on stabilizing a carbene site was 

analyzed by calculating distributions of electronic charge on carbon atoms and an 

oxygen atom of MV (M = 1, 3) and 1C (M = 1, 3) as shown in Fig. 3-12. The position of 

atoms on C60 is named as 1, 2, and so forth. The position 1 with an asterisk in Fig. 3-12a 

and b indicates a zigzag-type carbene site. The position 1 in MV is negatively charged 

because of the presence of a carbene site (Fig. 3-12a, c, and d). However, the position 1 

in 1C is positively charged because of the presence of the neighboring oxygen atom 

with high electronegativity, indicating that the carbene site was stabilized (Fig. 3-12b, c, 

and d). The existence of a carbene site at a vacancy defect has been known to cause 

energetic destabilization [159]. But our result shows that one oxygen atom can stabilize 

a carbene site.  
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(a)                     (b) 

 

 

 

 

 

                (c) 

 

 

 

 

 

 

 

                (d) 

 

 

 

 

 

 

Figure 3-12 Charge distributions of the structures including zigzag-type carbene with 

different spin multiplicity (M = 1 and 3). (a) MV in Fig. 3-8. (b) 1C in Fig. 3-8. (c) 

Charge distributions of the MV and 1C (M = 1). (d) Charge distributions on MV and 1C 

(M = 3). The position 1 marked as an asterisk is a zigzag-type carbene site. 

 

 

3.2.6 Proposed pyrolysis mechanism of epoxidized C60 

From the results of XPS and DRIFT spectroscopy, I propose the following 

change of functional groups and other defects. After epoxidation, 2A (two unzipped 

epoxides), 2B (a C-O-C-O-C group), 2C (a lactone group with a carbene site), 3A (three 

epoxides), 3B (a C-O-C-O-C-O-C group), and 3C (a lactone-ketone group) in Fig. 3-8 

are formed. Upon heat treatment, 2C (a lactone group) is converted to 1C (an ether 

group with a carbene site) and the CO gas is formed. 2C (a lactone group with a carbene 

site) is also converted to MV and the CO2 gas is formed. In case of three epoxides on 
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C60, 3A (three epoxides) is converted to 3C (a lactone-ketone group). 3C (a 

lactone-ketone group) is converted to 2E (an ether-ketone group) and the CO gas is 

formed. 3C (a lactone-ketone group) is also converted to 1C (an ether group with a 

carbene site) and the CO2 gas is formed. However, C=O and lactone groups, which exist 

in the structure such as 3C, still remain after heat treatment of epoxidized C60 at 673 K. 

These results are well agreed with our proposed mechanisms which were obtained by 

calculation [200]. 

The decrease of the ratio of the CO2 gas to the CO gas generated from C60 with 

low O coverage (E10) compared to C60 with high O coverage (E900) can be explained 

using the calculated apparent activation energies [200]. Migration of two and three 

oxygen atoms on C60 is proposed to proceed via mechanisms in Fig. 3-13. By 

calculation, two oxygen atoms on C60 (2A) in Route 1 migrate, and CO and CO2 gases 

are formed. Among the structures with two oxygen atoms on C60 such as 2A, 2B, 2C, 

and 2D, 2A has the lowest total electron energy. The apparent activation energy 

calculated from the energy of 2A for a formation of the CO2 gas was larger than that of 

the CO gas. Thus, the CO gas tends to be generated from two epoxides. By calculation, 

three oxygen atoms on C60 (3A) in Route 2 migrate and CO and CO2 gases are formed. 

Among the structures with three oxygen atoms on C60 such as 3A, 3B, 3C, 3D1, and 3D2, 

the total electron energy of 3C is the lowest. The apparent activation energy calculated 

from the energy of 3C for a formation of the CO gas was larger than that of the CO2 gas. 

Thus, the CO2 gas tends to be generated from three epoxides. These calculated apparent 

activation energies
 
[200] support the empirical results obtained in this work. 

 

 

Figure 3-13 Proposed mechanisms upon pyrolysis of epoxidized C60 [200]. Route 1 is a 

mechanism for two oxygen atoms on C60. Route 2 is a mechanism for three oxygen 

atoms on C60.
 

 

 

3.2.7 Evidence of an absence of cross-linked C60 
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 Figure 3-14 shows the HRTEM images of C60 and E50-P inserted inside 

SWCNTs. E50-P was clearly inserted inside SWCNTs. It is the evidence of the absence 

of cross-linked C60, because cross-linked C60 cannot be inserted to SWCNTs. Figure 

3-15 shows the XRD patterns of C60, E300, and E300-P. The C60 molecules have a 

well-defined crystal structure with three sharp peaks at 2θ = 10.8, 17.6, and 20.7 

degrees. The peak intensity of C60 was lowered after epoxidation (E300) because of the 

introduction of functional groups and the intensity was recovered after heat treatment 

(E300-P). It also indicates that cross-linking between epoxidized C60 did not proceed by 

heat treatment. 

