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ABSTRACT

Pentagons in carbon materials have attracted attentions because of the potential

high chemical reactivity, band gap control, and electrochemical activity. How-

ever, it is challenging to prepare a carbon film with high pentagon density

because of the curvature and the high reactivity caused by the presence of

pentagons, and it is also challenging to estimate the percentage of pentagons in

carbon materials because of the limitation of current analytical techniques. In

this work, the percentage of pentagons in carbon materials was experimentally

estimated for the first time using experimental and calculated C1s X-ray pho-

toelectron spectroscopy and elemental analysis. Carbon films with 7% of pen-

tagons (40% of pentagons compared to the raw material) with electrical

resistivity of 1.1 9 104 X meter were prepared by heat treatment of corannulene

at 873 K. On the other hand, fluoranthene and fullerene remained as non-film

solid and powder without forming films at 873 K. Experimental and calculated

Raman and IR spectra revealed the peaks of different types of pentagons.

Decrement of pentagons in corannulene and fluoranthene heated at high tem-

peratures can be explained mainly by the scission of C=C bond in pentagons, as

suggested by the results of reactive molecular dynamics simulation (ReaxFF).
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GRAPHIC ABSTRACT

Introduction

Since the discovery of fullerene in 1985 [1] and the

observation of carbon nanotube in 1991 [2], pen-

tagons have attracted the greatest attention in the

field of carbon materials. Since the groundbreaking

research of graphene in 2004 [3, 4], researchers have

developed a new generation of carbon materials to

improve the performance of various applications by

introducing defects such as pentagons, heptagons

[5–7], zigzag and armchair edges [8–11], and func-

tional groups [12, 13]. For example, it has been

reported that carbon materials with pentagons and

zigzag edges have high reactivity [5, 11, 14, 15], high

activities for oxygen reduction reaction of fuel cell

[15], and can be utilized to adjust band gaps of gra-

phene nanoribbon [16]. It is also possible that the

introduction of those defects has effect on the other

applications and phenomena such as bioimaging and

electromagnetic interactions [17, 18]. The various

properties can be further enhanced significantly by

increasing the density of defects such as pentagons.

Graphene nanoribbons with controlled edges such

as zigzag and armchair edges have been synthesized

on metal substrates, which work as catalysts [8, 9].

Coexistence of heptagons or octagons with pentagons

such as Stone–Thrower–Wales defects (5-7-7-5 rings)

and grain boundaries [19, 20] flattens graphene in the

presence of pentagon. Thus, it is possible to synthe-

size graphene with the mixed defects in the form of a

flat sheet. However, the synthesis of carbon materials

with high pentagon density in the form of a film on a

metal substrate is still challenging because the intro-

duction of pentagons generates curvature in the

absence of other defects and the carbon films with

pentagons do not contact the metal substrate

parallelly.

Carbon materials with high pentagon density have

been studied for decades because of the increment of

the interest in the bottom-up synthesis of fullerene

[21, 22] and related fullerene-like carbon materials

[5, 23–25]. For example, polymerization of fullerene

has been reported, but either electron beam [23] or

high pressure [24, 25] was necessary for the poly-

merization. Also, carbon materials with high pen-

tagon density prepared by alkaline etching of

fullerene have been reported, but uncontrolled oxy-

gen-containing functional groups were introduced

during the etching [5]. Our recent studies aimed at

preparing carbon materials with zigzag and armchair

edges have also shown the presence of pentagons by

carbonizing polyaromatic compounds such as tetra-

cene. However, the percentage of pentagons in the

carbon materials has not been discussed [11] because

of the difficulty to estimate the percentage.

Corannulene with one pentagon surrounded by 5

hexagons (Figs. 1a and 2ai) has recently become
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attractive as a raw material of nanocarbon materials

because of the unique structure and properties such

as electron accepting capability and charge carrying

capability [26, 27] and possibility to store a large

amount of lithium between corannulene molecules

for lithium ion battery [28]. Corannulene trimer and

other related nanocarbon materials with pentagons

have been prepared by organic chemical synthesis

[26, 29, 30] and laser [31]. However, preparation of

carbon films with high pentagon density from

corannulene by heat treatment has not been reported

to the best of our knowledge.

Even if carbon materials with pentagons were

prepared, it is still challenging to analyze the

structures of carbon materials with pentagons quan-

titatively. For example, carbonization of aromatic

compounds with pentagons such as acenaphthylene

has been reported by several groups [32–34] and

summarized by Granda et al. [35] and Mochida et al.

[36]. In particular, Mochida et al. reported car-

bonization of various compounds with pentagons

such as acenaphthylene, acenaphthene, decacyclene,

truxene, fluorene, and fluoranthene with/without

aluminum chloride at 723 and 873 K on substrates,

and observed under optical microscope, but the

detailed reaction steps were not explained except for

acenaphthylene [36]. In the proposed reaction steps,

pentagons were completely removed at 753 K and

Figure 1 Structure of

corannulene and possible

structures of carbonized

corannulene. a Corannulene.

b Dehydrogenated

corannulene. c Carbonized

corannulene.

Figure 2 Structures of raw

materials (a) and a preparation

method of this work in an

ampoule (b). ai Corannulene.

aii Fluoranthene. aiii

Fullerene. aiv Coronene.

b Preparation method. Quartz

plates were placed in ampoules

to prepare carbonized films.

White sphere: hydrogen atom.

Gray sphere: carbon atom.
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turned into hexagons. In addition, carbon films were

partially coated on substrates. Unlike acenaph-

thylene, whose pentagon is surrounded by only two

hexagons, pentagons in corannulene and fluoran-

thene used in this work are surrounded by more than

three hexagons. Because of the absence of reactive

pentagonal C-H in corannulene and fluoranthene, the

reaction steps of corannulene and fluoranthene

compared to that of acenaphthylene are completely

different. In the paper, three kinds of reaction routes

were proposed for carbonization of acenaphthylene,

in addition to the disappearance of the pentagon at

613–753 K.

Aberration-corrected transmission electron micro-

scope (TEM) [20] can be used for observation of

reaction steps inside carbon nanotube [37]. However,

the aberration-corrected TEM can be utilized to

observe only limited area and it is not suitable for

carbon materials with more than three layers of gra-

phene-like structures. Nuclear magnetic resonance

and neutron diffraction are possible techniques to

estimate the pentagon [38–40], but a large amount of

gram-scale samples is necessary. Raman spec-

troscopy is generally utilized to confirm the presence

of pentagons in carbon materials because it requires

small amount of sample, but the percentage of pen-

tagons cannot be estimated clearly. Our group has

recently developed a quantitative analytical method

to estimate the percentage of pentagons in graphene

[41] in addition to qualitative analytical methods of

oxygen- [14, 42, 43], nitrogen- [10, 44, 45], sp3C-, and

sp2C- [46], zigzag edge-, and armchair edge-con-

taining [47] and metal ion-coordinated [48] carbon

materials by X-ray photoelectron spectroscopy (XPS)

with the aid of density functional theory (DFT)

calculation.