 

 

 

Figure 3-14 HRTEM images of (a) C60 and (b) E50-P inserted inside SWCNTs. 
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Figure 3-15 XRD patterns of C60, E300, and E300-P. 

 

 

3.3 Oxygen migration and selective CO and CO2 formation from epoxidized 

fullerenes 

3.3.1 Migration of oxygen atom(s) 

Migrations of one oxygen atom from hexagon-hexagon (X1) to the next 

pentagon-hexagon (X3) and from pentagon-hexagon (X3) to the next pentagon-hexagon 

(X5) on C60 are shown in Fig. 3-16a. The activation energy from X1 to X3 and that from 

X3 to X5 are 210.1 and 218.2 kJ mol
-1

, respectively. Radovic et al. have reported that 

migration of one oxygen atom on C42H16 graphene requires activation energy of 94.1 kJ 

mol
-1

 [168]. It indicates that migration of one oxygen atom on C60 is more difficult to 

proceed than that on graphene. 
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(a) 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

Figure 3-16 Mechanisms for migration of one oxygen atom on C60. (a) Migration of 

one oxygen atom. Energies (in kJ mol
-1

) written under each structure are energies 

relative to energies of X3 and X5. (b) Migration of one oxygen atom with another fixed 

oxygen atom. Energies (in kJ mol
-1

) written under each structure are energies relative to 

energy of Y5. (Carbon: Gray spheres. Oxygen: Red spheres.) 

 

 

Figure 3-16b shows migrations of one oxygen atom out of two oxygen atoms 

on C60. There are two mechanisms for migration of one oxygen atom out of two oxygen 

atoms. One of the mechanisms (b1 in Fig. 3-16) is migration of one oxygen atom out of 

two isolated oxygen atoms (Y1). Two oxygen atoms next to each other on 

pentagon-hexagon (Y5) are formed from Y1 at maximum activation energy of 288.4 kJ 

mol
-1

. Another mechanism (b2 in Fig. 3-16) is migration of one oxygen atom out of two 

isolated oxygen atoms (Y6). Two oxygen atoms next to each other on hexagon-hexagon 

(Y10) are formed from Y6 at maximum activation energy of 303.2 kJ mol
-1

. The 

energies of two oxygen atoms next to each other such as Y5 and Y10 are 115.5 and 31.7 

kJ mol
-1

 lower than those of two isolated oxygen atoms such as Y1 and Y6, respectively. 

Thus, soon after migration starts, a clustering of two oxygen atoms proceeds. 
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3.3.2 Pyrolysis of one oxygen atom on C60 

Pyrolysis of one oxygen atom on C60 brings only one proposed final structure 

consisting of one mono-vacancy defect (MV) and a CO gas (Fig. 3-17). The formation 

of a CO gas from one oxygen atom on graphene has been reported to be strongly 

endothermic (610 kJ mol
-1

) [169]. Similarly, the formation of the CO gas on C60 was 

also strongly endothermic (502.8 kJ mol
-1

). It shows that the formation energy of MV 

on C60 is lower than that on graphene. Ma et al. reported that the length of a C-C bond 

between two carbon atoms on a pentagon ring at MV on graphene is 2.02 Å, which is 

longer than that of standard length of 1.42 Å for graphene, indicating that the bonding 

of two carbon atoms is weak [203]. In case of C60, the length of two carbon atoms on a 

pentagon rings at MV in Fig. 3-17 was 1.52 Å, which is shorter than that of graphene, 

decreasing the energy of MV on C60 compared to that on graphene. The formation 

energy of MV (502.8 kJ mol
-1

) is much higher than the activation energy required for 

migration of an oxygen atom (218.2 kJ mol
-1

) (Fig. 3-16a). Thus, migration of an 

oxygen atom preferentially proceeds rather than the formation of the CO gas from one 

oxygen atom on C60. 

 

 

Figure 3-17 Formation of a CO gas from one oxygen atom on C60. Relative energies in 

kJ mol
-1

 are written under each structure. (Carbon: Gray spheres. Oxygen: Red sphere.) 

Carbon atoms marked by green spheres indicate the carbene sites. 

 

 

3.3.3 Pyrolysis of two oxygen atoms on C60 

3.3.3.1 Two types of intermediates 

Two oxygen atoms next to each other on C60 were constructed to elucidate the 
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mechanisms for pyrolysis of two oxygen atoms on C60 as shown in Fig. 3-18. The 

relative energies of epoxidized C60 are shown below each structure. These structures 

were labelled with numbers depending on the number of oxygen atoms. 2A1 is the most 

stable structure among 2A1-2A5. From these two oxygen atoms on C60 (2A1-2A5), two 

types of intermediates (C-O-C-O-C (2B1 and 2B2) and C-O-O-C (2C1 and 2C2)) are 

formed by pyrolysis (Fig. 3-19). 