Understanding carbonization mechanisms is also

essential to clarify the reason for the remained high

pentagon density in carbonized films. Utilization of

molecular dynamics (MD) simulation with reactive

force field (ReaxFF) has been recently utilized to

estimate the carbonization and related reaction

mechanisms by several researchers [49, 50] including

our group [10, 11, 51]. ReaxFF can estimate the car-

bonization mechanisms computationally, but the

experimental approaches to reveal the mechanisms

are also necessary. Infrared (IR) spectroscopy has

been known to be one of the powerful tools to

determine the edge structures of carbon materials

(Fig. 3) [10, 11, 51, 52], in addition to the

conventionally utilized Raman spectroscopy

[11, 53–56]. In particular, assignments of IR spectra

for aromatic compounds and carbon materials with/

without pentagons by comparing experimental and

calculated spectra are shown in our previous work

[40]. It is expected that carbonization steps of carbon

materials with high pentagon density can also be

verified using these techniques.

In this work, carbon films with high pentagon

density were prepared by heat treatment in ampoules

(Fig. 2b), and the reasons for the presence of high

pentagon density in carbon films were revealed by

comparing carbonization mechanisms of four raw

materials such as corannulene with one pentagon and

C-H groups (Fig. 2ai), fluoranthene with one pen-

tagon and C–H groups (Fig. 2aii), and fullerene with

one pentagon and no C–H group (Fig. 2aiii), and

coronene without pentagons and with C–H groups

(Fig. 2aiv). To verify the presence of pentagons in

carbon materials and the plausible carbonized struc-

tures, experimental analyses and DFT calculation of

IR spectroscopy, Raman spectroscopy, and ReaxFF

were conducted. Experimental and calculated XPS

analyses with the aid of experimental elemental

analysis were also conducted to estimate the per-

centage of pentagons in carbonized films. In addition,

the carbonization reactivities of four raw materials

were compared and the reason for the difference in

reactivity of four raw materials was discussed from

the aspect of orbitals, formation energies of radicals,

and bond length.

Experimental and simulation

Preparation

Corannulene (purity[ 97.0%, melting point 542 K),

fluoranthene (purity[ 98.0%, melting point

381–385 K), and coronene (purity[ 95.0%, melting

point 713 K) were purchased from Tokyo Chemical

Industry Co., Ltd., Japan, and fullerene (purity: not

available) was purchased from Kanto Chemical Co.,

Inc., Japan (Fig. 2a). These compounds were used

without further purification. One of raw materials

(20 mg) was packed together with quartz plates

[6 9 6 9 1 (mm)3 and 20 9 5 9 1 (mm)3] in an

ampoule and heated in vacuum for 1 h at tempera-

tures between 773 and 1273 K depending on the

carbonization temperatures of each raw material

J Mater Sci (2021) 56:2912–2943 2915



(Fig. 2b). Carbonization temperatures in this work

mean that the carbon-rich materials were formed by

heat treatment [57]. The quartz plates were used as

substrates to obtain flat films for measuring XPS

spectra and electrical resistivity. The heat-treated

sample was further heated under reduced pressure at

a temperature higher than the melting point of the

corresponding raw material by 50 K to remove any

remaining unreacted raw material in the sample.

Characterization

Samples were analyzed by Raman spectroscopy

(NRS-4500 JASCO Corp., excitation laser wavelength;

532 nm for raw materials and 785 nm for carbonized

samples), diffuse reflectance infrared Fourier trans-

form (DRIFT) spectroscopy (FT-IR-4200, JASCO

Corp., detector of MCT_M, resolution of 4 cm-1,

cumulated number of 32 times), elemental analysis

(CE-440F, Exeter Analytical, Inc.), and XPS using

MgKa (X-ray Gun: emission 10 mA, anode 10 kV.

Photon energy: 1253.6 eV. Analyzer: hybrid lens, pass

energy 40 eV. Neutralization condition: filament

current of 1.75 A, and charge balance of 3.0 V, fila-

ment bias of 1.0 V. Axis Ultra Dld, Shimadzu Corp.).

Neutralization was conducted in this work because of

the use of raw materials and quartz plates as sub-

strates with low electrical conductivity. For C1s XPS

spectra, samples were coated on quartz plates by

vaporizing the raw materials in quartz ampoules

upon heat treatment except for as-received corannu-

lene and coronene (Fig. 2b). Background subtraction

of C1s XPS spectra was performed using the Shirley

method. Intensities of experimental C1s XPS spectra

were normalized to 1 for comparison. The peak

positions of C=C in experimental C1s spectra were

adjusted to 284.3 eV [42–44] with the aid of results of

calculated C1s XPS spectra and experimental ele-

mental analyses conducted by combustion analysis.

The detailed analytical method combining ele-

mental analysis and C1s XPS spectra is as follows.

First, the calculated C1s XPS peak positions of C=C

and C–H were applied to the experimental ones and

the experimental peak positions were fixed. The

atomic percentages of C and H obtained from

experimental elemental analyses were applied to the

peak area of C=C and C–H in experimental C1s XPS

spectra. In this approach, one carbon atom in C=C

was counted as one carbon atom and one carbon

atom in C–H was counted as one carbon atom and

one hydrogen. The results of experimental elemental

analyses were used to analyze the percentages of C–

H and C=C in experimental C1s XPS spectra because

of the high accuracy of the atomic percentage of

experimental elemental analyses for carbon and

hydrogen. This is because the experimental C1s XPS

spectra have close binding energy peak positions

between C–H and C=C, and the percentages of C–H

and C=C cannot be determined directly from the C

and H atomic percentages [41–46]. C=C can be fur-

ther divided into C=C in pentagons and that in

hexagons. The percentages of C=C in pentagons and

hexagons can be estimated by fixing the experimental

Figure 3 Definitions of edge

structures of carbon materials

assigned using IR spectra by

our group [52].
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peak positions of C=C in pentagons and hexagons

using the calculated ones.

Experimental IR, Raman, and XPS spectra of raw

materials and carbonized samples were compared to

the calculated spectra of raw materials and plausible

carbonized structures as explained later. Surface

morphology of carbon films and thickness of the

cross section were observed under SEM (JEOL-6510,

Jeol Ltd.) in order to understand the results of elec-

trical resistivity. Electric current was analyzed to

obtain electrical resistivity by Digital Multimeter

(GWINSTEK GDM-8261A, Texio Technology Corp.)

by applying voltage from 0–650 V using regulated

DC power supply (TP0650-01D, Takasago, Ltd.). The

two-probe method was used because the electrical

resistivity was high enough and the contact resistiv-

ity was negligible. The method was also used

because samples tend to contain cracks, as shown in

the SEM images later, due to the shrinkage of sam-

ples upon carbonization on quartz plates and the

two-probe method can avoid inclusion of cracks in

the data of electrical resistivity measurement.

Calculation

Simulation of Raman, IR, and XPS spectra

In a similar way to our previously reported papers

regarding Raman and IR [10, 11, 14, 45, 47, 48, 51, 52]

and XPS [14, 41–46], Raman, IR, and XPS spectra of

raw materials and plausible carbonized structures

were simulated using Gaussian 09 [58]. The modeled

structures were optimized and those IR and Raman

spectra were simulated using either B3LYP/sto-3 g

or B3LYP/b3lyp freq = Raman integral = grid = ul-

trafine. Scaling factors of B3LYP/6-31 g(d) to simu-

late IR and Raman spectra of small molecules were

obtained from our previous work by comparing

experimental and calculated spectra [11]. Scaling

factors of B3LYP/sto3g to simulate IR and Raman

spectra of large molecules were 0.892, which is a

generally reported value [59]. Calculated peak posi-

tions were further shifted to adjust calculated posi-

tions to experimental ones. These scaling factors and

shifts are summarized in Table S1 in Supplementary

Materials. C1s XPS spectra were simulated using

B3LYP/6-31 g(d) integral = grid = ultrafine pop =

full gfprint. Orbital energies were obtained and the

number of orbitals was plotted against orbital ener-

gies. The orbital energies were used as binding

energies of the calculated XPS spectra after applying

the following scaling factors. As described in our

previous studies [42, 43], scaling factors (The first

scaling factor: 1.024 = 284.3/277.6. The third scaling

factor: 1.35) were applied to adjust the peak positions

of calculated XPS spectra to those of experimental

XPS spectra. In addition, asymmetric Voigt-type

function was applied to obtain spectra with full

width at half maximum (FWHM) [41–46]. The mini-

mum FWHM of the calculated C1s XPS spectra was

obtained from the experimental XPS spectrum of

graphite [42]. Applying experimental FWHM of the

XPS spectrum of graphite to the calculated FWHMs

of XPS spectra facilitates the discussions of spectral

shape. Charge and spin multiplicity were set to 0 and

1, respectively. More detailed conditions for simu-

lating IR and Raman spectra are shown in Table S1.

Calculation of formation energy, Mulliken charge, bond

distance, natural bond orbital (NBO) analysis, molecular

orbital, orbital energy, and band gap

Modeled structures were optimized, and formation

energy, Mulliken charge, and bond distances were

calculated using opt integral = grid = ultrafine

B3LYP/6-31 g(d) in Gaussian 09 [58]. Formation

energies of radicals were obtained from the differ-

ence between the energies before and after the for-

mation of two radicals such as the radical of

polycyclic aromatic hydrocarbon (PAH) and the

radical of hydrogen using the following equation

(Eq. 1).

EFormation ¼ EPAHradical þ EHradicalð Þ � EPAH ð1Þ

where EFormation is the total electron energy of the

formation for the PAH radical and the hydrogen

radical, EPAH radical is the total electron energy of PAH

with one radical after removal of one hydrogen rad-

ical, EH radical is the total electron energy of one

hydrogen radical, and EPAH is the total electron

energy of the PAH. Charge and spin multiplicity for

calculating one molecule with one radical were set as

0 and 2, respectively. NBO calculation was conducted

under the same conditions using pop = nboread after

optimizing the structures. All of molecular orbitals,

orbital energies of the highest occupied molecular

orbital (HOMO) and next HOMO (NHOMO), and

band gaps between HOMO and the lowest unoccu-

pied molecular orbital (LUMO) were calculated

at the same conditions using B3LYP/6-31 g(d)
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integral = grid = ultrafine pop = full gfprint after

optimizing structures.

MD simulation with reactive force field

100 Molecules of corannulene, fluoranthene, and

coronene and 35 molecules of fullerene were ran-

domly positioned in a space with 3.5 9 3.5 9 3.5

(nm)3 using a builder function in ReaxFF (software

name: ADF package released in 2016). Using ReaxFF

(Force field containing London dispersion correction

terms: ‘‘dispersion/CHONSSi-lg.ff’’ [60], Method:

Velocity Verlet ? Berendsen, Distance between

molecules: 2.5 Angstrom), these compounds were

heated from 0 to 3000 K at a heating rate of 10 K per

each time step (0.1 fs).

Results and discussion

Appearance and elemental analysis of heat-
treated compounds

Table 1 shows the changes in appearance and com-

positions of corannulene, fluoranthene, fullerene, and

coronene after heat treatment. The appearance of

corannulene changed from a yellow powder (com-

position: C20H10) to a black solid at 773 K (C20H8.1).

At 823 K (C20H7.2) or higher, black films were formed

on the wall of ampoules. Similarly, fluoranthene

(C16H10) and coronene (C20H12) also changed their

color into brown at 873 and 823 K and then black

films were formed on the wall of ampoules at 903 K

(C16H7.3) and 923 K (C20H7.2), respectively. The car-

bonized temperature [57] of corannulene was the

lowest (823 K) among those of four raw materials

because dehydrogenation proceeded at the lowest

temperature. In addition, the change of appearance

from yellow powder to black film was also observed.

By comparing at similar degree of dehydrogenation

for each sample, i.e., C20H7.2 (corannulene at 873 K),

C16H7.3 (fluoranthene at 903 K), and C20H7.2 (cor-

onene at 923 K), the temperature of corannulene was

the lowest. The reason for the low dehydrogenation

temperature of corannulene is explained later. The

correlation between the loss of hydrogen and the

change in color of heat-treated aromatic compounds,

such as tetracene [11, 52], chrysene [11, 52], coronene

[52], aromatic compounds with ethynyl and vinyl

groups [10], and those with heteroatoms [10, 45] and

one pentagon [45], has been reported by our group as

mainly because of the extension of conjugated sys-

tems by dehydrogenation. Carbonization of aromatic

compounds containing only sp2C such as tetracene,

chrysene, and coronene basically proceeds by dehy-

drogenation reaction with or without going through

the formation of sp3C [11, 52]. It has been reported

that the extension of the conjugated system, which

correlates with low C–H in carbon materials, is

associated with the low band gaps and shift the peak

position to higher wavelength of ultraviolet–visible

absorption spectra [61]. The correlation of extension

of conjugated systems and low C–H in carbon

materials will be explained later from the point of

view of band gap and electrical resistivity in this

work.