 

 

 

Figure 3-18 Structures of two oxygen atoms next to each other on C60. Energies (in kJ 

mol
-1

) written under each structure are energies relative to energy of 2A1. (Carbon: Gray 

spheres. Oxygen: Red spheres.) 

 

 

One type of the intermediate (C-O-C-O-C groups (2B1 and 2B2)) out of two 

types of the intermediates is formed by migration of one oxygen atom out of two 

oxygen atoms (Fig. 3-19). Both 2A1 and 2A3 are converted into 2B1 containing two 

unzipped epoxides on pentagon-hexagon. 2A2, 2A3, 2A4, and 2A5 are converted into 

2B2 containing one unzipped epoxide on pentagon-hexagon and one epoxide on 

hexagon-hexagon. The intermediate C-O-C-O-C groups (2B1 and 2B2) are converted 

into two types of lactone groups (shown in sections 3.3.3.2 and 3.3.3.3) and both 

lactone groups decompose into either a CO gas or a CO2 gas. 

Another intermediate (C-O-O-C groups (2C1 and 2C2)) is formed by the 

bonding of two oxygen atoms on C60. 2A1, 2A2, and 2A3 are converted into 2C1 

containing a C-O-O-C group on pentagon-hexagon. 2A4 and 2A5 are converted into 2C2 

containing a C-O-O-C group on hexagon-hexagon. A C-O-O-C group (2C1 and 2C2) 

generates an O2 gas. 
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Figure 3-19 Two types of intermediates formed by pyrolysis of 2A1-2A5. 2B1 and 2B2 

include a C-O-C-O-C group. 2C1 and 2C2 include a C-O-O-C group. (Carbon: Gray 

spheres. Oxygen: Red spheres.) 

 

 

3.3.3.2 Pyrolysis of 2A1 

Figure 3-20a and b shows the proposed mechanisms for pyrolysis of 2A1 and 

its energy diagram, respectively. The mechanism for pyrolysis of 2A1 was used because 

2A1 is the most stable structure among 2A1-2A5 in Fig. 3-18. Total electron energies of 

structures with a carbene site such as MV, 1A, and 2D1 (carbene sites are marked by 
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green spheres in Fig. 3-20a) were calculated for both M=1 and M=3. The total electron 

energy of MV (M = 3) is 14.0 kJ mol
-1

 lower than that of MV (M = 1). On the other 

hand, total electron energies of 1A and 2D1 (M = 3) are 65.4 and 131 kJ mol
-1

 higher 

than those of 1A and 2D1 (M = 1), respectively. Thus, M = 3 was used for MV, whereas 

M = 1 was used for 1A and 2D1 in Fig. 3-20b. 

R1 in Fig. 3-20a is a route for the formation of a CO gas (1A) and a CO2 gas 

(MV) via migration of one oxygen atom toward one fixed oxygen atom (2A1 to 2B1). 

By migration of one oxygen atom on 2A1, a C-O-C-O-C group (2B1) and a lactone 

group (2D1) are formed. Pyrolysis of the lactone group (2D1) proceeds via R1-1 and 

R1-2. R1-1 involves transformation of the lactone group (2D1) into a combination of an 

ether group and a ketone group (2E1) by bonding an ether group in a lactone group 

(C-O-C=O) with a carbene site (2D1 to 2E1). Moreover, a CO gas is formed by pyrolysis 

of a ketone group (2E1), generating a combination of a carbene site and an ether group 

(1A). R1-2 involves the formation of CO2 gas from the lactone group and a carbene site 

(2D1). Importance of R1 is the formation of a carbene site on both 1A and MV. The 

existence of both a carbene site and a vacancy defect causes energetic destabilization. 

The formation energy of a combination of 1A and the CO gas is 47.0 kJ mol
-1

 lower 

than that of a combination of MV and the CO2 gas, indicating that the carbene site in 1A 

is stabilized by the presence of an oxygen atom. This stabilization can be explained by 

decrease of electron density at the carbene site in the presence of the neighboring 

oxygen atom with the high electronegativity [150]. 
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(a) 
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Figure 3-20 Proposed mechanisms and the corresponding energy diagram for pyrolysis 

of two oxygen atoms on C60 (2A1). (a) Proposed mechanisms for pyrolysis of 2A1. 

(Carbon: Gray spheres. Oxygen: Red spheres.) Carbon atoms marked by green spheres 

indicate carbene sites. (b) Energy diagram of R1 (black bold line), R2 (red line), R1-1 

(black thin line), and R1-2 (black dotted line). Asterisks indicate the transition states 

with the highest energy on each route to determine the apparent activation energies for 

each route. The energy of 2A1 was set as 0 kJ mol
-1

. 
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R2 is a route for desorption of an O2 gas via bonding of two oxygen atoms on 

C60 (2A1). One out of two C-O bondings in 2C1 is cleaved (TS4) and one O2 gas 

desorbed. Desorption of the O2 gas does not generate any defects on C60 in contrast to 

the formation of the CO gas and the CO2 gas, which generates defects on C60. 