Fluoranthene and coronene were carbonized at 903

and 923 K, respectively. On the other hand, the

appearance of fullerene has remained as black pow-

der even after the heat treatment at 1173 K because of

the absence of C–H bonding in fullerene and the

stable symmetric spherical structure of fullerene. It

has been reported that the polymerization reaction of

fullerene requires either electron beam [23] or high

pressure [24, 25]. Also, coalescence of two carbon

nanotubes into one carbon nanotube requires 1073 K

in addition to the energy of electron beam [62]. In

addition, coalescence of fullerene requires tempera-

tures higher than 1073 K [63]. Thus, the presence of

C–H is indispensable for carbonizing raw materials at

923 K or lower.

Bond length, molecular orbitals, total
electron energy, and formation energy
of radicals.

The reason for the high reactivity of corannulene

among all the raw materials can be explained by the

presence of C–H groups, C=C bond length (Fig. 4a),

and molecular orbitals (Fig. 4b) combined with the

concept of Clar’s rule [64, 65], rather than Mulliken

charge and hybridization calculated by NBO analysis

(Figures S1 and S2). The C=C bond length between

one carbon atom at the DUO position and one carbon

atom at the valley position of coronene was

0.1424 nm (Fig. 4a4), which is close to the bond

length of C=C in graphite (0.142 nm) [66]. The C=C

bond length of one carbon atom at the TRIO position

and one carbon atom at the valley position of fluo-

ranthene was also 0.1424 nm (Fig. 4a2). On the other
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hand, the C=C bond length between the carbon atom

at the DUO position and the other carbon atom at the

valley position of corannulene was 0.1448 nm

(Fig. 4a1), which is much longer than the bond length

of C=C in graphite. The long C=C bond in corannu-

lene is related to the loss of conjugated systems

between the carbon atom at the DUO position and the

carbon atom at the valley position. The loss of con-

jugated systems at DUO positions of corannulene

(Fig. 4b1) relates to the high reactivity according to

the Clar’s rule [64, 65], whereas the loss of conjugated

systems at DUO positions of coronene was not

observed (Fig. 4b4). Conjugated systems were not

maintained in case of fluoranthene in a similar

manner as corannulene, but the bond length of C=C

at DUO positions of corannulene was longer than

that of fluoranthene. The order of reactivities was

estimated computationally by Martin et al. [67], and

Table 1 Appearance and composition of heat-treated corannulene, fluoranthene, coronene, and fullerene

Sample name Temperature/ K

Composition

 analyzed 

by

elemental 

analysis

Appearance
b

Corannulene

As received C20H10

Yellow 

powder

773 C20H8.1 Black solid

823 C20H7.6 Black film

873 C20H7.2 Black film

Fluoranthene

As received C16H10

White 

powder

873 -
a

Brown solid

903 C16H7.3 Black film

923 C16H7.1 Black film

Coronene

As received C24H12

Yellow 

powder

823 -
a

Brown solid

873 -
a

Black solid

923 C24H7.2 Black film

Fullerene

As received C60

Black 

powder

1073 C60

Black 

powder

1173 C60

Black 

powder

aThese values could not be obtained because samples attached well to ampoules
bBrown/black solid indicates that raw materials in the form of powder were fused together and either brown/black powder or agglomerated

materials were formed. On the other hand, black film indicates that film-like carbon materials were coated inside the wall of ampoules
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corannulene was estimated to show higher reactivity

than coronene from the point of view of ionization

potential and also the Clar’s rule because corannu-

lene shows the lower aromaticity than coronene.

According to Martin et al. [67], the reactivity can be

further enhanced by introducing pentagons on edges,

such as acenaphthylene, rather than pentagons con-

fined in the basal plane, but those pentagons on

edges possibly form decacyclene-like structures

rather than corannulene-like structures after car-

bonization according to the summary by Mochida

et al. [36]. Fullerene, on the other hand, did not show

high reactivity during carbonization. This is because

of the difficulty to form carbon radicals by scission of

the C=C bond. By calculation, optimization of struc-

tures of fullerene with cleaved C=C bonding with

two radicals was conducted, but the cleaved C=C

bond was healed during the optimization, and C=C

bond was formed. Thus, the scission of the C=C bond

in fullerene hardly occurred because the cleaved C=C

bond rejoined in the presence of the ball-like

stable structure.

The structural stability of corannulene with cur-

vature was further investigated. Two types of struc-

tures of corannulene with and without curvature

could be obtained after optimization of corannulene.

The energy after optimization of corannulene with

curvature was 0.38 eV lower than that without

HOMO(65) NHOMO(64) HOMO (53) NHOMO(52)
-5.944 -5.945 -5.771              -5.907 eV

(a1) (a2)

(a3) (a4)

(b1) (b2)

(b3) (b4)

HOMO(180) NHOMO (179) HOMO(78) NHOMO(77)
-5.986 -5.986 -5.451             -5.451 eV

Figure 4 Bond length of C–C

and molecular orbital of raw

materials. a Bond length.

b Molecular orbital. (1)

Corannulene. (2)

Fluoranthene. (3) Fullerene.

(4) Coronene. HOMO,

Highest Occupied Molecular

Orbital. NHOMO, Next

Highest Occupied Molecular

Orbital. The numbers in

parentheses mean the number

of each orbital.
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curvature in terms of total electron energy. As shown

later, as the molecular weight of dehydrogenated

corannulene increased, the removal of the curvature

from dehydrogenated corannulene became difficult

because pentagons are stable with curvature [41]

unlike mixed defects of pentagons and heptagons

without curvature such as grain boundary and Stone-

Thrower-Wales defects [42].

From the viewpoint of energies required for the

formation of the PAH radical and the hydroxy radi-

cal, the formation energy of the corannulene radical

was the lowest (5.063 eV in Fig. 5) among all the

formation energies of PAH radicals of raw materials.

The lowest formation energy of the fluoranthene

radical (5.085 eV) was smaller than that of coronene

radical (5.102 eV), whereas the highest formation

energy of the fluoranthene radical (5.113 eV) excee-

ded that of the coronene radical. The order of the

formation energies or radicals supports the results of

the lowest carbonization temperature of corannulene

and the similar carbonization temperature of fluo-

ranthene and coronene. However, the formation

energies of radicals were close to each other and the

reactivity during carbonization cannot be explained

only by the formation energies. Thus, the high reac-

tivity of corannulene compared to other raw materi-

als originates from the presence of reactive C–H in

corannulene, which can be easily radicalized, from

the viewpoint of the formation energy and the loss of

conjugated states according to Clar’s rule.

MD simulation

Figure 6 shows reaction routes of (a) corannulene,

(b) fluoranthene, (c) coronene, and (d) fullerene

observed after being heated at a constant temperature

of 3000 K in ReaxFF simulation. 3000 K was used

because the reaction did not proceed at 2000 K or

lower within a week of calculation and our previous

studies showed the validity of calculation at 3000 K

[11, 51]. Nest-like structures at the top of each fig-

ure (Fig. 6a–d) show randomly arranged molecules

before heat treatment. Structures of corannulenes

heated for 70 ps are shown at the bottom of Fig. 6a.

At 54% conversion of corannulenes, meaning that

54% of corannulene changed into other structures,

24% of corannulenes among reacted corannulenes

was dehydrogenated and up to four corannulene

molecules were integrated into one molecule, and

19% was partially pyrolyzed, and formed

benzo(ghi)fluoranthene-like structures. The pyrolysis

was caused because of the scission of C=C bond by

the energy of heat and also hydrogenation. Also, 53%

of corannulene became radicalized corannulene,

which can easily bond with other radicalized coran-

nulene, and 4% of corannulene became hydrogenated

corannulene, which can cause the loss of pentagons

in carbon materials. Comparing the conversions of

four raw materials (Fig. 6a–d), the conversion of

corannulene was the highest after heat treatment for

70 ps, which can also explain the experimental results

of the lowest dehydrogenation temperature of

corannulene from elemental analysis (Table 1).

Heat treatment of corannulenes was further con-

tinued at a constant temperature of 3000 K until the

conversion reached 100% (Fig. 6a). At 100% conver-

sion (400 ps), most of the corannulenes were poly-

merized into larger chain molecules. Compared to

fluoranthene heated for 400 ps, corannulene heated

for 400 ps was polymerized significantly. This is

because the formation of both benzo(ghi)fluoran-

thene-like structures and fluoranthene-like structures

(Structures III and IV in Fig. 6a) accompanied with

the formation of the reactive non-cyclic chain, such as

ethynyl- and vinyl-like groups and acetylene chains,

by the scission of C=C of hexagons in corannulene.

The reactive groups accelerated the polymerization.

The high reactivities of ethynyl groups, vinyl groups,

and acetylene chains have been explained in previous

studies [10, 48]. It has been reported that embedded-

pentagons migrate to the edge by isomerization

during either carbonization or the scission of C=C in

pentagons proceeds [68–70]. Such pentagonal edges

[67] have high reactivity as mentioned earlier. Similar

results of embedded-ring migration of pentagons

(Structure I in Fig. 6a) were also observed in our

results of ReaxFF, although only a few structures

were observed. Scissions of C=C bond of hexagons

proceeded mainly as one of pyrolysis routes during

400 ps of heat treatment, and after the scission of

hexagons, scissions of C=C bond of pentagons further

proceeded (Structure II in Fig. 6a). Thus, these two

factors such as embedded-ring migration and the

scission of C=C could be the causes for pentagons to

be removed upon carbonization as observed in the

experimental results of Raman and XPS spectra,

which will be explained later.

Carbonization reactions of fluoranthene were also

simulated (Fig. 6b) under the same conditions as that

of corannulene (Fig. 6a). The selectivity to
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dehydrogenated structures of fluoranthene (20%)

was close to those of corannulene (24%). At 50%

conversion (70 ps), 73% of fluoranthene became rad-

icalized fluoranthene monomers. One out of three

benzene rings surrounding one pentagon was bro-

ken, causing pyrolysis of 7% of fluoranthene. Once

one of hexagonal rings is broken, pentagons should

be more susceptible to react, implying that the

pentagon in corannulene is more stable than that in

fluoranthene. In a similar way to the pentagon in

corannulene, the pentagon in fluoranthene was also

removed by heat treatment in ReaxFF mainly because

of the scission of C=C (Structure I in Fig. 6b),

although most pentagons remained even after 400 ps

of heat treatment. It is because the conversion of

fluoranthene (88%) was lower than that of

(a) 

(b)

(c)

Figure 5 Formation energies

of radicals. a Corannulene

radical. b Fluoranthene

radical. c Coronene radical.

The numbers in parenthesis

indicate the formation energies

of radicals. The formation

energies were calculated using

Eq. 1 in experimental

section. White sphere:

Hydrogen atom. Gray sphere:

Carbon atom.
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corannulene at 400 ps of heat treatment (100%) and

also because the number of reactive non-cyclic chains

formed from one molecule of corannulene is more

than that of fluoranthene.

Reaction routes of coronene and fullerene are

shown in Fig. 6c, d, respectively. These raw materials

showed almost 0% of pyrolyzed molecules, implying

that the low reactivity and the high thermal stability

of both coronene with hexagons and hydrogen and

fullerene with pentagons without hydrogen as shown

in Table 1. At 70 ps of the simulation, 46% of cor-

onene monomers reacted, and radicalized coronene

molecules and dehydrogenated coronene dimers

formed, while only 11% of fullerenes reacted, indi-

cating that the reactivity of fullerene was the lowest

among the raw materials. The formation of dimerized

coronene upon heat treatment has been confirmed

experimentally by our group [52] and another group

[71]. The formation of dimer and trimer of fullerene

has been reported [72, 73] in addition to the direct

observation of dimerization inside carbon nanotube

by transmission electron microscopy from other

groups [74]. The results of ReaxFF of coronene

obtained in this work also showed dimer structures

with either hexagons or pentagons (Fig. 6c-2). Thus,

calculated structures of dimerized coronene, further

carbonized coronene, and fullerene dimers in this

work are possible structures and the validity of cal-

culated results could be confirmed. The further vali-

dations by comparing experimental spectra with

calculated ones are explained in the following

section.

DRIFT spectra

Experimental DRIFT spectra and calculated IR spec-

tra of four raw materials and their carbonized sam-

ples (Figs. 7, 8, 9, 10) and the peak assignments

obtained by comparing experimental and calculated

spectra are shown in Table 2. Cora1 is a raw material

(d) 

C C

CC

CC

C

C

Figure 6 continued.
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of corannulene. Cora2 is a dehydrogenated trimer of

corannulene. Cora3–6 are further dehydrogenated

trimer and hexamer of coronene by forming

hexagonal rings among the raw materials. Similarly,

structures of fluoranthene (Fluo1), dehydrogenated

fluoranthene (Fluo2–12), fullerene (Full1), fullerene

dimer (Full2), coronene (Coro1), and dehydrogenated

coronene (Coro2–8) were also constructed.