All of mechanisms for the formation of the CO gas, the CO2 gas, and the O2 

gas (Fig. 3-20) are endothermic reactions. The formation energies for the CO gas, the 

CO2 gas, and the O2 gas are 302.4, 349.4, and 203.4 kJ mol
-1

, respectively. The apparent 

activation energies for the formation of the CO gas, the CO2 gas, and the O2 gas are 

338.5, 447.3, and 421.9 kJ mol
-1

, respectively. Here, the apparent activation energies 

mean the energy differences between the energy of 2A1 and the highest activation 

energies, which were marked by an asterisk, among all of transition states for each route 

in Fig. 3-5b. This result indicates that the CO gas tends to form more than the O2 gas 

and the CO2 gas by pyrolysis of 2A1.  

Activation energies for migration of one oxygen atom out of two oxygen atoms 

(277.2 ~ 303.2 kJ mol
-1

, Fig. 3-1b) are lower than those for the formation of the CO gas, 

the CO2 gas, and the O2 gas from 2A1. Thus, migration of one oxygen atom proceeds 

prior to the formation of these gases. Oxygen atoms in 2A1 migrate and 2A2-2A5 form 

(Fig. 3-18). The oxygen atoms in 2A2-2A5 may migrate back to 2A1. It means that all of 

2A (2A1-2A5) have a possibility to generate these gases. 

 

3.3.3.3 Pyrolysis of 2A4  

Figure 3-21a and b shows the proposed mechanisms for pyrolysis of 2A4 and 

its energy diagram, respectively. The mechanism for pyrolysis of 2A4 was used because 

2A4 is the initial structure to transform into both 2B2 and 2C2 (Figs. 3-19 and 3-21a). 

Although 2A5 can also be transformed into both 2B2 and 2C2 (Fig. 3-19), the energy of 

2A5 is higher than that of 2A4 (Fig. 3-18). Other structures such as 2A2 and 2A3 in Fig. 

3-19 are not transformed into both 2B2 and 2C2. R1 in Fig. 3-21a is a route for the 

formation of a CO gas (2A4 to 1A) and a CO2 gas (2A4 to MV) via migration of an 

oxygen atom toward one fixed oxygen atom (2A4 to 2B2), whereas R2 is a route for 

desorption of an O2 gas (2A4 to C60) via bonding of two epoxides (2A4 to 2C2). 

Pyrolysis of a lactone group (2D2) proceeds via R1-1 and R1-2. R1-1 involves 

transformation from the lactone group (2D2) to a combination of an ether group and a 

ketone group (2E2). The ketone group (2E2) decomposes and a CO gas and a 

combination of a carbene site and an ether group (1A) are formed. R1-2 involves 

decomposition of a lactone group (2D2) and the formation of CO2 gas and MV.  
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All of mechanisms for the formation of a CO gas, a CO2 gas, and an O2 gas 

from 2A4 are endothermic reactions. The formation energies of the CO gas, the CO2 gas, 

and the O2 gas are 302.4, 349.4, and 203.4 kJ mol
-1

, respectively. The apparent 

activation energies for the formation of the CO gas, the CO2 gas, and the O2 gas are 

366.3, 462.2, and 412.3 kJ mol
-1

, respectively. In a similar way to pyrolysis of 2A1, this 

result indicates that the CO gas tends to form from 2A4 more than the O2 gas and the 

CO2 gas.  
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Figure 3-21 Proposed mechanisms and the corresponding energy diagram for pyrolysis 

of two oxygen atoms on C60 (2A4). (a) Proposed mechanisms for pyrolysis of 2A4. 

(Carbon: Gray spheres. Oxygen: Red spheres.) (b) Energy diagram of R1 (black bold 

line), R2 (red line), R1-1 (black thin line), and R1-2 (black dotted line). Asterisks 

indicate the transition states with the highest energy on each route to determine the 

apparent activation energies. The energy of 2A1 in Fig. 3-20 was set as 0 kJ mol
-1

. 
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3.3.3.4 Comparison for pyrolysis of 2A1 and 2A4  

Apparent activation energies to form a CO gas, a CO2 gas, and an O2 gas 

directly from 2A1 are 338.5 (TS6 in Fig. 3-20b), 447.3 (TS7 in Fig. 3-20b), and 421.9 

(TS4 in Fig. 3-20b) kJ mol
-1

, respectively. Apparent activation energies to form the CO 

gas, the CO2 gas, and the O2 gas from 2A1 via 2A4 are 366.3 (TS13 in Fig. 3-21b), 

462.2 (TS14 in Fig. 3-21b), and 412.3 (TS11 in Fig. 3-21b) kJ mol
-1

, respectively. 