Calculated spectra of corannulene (Cora1), dehy-

drogenated corannulene (Cora2), and the further

dehydrogenated corannulene (Cora3–6) and experi-

mental spectra of as-received and carbonized coran-

nulene showed the vibrational peaks of DUO in the

range between 827 and 838 cm-1 (Fig. 7). In addition,

SOLO (armchair-like) peaks also appeared at

873 cm-1 in the spectra of corannulene heated at

823 K or higher. These peaks were also observed in

the calculated spectra of Cora2–6. Thus, structures

similar to these structures are possibly present in

experimentally carbonized corannulene. A broad

peak was observed in the experimental spectra of

carbonized corannulene at ca. 1422 cm-1. The peak

was confirmed to be a vibrational peak of C=C in

pentagons after the formation of C=C bonds by

dehydrogenation of two corannulene as results of the

calculated spectra (Cora2–6). These broad peaks

originate from C=C and C–H stretch in the presence

of multiple bonding states. Peaks of quadrant C=C

stretch of hexagonal rings also appeared at 1588 cm-1

in the spectra of carbonized corannulenes.

The experimental spectrum of as-received fluo-

ranthene shows only QUATRO and TRIO in the

range between 751 and 827 cm-1, as confirmed by the

comparison with calculated spectrum of fluoranthene

(Fluo1) (Fig. 8). At 873 K or higher, SOLO appeared

at 871–877 cm-1, and the experimental intensities of

especially TRIO relative to that of SOLO reduced,

showing that C–H at TRIO of the fluoranthene

molecules dehydrogenated and C=C bonds formed

upon carbonization as confirmed by the comparison

with calculated spectra of plausible structures of

dehydrogenated fluoranthene. The experimental

peak intensity of QUATRO relative to other peak

intensities also slightly decreased, but the relative

intensity of QUATRO remained high compared to

those of TRIO, implying that C–H at TRIO reacted

more than that at QUATRO. The low symmetry of

fluoranthene allows for various reaction routes and

clarification of carbonization steps is not straight

forward. However, from the experimental IR spectra

compared to calculated IR spectra, the mainly reacted

positions could be estimated. The presence of pen-

tagons was confirmed at 1455 cm-1 for as-received

Figure 7 Calculated and experimental DRIFT spectra of as-

received corannulene and corannulene heated at different

temperatures. Multiplied numbers shown at the right side of

experimental spectra are the numbers that multiplied to adjust the

maximum intensity to be 1. Vibrations shown at the top of this

figure are examples of vibrations. Other similar vibrations at

different directions were also observed.
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and carbonized fluoranthene. In addition, a peak

derived from the quadrant stretching vibration of

C=C in hexagonal rings of the polymerized fluoran-

thene was clearly observed at 1612 cm-1 in car-

bonized fluoranthene. The presence of various

structures of carbonized fluoranthene is possible

because of the broad FWHM of experimental peaks

compared to the calculated ones, but especially the

calculated spectra of Fluo9 and Fluo12 were close to

the experimental spectra of carbonized fluoranthene

among calculated spectra.

The experimental spectra of as-received fullerene

and fullerene heated at 1173 K showed strong peaks

at 1182 and 1428 cm-1 because of the presence of

pentagons (Fig. 9), which relate to the T1u symmetry

[75]. At 1173 K, fullerene was either dimerized or

polymerized to a certain extent, which can be

explained by the decrement of peak intensities rela-

ted to pentagons at 1182 and 1428 cm-1, and the

increment of the relative peak intensity at 1583 cm-1,

which originates from quadrant stretching vibration

of C=C in hexagonal rings. The experimental spectra

of as-received fullerene and fullerene heated at

Figure 8 Calculated and experimental DRIFT spectra of as-received

fluoranthene and fluoranthene heated at different temperatures.

Multiplied numbers shown at the right side of experimental spectra

are thenumbers thatmultiplied to adjust themaximum intensity to be1.

Vibrations shown at the top of this figure are examples of vibrations.

Other similar vibrations at different directions were also observed.

Figure 9 Calculated and experimental DRIFT spectra of as-

received fullerene and fullerene heated at different temperatures.

Multiplied numbers shown at the left side of experimental spectra

are the numbers that multiplied to adjust the maximum intensity to

be 1. Vibrations shown at the top of this figure are examples of

vibrations. Other similar vibrations at different directions were

also observed.
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1173 K were close to those of calculated spectra of

fullerene (Full1) and fullerenes bonded together

(Full2). However, fullerene did not form a film even

at 1173 K (Table 1), because of the low reactivity.

Experimental IR spectrum of as-received coronene

showed no clear sign of the peak of pentagons

ranging from 1422 (for carbonized corannulene) to

1455 (for carbonized fluoranthene) cm-1 (Fig. 10), as

discussed in our previous work [52]. Hence, pen-

tagons were either absent or present at a low per-

centage in the carbonization of coronene. After

carbonization at 923 K, experimental peaks originat-

ing from DUO and SOLO of dehydrogenated cor-

onene (Coro2, 3, and 6) appeared at 838 and

875 cm-1. Thus, the structures similar to Coro2, 3,

and 6 are possibly present.

Raman spectra

Raman spectroscopy has been generally utilized to

analyze defects in carbon materials such as edges,

pentagon, heptagon, and functional groups. Peaks at

ca. 1580–1600 cm-1 are well known as a G band

derived from the C=C stretching vibration of hexag-

onal aromatic rings [53, 55, 56], whose C=C stretch

vibration is called as quadrant stretch [11]. In addi-

tion, G band influenced by defects, such as edges,

shifts peak positions higher at 1600–1650 cm-1,

which is also called as D0 band [54]. These vibration

modes of G and D0 bands are similar, and both

vibrations are categorized as quadrant stretch. The D

band, known as a disordered band, appears in the

presence of defects other than the basal plane with

hexagonal aromatic rings [11, 54].

Experimental and calculated Raman spectra of four

raw materials and their carbonized samples (Figs. 11,

12, 13, 14) in addition to their assignments of peaks

are shown in Table 3. Figure 11 shows the experi-

mental Raman spectra of as-received and heat-treated

corannulene and the calculated Raman spectra of

predicted structures of carbonized corannulene.

Experimental peaks of as-received corannulene

appeared at 1430 and 1627 cm-1, which originate

from the presence of pentagons and D0 band (quad-

rant stretch), respectively. After carbonization of

corannulene, the peak originated from pentagons at

1430 cm-1 shifted in the range between 1452 and

1462 cm-1, while D0 band at 1627 cm-1 shifted in the

range between 1592 and 1600 cm-1, and the peak

position became closer to G band. The peak shift from

1430 cm-1 (pentagon) to 1462 cm-1 is caused by the

formation of C=C coupling (Cora2) and the formation

Figure 10 Calculated and experimental DRIFT spectra of as-

received coronene and coronene heated at different temperatures.