Comparing these activation energies, both the CO gas and the CO2 gas are mainly 

formed from 2A1 rather than 2A4, whereas the O2 gas is mainly formed from 2A4 rather 

than 2A1. 

Figure 3-22 shows a short summary of energy differences of intermediates such 

as a C-O-C-O-C group, a lactone group, a combination of an ether group and a ketone 

group, and a C-O-O-C group on C60 in Figs. 3-20 and 3-21. 2A1 is transformed into 2B1, 

2D1, 2E1, and 2C1. 2A4 is transformed into 2B2, 2D2, 2E2, and 2C2. 2B1, 2B2, 2D1, 2D2, 

2E1, and 2E2 are intermediates for the formation of either a CO gas or a CO2 gas, 

whereas both 2C1 and 2C2 are intermediates for desorption of an O2 gas. The relative 

energies of 2B1, 2D1, and 2E1 are 10.8, 91.4, and 64.9 kJ mol
-1

 lower than those of 2B2, 

2D2, and 2E2, respectively. It implies that 2A1 tends to generate the CO gas and the CO2 

gas more than 2A4. The relative energy of 2C2 (a C-O-O-C group on hexagon-hexagon) 

is 81.6 kJ mol
-1

 lower than that of 2C1 (a C-O-O-C group on pentagon-hexagon). It 

implies that 2A4 tends to generate the O2 gas more than 2A1. From the point of view of 

both apparent activation energies and formation energies, the CO gas and the CO2 gas 

tend to form from 2A1 and the O2 gas tends to form from 2A4.  
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(a)             (b)            (c)            (d) 

 

 

 

 

 

 

 

 

 

Figure 3-22 Energy differences of intermediates originating from two oxygen atoms on 

C60. (a) C-O-C-O-C groups (2B1 and 2B2). (b) Lactone groups (2D1 and 2D2). (c) 

Combinations of an ether group and a ketone groups (2E1 and 2E2). (d) C-O-O-C groups 

(2C1 and 2C2). Energies (in kJ mol
-1

) written under each structure are energies relative 

to the energy of 2A1. (Carbon: Gray spheres. Oxygen: Red spheres.) 

 

 

3.3.4 Pyrolysis of three oxygen atoms on C60 

3.3.4.1 Three types of intermediates  

Three oxygen atoms next to each other on C60 were constructed (Fig. 3-23) to 

compare with the mechanisms for pyrolysis of two oxygen atoms next to each other on 

C60. The energies of three oxygen atoms on C60 relative to that of 3A1 are shown below 

each structure. 3A1 is the most stable structure among 3A1-3A6. In a similar way to 

pyrolysis of two oxygen atoms on C60 (Fig. 3-19), three oxygen atoms on C60 (3A1-3A6) 

form C-O-C-O-C groups and C-O-O-C groups.  

 

Figure 3-23 Structures of three oxygen atoms next to each other on C60. Energies (in kJ 

mol
-1

) written under each structure are energies relative to the energy of 3A1. (Carbon: 

Gray spheres. Oxygen: Red spheres.) 
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Figure 3-24 shows energy differences of three types of intermediates such as 

C-O-C-O-C-O-C groups (3C1 and 3C2), combinations of a lactone group and a ketone 

group (3D1 and 3D2), and combinations of a C-O-O-C group and an oxygen atom (3G1 

and 3G2). Either 3C1 or 3C2 is formed from 3A1-3A6 by migration of oxygen atoms. 3D1 

and 3D2 (combinations of the lactone group and the ketone group) are formed from 3C1 

and 3C2 (C-O-C-O-C-O-C groups), respectively. 3G1 and 3G2 include one C-O-O-C 

group and either one epoxide or one unzipped epoxide. Either 3G1 or 3G2 is formed 

from 3A1-3A6 by bonding two oxygen atoms. 3C1, 3C2, 3D1, and 3D2 are intermediates 

for the formation of CO and CO2 gases, whereas 3G1 and 3G2 are intermediates for 

desorption of O2 gas. 

 

(a)               (b)               (c) 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-24 Three types of intermediates originating from three oxygen atoms on C60. 

(a) C-O-C-O-C-O-C groups (3C1 and 3C2). (b) Combinations of a lactone group and a 

ketone group (3D1 and 3D2). (c) Combinations of a C-O-O-C group and either one 

epoxide or one unzipped epoxide (3G1 and 3G2). Energies (kJ mol
-1

) written under each 

structure were energies relative to the energy of 3A1. (Carbon: Gray spheres. Oxygen: 

Red spheres.) 