Multiplied numbers shown at the right side of experimental

spectra are the numbers that multiplied to adjust the maximum

intensity to be 1. Vibrations shown at the top of this figure are

examples of vibrations. Other similar vibrations at different

directions were also observed.
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of new hexagons via the dehydrogenation between

corannulene molecules (Cora3-6). The lower peak

shift of D0 band is caused by the decrement of edges

by the dehydrogenation [11, 45]. After carbonization

at 823–873 K, new sharp peaks were observed at

1182–1183 and 1285–1287 cm-1 corresponding to C–

H bending and C=C breathing, respectively, indicat-

ing that dehydrogenation such as Cora3 without

decomposition of corannulene structures clearly

proceeded. These peak positions, including a part of

the peak derived from pentagons, are generally cat-

egorized as D band in Raman spectra of general

carbon materials. Although the calculated Raman

spectrum of the structure of Cora3 was the closest to

the experimental Raman spectra of corannulene at

873 K, it is possible that other structures with higher

molecular weight similar to Cora4-6 are mixed,

because the experimental peak positions of coran-

nulene at 923 and 943 K were quite different from

those at 823–873 K.

Experimental and calculated Raman spectra of as-

received and carbonized fluoranthene are shown in

Fig. 12. The experimental peaks of fluoranthene at

1413 and 1457 cm-1 originate from the presence of

pentagons. After carbonization at 873–923 K, the

experimental peaks at 1413 and 1457 cm-1 shifted to

1390–1392, 1432, and 1454–1459 cm-1. These peaks

were clearly observed in the calculated spectrum of

Fluo3, Fluo10, and Fluo12. Strong peaks at

1282–1285 cm-1 of carbonized fluoranthene are

derived from in-plane C–H bending on armchair

edges with C=C breathing and C=C stretching. C–H

groups on armchair edges can be formed by dehy-

drogenation at position 2 (Fluo4, Fluo8, and Fluo9)

and position 3 (Fluo2, Fluo3, Fluo6-8, and Fluo10-12)

(Figs. 1aii and 12). In a similar way to FWHMs of IR

spectra, those of calculated Raman spectra were

much larger, indicating that various structures

should be mixed due to the low symmetry compared

to other raw materials. Especially, the calculated

Raman spectra of Fluo3, Fluo9, and Fluo10–12 were

close to experimental spectra of carbonized fluoran-

thene. Calculated IR spectra of Fluo9 and Fluo12

were also close to the experimental IR spectra. Thus,

structures close to those structures (Fluo9 and Flu-

o12) are expected to form as results of Raman and IR

spectra.

Experimental and calculated Raman spectra of as-

received and heat-treated fullerene are shown in

Fig. 13. The Raman spectra of heat-treated fullerene

deposited on the inner wall of ampoules and heat-

treated powdery fullerene without deposition on the

inner wall at 1173 and 1093 K were separately ana-

lyzed. Experimental Raman spectra of as-received

and heat-treated fullerene showed strong peaks at

1471–1463 cm-1, which attribute to the vibration of

C=C influenced by the presence of pentagons. As

shown in Table 1, the appearance of fullerene

remained as black powder even after being heated at

1173 K. Thus, the peak positions of heat-treated

Table 2 Assignment of

experimental peak positions of

IR spectra estimated by

calculated IR spectra

Wavenumber/cm-1 Type of vibration

1621 D0-band like/Quadrant C=C stretch (Carbonized coronene)

1612 D0-band like/Quadrant C=C stretch (Carbonized fluoranthene)

1588 G-band like/Quadrant C=C stretch (Carbonized corannulene)

1583 G-band like/Quadrant C=C stretch (Polymerized fullerene)

1455 5,6 ring C=C stretch (Fluoranthene/Carbonized fluoranthene)

1428 Fullerene (T1u)

1422 5,6 ring C=C stretch (Corannulene/Carbonized corannulene)

1313 D-band like/Semicircle C=C stretch (Coronene/Carbonized coronene)

1182 Fullerene (T1u)

875 SOLO (Carbonized coronene)

873 SOLO (Carbonized corannulene)

871 SOLO (Carbonized fluoranthene)

838–849 DUO (Coronene/ Carbonized coronene)

827–838 DUO (Carbonized corannulene)

775–827 TRIO/DUO (Fluoranthene/Carbonized fluoranthene)

746–776 C=C in-plane bend (Corannulene/Carbonized corannulene)

751 QUATRO (Fluoranthene/Carbonized fluoranthene)
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fullerene at 1463–1466 cm-1 at 1073 and 1173 K were

slightly lower than that of as-received fullerene

(1471 cm-1), because of the presence of the reacted

fullerene (Full2 in Fig. 13). The sample deposited on

the inner wall at 1073 K showed low intensities of

peaks originated from the presence of pentagons at

1465 cm-1 and showed wide FWHM of D band at

1400 cm-1 (Fig. 13), implying that the percentage of

pentagons decreased.

Experimental Raman spectra of as-received cor-

onene and coronene heated at 873 and 923 K are

shown in Fig. 14. Calculated Raman spectra of cor-

onene and possible structures of heat-treated cor-

onene are also shown in Fig. 14. No peak related to

pentagons was observed in the range between 1392

(carbonized fluoranthene) and 1471 (fullerene) cm-1

in the experimental spectrum of as-received cor-

onene. Experimental peaks at 1351 and 1368 cm-1 of

as-received coronene shifted to 1325, 1349, and

1406 cm-1 after carbonizing coronene at 923 K. This

shift to 1325 cm-1 is associated with the formation of

graphene-like structure (Coro6), and the shift to

1349 cm-1 is associated with the formation of either

dehydrogenated structure (Coro2) or hexagons

(Coro3, 4, 7, and 8). The presence of the experimental

peak at 1406 cm-1 is possibly related to the presence

of pentagons (Coro5) because the formation of pen-

tagons between coronene molecules was observed by

heat treatment in ReaxFF (Fig. 6c2), but the presence

of pentagon was obscured because clear peaks could

not be observed as results of experimental IR spec-

trum of carbonized coronene compared with the

calculated spectrum of Coro5 in Fig. 10. Experimental

peaks at 1586, 1607, and 1620 cm-1 were clearly

observed in the spectrum of coronene at 923 K. These

sharp peaks can be explained by the presence of

different types of bonding states between coronene

molecules. The high symmetry of coronene generated

sharp peaks even after the heat treatment in opposi-

tion to broad peaks of Raman spectra of general

carbon materials. The peak of D0 band at 1620 cm-1 is

related to coronene (Coro1) and coronene bonded

with another coronene by forming one C=C bonding

bFigure 11 Calculated and experimental Raman spectra of as-

received and heated corannulene at different temperatures.