 

 

The relative energies of 3C1 and 3D1 are 195.8 and 75.1 kJ mol
-1

 lower than 

those of 3C2 and 3D2, respectively (Fig. 3-24). It indicates that the possibility of 

existence of 3C1 and 3D1 is higher than that of 3C2 and 3D2, respectively. Because both 

3C1 and 3D1 are formed from 3A1 by migration of oxygen atoms and 3A1 is the most 
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stable structure among 3A1-3A6, only 3A1 was selected as an initial structure for the 

formation of a CO gas and a CO2 gas. The energy of 3G2 (a C-O-O-C group on 

hexagon-hexagon) is 101.4 kJ mol
-1

 lower than that of 3G1 (a C-O-O-C group on 

pentagon-hexagon) (Fig. 3-24), indicating that a C-O-O-C group tends to be introduced 

on hexagon-hexagon (3G2) rather than pentagon-hexagon (3G1). This tendency is 

similar to the case of two oxygen atoms on C60 because positions of C-O-O-C groups of 

3G1 and 3G2 are same as those of 2C1 and 2C2, respectively. Moreover, the apparent 

activation energies for desorption of an O2 gas via 2C1 and 2C2 are 421.9 and 412.3 kJ 

mol
-1

, respectively (Figs. 3-20 and 3-21). Thus, the possibility of the existence of 3G2 is 

higher than that of 3G1 for desorption of the O2 gas. Because 3G2 is formed from 3A6 

by bonding two oxygen atoms, only 3A6 was selected as an initial structure among three 

oxygen atoms on C60 (3A1-3A6) for desorption of the O2 gas. 

 

3.3.4.2 Formation of a CO gas and a CO2 gas  

R1 (Fig. 3-25a1 and b) is a route for the formation of the CO gas and the CO2 

gas via migration of two oxygen atoms toward one fixed oxygen atom (3A1 to 3C1). A 

combination of a lactone group and a ketone group (3D1) is formed from a 

C-O-C-O-C-O-C group (3C1). Pyrolysis of 3D1 (Fig. 3-25a1 and b) proceeds via R1-1 

and R1-2. R1-1 involves the formation of 2F and the CO gas, whereas R1-2 involves the 

formation of 1A and the CO2 gas.  

The structure 3A1 is gradually stabilized as migration proceeds (3A1 to 3D1 in 

Fig. 3-25a1 and b), indicating that migration from 3A1 to 3D1 is an exothermic reaction 

with the apparent activation energy of 222.6 kJ mol
-1

 (3A1 to 3D1 in Fig. 3-25b). The 

energy of 3D1 is 171.9 kJ mol
-1

 lower than that of 3A1, indicating that 3D1 is the most 

stable structure in R1. Pyrolysis of lactone groups (2D1 and 2D2) formed from two 

oxygen atoms on C60 (2A1 and 2A4) generates unstable carbene sites (Figs. 3-20 and 

3-21), whereas pyrolysis of a combination of a lactone group and a ketone group (3D1) 

formed from three oxygen atoms on C60 (3A1) does not generate a carbene site because 

of the existence of the ketone group in 3D1 (Figs. 3-24b and 3-25a1), indicating that the 

stability of 3D1 is attributed to the absence of the carbene site. 
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Figure 3-25 Proposed mechanisms and energy diagram for pyrolysis of three oxygen 

atoms on C60. (a) Proposed mechanisms for pyrolysis. (Carbon: Gray spheres. Oxygen: 

Red spheres.) (b) An energy diagram of R1-1 (black bold line), R1-2 (blue dotted line), 

R2-1 (red bold line), and R2-2 (red dotted line). Asterisks indicate the transition states 

with the highest energy on each route to determine the apparent activation energy. The 

energy of 3A1 was set as 0 kJ mol
-1

. 

 

 

The structure 3D1 is transformed into 3E1 and 3E2 (combinations of a lactone 

group and an ether group) via R1-1 and R1-2, respectively. The structural difference 

between 3E1 and 3E2 causes the difference of generated gases such as a CO gas and a 

CO2 gas, respectively. A carbon atom in the ether group bonded with C=O group in the 

lactone group, which is a C-O-C-(C=O)-O-C group (3E1), weakens the carbon-carbon 

bond between an ether group and a lactone group (C-O-C-(C=O)-O-C). The bonding 

accelerates the formation of a CO gas and a combination of an ether group and a ketone 

group (2F). The formation of 2F does not involve generation of a carbene site. On the 

other hand, a carbon atom in an ether group bonded with C-O-C in a lactone group, 

which is a C-O-C-O-C=O group (3E2), weakens the carbon-oxygen bond 

(C-O-C-O-C=O). This bonding accelerates the formation of a CO2 gas and 1A generates. 

The existence of the ether bonded with the lactone group (3E1 and 3E2) weakens the 

bond with sp
3
C such as C-O-C-C=O-O-C in 3E1 and C-O-C-O-C=O in 3E2. 

Although the relative energy of 1A + CO2 (22.2 kJ mol
-1

) (R1-2) is 57.6 kJ 

mol
-1

 higher than that of 2F + CO (-35.5 kJ mol
-1

) (R1-1) (Fig. 3-25b), R1-2 proceeds 

because the apparent activation energy of R1-2 from 3D1 to 1A (346.2 kJ mol
-1

 which is 

a difference between 3D1 and TS7) is lower than that of R1-1 from 3D1 to 2F (400.1 kJ 

mol
-1

 which is a difference between 3D1 and TS4). Especially, the activation energy 

from 3D1 to TS6 (342.8 kJ mol
-1

) is lower than that from 3D1 to TS3 (345.8 kJ mol
-1

), 

whereas the activation energy from 3D1 to TS4 (400.1 kJ mol
-1

) is higher than that from 

3D1 to TS3 (345.8 kJ mol
-1

). It indicates that 3E2 tends to form from 3D1 and the CO2 

gas tends to be generated more than the CO gas. 

 

3.3.4.3 Desorption of an O2 gas 

R2 (Fig. 3-25a2 and b) is a route for desorption of an O2 gas (1B) via the 

bonding of two oxygen atoms (3A6 to 3G2). Pyrolysis of 3G2 proceeds via two 

mechanisms (R2-1 and R2-2) (Fig. 3-25a2 and b). R2-1 is a mechanism via the bonding 
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of one oxygen atom with a C-O-O-C group by migration of the oxygen atom. R2-2 is a 

mechanism via desorption of an O2 gas from a C-O-O-C group which locates far from 

one oxygen atom.  

R2-2 preferably proceeds rather than R2-1 because the apparent activation 

energy of R2-2 (539.6 kJ mol
-1

 which is a difference between 3D1 and TS14) is lower 

than that of R2-1 (608.0 kJ mol
-1

 which is a difference between 3D1 and TS11). Here, 

3A6 can be formed from 3A1 by migration of oxygen atoms. That is the reason why the 

energy difference of 3D1 and either TS14 or TS11 was used to obtain the apparent 

activation energy. However, desorption of an O2 gas from three oxygen atoms on C60 is 

difficult to proceed because the apparent activation energy for desorption of the O2 gas 

is higher than those for the formation of a CO gas and a CO2 gas. Because the CO2 gas 

tends to form more than the CO gas as indicated in section 3.3.4.2, the CO2 gas tends to 

form more than the O2 gas and the CO gas by pyrolysis of three oxygen atoms on C60. 

 

3.3.5 Summary of the formation of gases from two and three oxygen atoms on C60 

Figure 3-26a and b shows summarized energy diagrams for pyrolysis of two 

(Figs. 3-20 and 3-21) and three (Fig. 3-25) oxygen atoms on C60, respectively. The 

formation of the CO gas, the CO2 gas, and the O2 gas from two oxygen atoms on C60 

endothermically proceeds (Fig. 3-26a). The CO gas tends to form more than the CO2 

gas and the O2 gas from two oxygen atoms on C60 because the apparent activation 

energy for the formation of the CO gas (Ea (CO) in Fig. 3-26a) is the lowest among the 

formation of the CO gas (Ea (CO) in Fig. 3-26a), the CO2 gas (Ea (CO2) in Fig. 3-26a), 

and the O2 gas (Ea (O2) in Fig. 3-26a). Three oxygen atoms on C60 are transformed into 

a combination of a lactone group and a ketone group (3D1 in Fig. 3-26b) and both the 

CO gas and the CO2 gas are formed. The apparent activation energy for the formation of 

the CO2 gas (Ea (CO2) in Fig. 3-26b) is lower than those for the formation of the CO gas 

(Ea (CO) in Fig. 3-26b) and the O2 gas (Ea (O2) in Fig. 3-26b). It indicates that the CO2 

gas tends to form more than the CO gas and the O2 gas from three oxygen atoms on C60.    
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(a)                                  (b) 

 

 

 

 

 

 

 

 

 

 

Figure 3-26 Summarized energy diagrams for pyrolysis of epoxidized C60. (a) 

Summary of Figs. 3-20 and 3-21 for the formation of a CO gas (solid line), a CO2 gas 

(dashed line), and an O2 gas (dotted line) gases from two oxygen atoms on C60. (b) 

Summary of Fig. 3-25 for the formation of a CO gas (solid line), a CO2 gas (dashed 

line), and an O2 gas (dotted line) from three oxygen atoms on C60. 

 

3.3.6 Comparison with our experimental results 

In this work, a CO gas tends to generate via the formation of a lactone group 

upon pyrolysis of two oxygen atoms on C60. A CO2 gas tends to generate via the 

formation of a combination of a lactone and a ketone group upon pyrolysis of three 

oxygen atoms on C60. An O2 gas is difficult to desorb from both two and three oxygen 

atoms on C60. 

These calculated results were supported by our following empirical results for 

pyrolysis of epoxidized C60 [150]. Two to three oxygen atoms on average were 

introduced on each C60 by epoxidation reaction in a solvent. The functional groups such 

as C=O and lactone groups were formed by heat treatment of epoxidized C60 at 523 K. 

At 673 K, lactone groups were decomposed into CO and CO2 gases. Moreover, O2, CO, 

and CO2 gases generated from pyrolyzing epoxidized C60 were analyzed by direct 

injection-mass spectrometry. As the coverage of oxygen atoms on C60 increased, the 

ratio of the CO2 gas to the CO gas increased, whereas the amount of the O2 gas did not 

change. The amount of the desorbed O2 gas was negligible. It means that the CO gas 

and the CO2 gas tend to form with low and high coverage of oxygen atoms, respectively. 

The tendency of empirical results [150] is well-matched with that of this calculated 

work. 
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Chapter 4 Conclusions 

 

4.1 Spectral change of simulated X-ray photoelectron spectroscopy from graphene 

to fullerene 

Introduction of pentagons in graphene influenced the peak shifts and FWHMs 

of calculated C1s spectra. The binding energy of the peak top of calculated C1s spectra 

originated from carbon atoms on pentagons was lower than that originating from carbon 

atoms on hexagons because of electron-withdrawing nature of the pentagons. 

Introduction of six or more pentagons shifted the peak top of simulated spectra of 

graphene to low binding energy and reached the lowest binding energy by introducing 

twelve pentagons (fullerene). The negative peak shifts of calculated C1s spectra related 

to the increment of the work function. The FWHM of C1s spectrum of graphene (1.25 

eV) increased up to 1.45 eV as the number of pentagons increased up to six because the 

number of different states of carbon-carbon bondings was maximized. The FWHM 

decreased down to 1.15 eV by introducing twelve pentagons (fullerene). These results 

indicate that the number and position of pentagons in graphene can be estimated by 

analyzing the FWHMs and the peak shifts of C1s spectra. 

 

4.2 Pyrolysis of epoxidized fullerenes analyzed by spectroscopies 

Unzipped epoxide, C=O, C-O-C-O-C, and lactone groups were introduced on 

C60 by epoxidation as determined by the combined analyses of XPS and DRIFT 

spectroscopies. After the epoxidized fullerenes were heated at 523 K, the amount of 

C=O and lactone groups further increased because of the migration of epoxides. The 

amount of lactone groups decreased more than that of C=O groups between 523 and 

673 K and the amount of decomposed the CO2 gas was more than that of decomposed 

the CO gas, which indicates that the CO2 gas can form easier than the CO gas from 

lactone groups by heat treatment. Mass analysis also indicated that the ratio of the CO2 

gas to the CO gas increased with increasing epoxidation time. Because of the migration 

of oxygen atoms in the form of lactone groups, either the CO2 gas or the CO gas were 

formed. Carbene sites were also generated by formations of CO and CO2 gases as 

confirmed by XPS and DRIFT spectra. The carbene site was stabilized by the presence 

of an adjacent oxygen atom as results of calculation.  

 

4.3 Oxygen migration and selective CO and CO2 formation from epoxidized 

fullerenes 
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Pyrolysis of epoxidized C60 involving the formation of a CO gas, a CO2 gas, 

and an O2 gas were studied using DFT calculation. It has been reported that migration of 

one oxygen atom on graphene requires the activation energy of 94.1 kJ mol
-1

. The 

activation energy for migration of one oxygen atom on C60 (210.1 ~ 218.2 kJ mol
-1

) is 

higher than that of graphene, but oxygen atoms on C60 can migrate, because oxygen 

atoms in the next-nearest neighbor configurations are energetically more favorable than 

isolated oxygen atoms, and the activation energy for migration of one oxygen atom 

toward other oxygen atoms is lower than that of the formation of CO gas from one 

isolated oxygen. 

The formation of a CO gas, a CO2 gas, and an O2 gas from two oxygen atoms 

on C60 endothermically proceeds. A lactone group formed from two oxygen atoms 

decomposes and the CO gas and the CO2 gas form. The combination of a vacancy 

defect and an ether group generated by the formation of the CO gas is energetically 

more favorable than a mono-vacancy defect generated by the formation of the CO2 gas 

because a carbene site in a combination of vacancy defect and an ether group is 

stabilized by the ether group. The CO gas tends to form more than the CO2 gas and the 

O2 gas from two oxygen atoms on C60 because the apparent activation energy for the 

formation of the CO gas is the lowest among the formation of the CO gas, the CO2 gas 

and the O2 gas.  

A combination of a lactone group and a ketone group formed from three 

oxygen atoms on C60 is transformed into a combination of a lactone group and an ether 

group. Decomposition of these functional groups generates both a CO gas and a CO2 

gas. The types of formed gas such as the CO gas and the CO2 gas depends on the 

position of the bonding of the ether group positioned next to the lactone group such as 

C-O-C-C=O-O-C and C-O-C-O-C=O, respectively. The apparent activation energy for 

the formation of the CO2 gas is lower than those for the formation of the CO gas and 

desorption of an O2 gas. It indicates that the CO2 gas tends to form more than the CO 

gas and the O2 gas from three oxygen atoms. 
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