Vibrations shown at the top of this figure are examples of

vibrations. Other similar vibrations at different directions were

also observed.
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(Coro2). The peak of D0 band at 1607 cm-1 is related

to coronene bonded with another coronene by

forming one C=C bonding (Coro2). The peak of G

band at 1586 cm-1 is associated with coronene bon-

ded with another coronene with a newly formed

hexagon (Coro3, 4, and 6–8). Thus, structures such as

Coro2–4, and 6–8 and the similar structures are the

plausible structures after carbonization of coronene at

873–923 K. By combining the results of IR

(Fig. 10) and Raman spectra (Fig. 14), the structures

similar to Coro2, 3, and 6 are possibly present.

XPS spectra

Our previous studies on calculated C1s XPS spectra,

such as pentagons [41] and Stone-Thrower-Wales

Figure 12 Experimental and calculated Raman spectra of as-

received and heat-treated fluoranthene at different temperatures.

Vibrations shown at the top of this figure are examples of

vibrations Other similar vibrations at different directions were also

observed.

Quadrant
stretch

Figure 13 Experimental and calculated Raman spectra of as-

received and heat-treated fullerene at different temperatures.

Vibrations shown at the top of this figure are examples of

vibrations. Other similar vibrations at different directions were

also observed. Fullerene (wall) indicates the spectrum of thermally

treated fullerene attached on the wall of ampoule tubes.
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defects [42] in graphene, showed that the experi-

mental peak positions can be estimated from calcu-

lated ones because of the high correlation between

experimental and calculated peak positions [42–45].

Especially, our group has reported the importance of

the FWHM of C1s spectra and the C1s peak positions

of C=C in pentagons and hexagons in graphene [41].

As the number of pentagons in graphene increased

from 0 to 6, the FWHM of C1s XPS spectra increased

from 1.25 to 1.45 eV because of the increment of

bonding states and the different peak positions of

C=C in pentagons and those in hexagons. On the

other hand, as the number of pentagons in graphene

increased further from 6 to12 (fullerene), the FWHM

of C1s XPS spectra decreased from 1.45 to 1.15 eV

because of the decrement of the number of the

bonding state to 1 [41]. In addition, as the number of

pentagons in graphene increased from 2 to 8, the

peak positions of C=C in pentagons relative to those

in hexagons approached from - 0.7 (2 pentagons) to

- 0.3 (8 pentagons) eV [41]. This indicates that the

peak positions of C=C in pentagons and those in

hexagons can be distinguished. Thus, the C1s XPS

spectra were utilized to estimate the percentage of

pentagons in carbon materials. However, it should be

noted that this method cannot be utilized in the

presence of sp3C and hetero atoms such as oxygen

and nitrogen, because the presence of sp3C and the

hetero atoms shifts the peak positions significantly

[42–44, 46].

Table 4 shows the calculated peak positions of C1s

XPS for one corannulene molecule (Cora1), dehy-

drogenated corannulene (Cora2), and the further

dehydrogenated corannulene (Cora3) (Fig. 15). As

results of IR, Raman spectra, and ReaxFF (Figs. 6a, 7,

and 11), corannulene molecules were dehydro-

genated and new hexagons formed (Cora3 in Fig. 15)

by heat treatment. Cora2 was also observed during

heating as results of ReaxFF (Fig. 6c1). These struc-

tures, such as Cora2 and 3, have different degrees of

dehydrogenation and are used as examples of car-

bonized corannulene. A comparison of calculated

peak positions of C=C in pentagons, C=C in hexagon,

and C–H of these three structures can be utilized to

estimate the experimental ones at the different

degrees of dehydrogenation. Thus, C1s spectra of

these structures were simulated and applied to assign

the experimental peak positions (Table 5).

Because the C=C of pentagons in corannulene was

fully surrounded by hexagons, the calculated binding

energy of the peak of C=C of pentagons in Coro1

(283.49 eV) was positioned much lower than those of

the other characteristic peaks such as C–H

(284.23 eV) and standard C=C (284.30 eV) (Table 4)

unlike C=C of pentagons in fluoranthene (284.10 eV

in Table 6). The calculated peak position of C=C in

pentagons in Cora2 and 3 was 283.42 eV, and the

calculated peak position of C=C in the newly formed

hexagons in Cora3 was 248.50 eV (Table 4). Calcu-

lated peak positions of Cora1 were used to analyze

Figure 14 Experimental and calculated Raman spectra of as-

received coronene and coronene heated at 873 and 923 K.

Vibrations shown at the top of this figure are examples of

vibrations. Other similar vibrations at different directions were

also observed.
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experimental peak positions of C1s XPS spectra of as-

received corannulene (Fig. 16 and Table 5). The peak

positions of C1s XPS spectra analyzed in this work

were basically lower than typical peak positions of

carbon materials because of the balance between

utilization of neutralization and the low electrical

conductivity of raw materials and quartz substrates.

As observed in the experimental and calculated C1s

XPS spectra of corannulene, fluoranthene, and cor-

onene, it is clear that the peak of C=C originating

from pentagon surrounded by five hexagons is pre-

sent because of the largest FWHM of the total C1s

spectrum of the experimental C1s XPS spectrum of

as-received corannulene among those of compared

raw materials. Calculated peak positions of Cora3

were used to analyze corannulene carbonized at

823–873 K. The experimental peak positions were

fixed at different carbonization temperatures

between 823 and 873 K, but both the intensity and

FWHM were adjusted to the experimental spectra

because assignments would be unclear unless peak

positions were fixed. The dehydrogenation also

shifted the calculated peak position of C=C of pen-

tagons in Cora3 (283.42 eV) to slightly lower energy

Table 3 Assignment of experimental peak positions of Raman spectra estimated by calculated Raman spectra

Raman shift/ cm-1 Type of vibration

1600–1660 D0-band/ Quadrant C=C stretch (Carbonized fullerene)

1600–1640 D0-band/Quadrant C=C stretch (Carbonized fluoranthene)

1602–1629 D0-band/Quadrant C=C stretch (Coronene/Carbonized coronene)

1600–1627 D0-band/Quadrant C=C stretch (Corannulene/Carbonized corannulene)

1607 D0-band/Quadrant C=C stretch (Polymerized fullerene)

1605 D0-band/Quadrant C=C stretch (fluoranthene)

1596–1600 G-band/Quadrant C=C stretch (Carbonized corannulene)

1586 G-band/ Quadrant C=C stretch (Carbonized coronene)

1578 Hg (Fullerene)

1471 Ag (Fullerene)

1395, 1462 5,6 ring C=C stretch (Carbonized corannulene)

1413–1459 5,6 ring C=C stretch (Fluoranthene/ Carbonized fluoranthene)

1400 D-band region/C=C stretch (Polymerized fullerene)

1390–1392 D-band region/5,6 ring C=C stretch (Carbonized fluoranthene)

1325–1349 D-band region/Semicircle stretch of C=C (Carbonized coronene)

1285–1287 D-band region/C–H bending and C=C breathing (Carbonized corannulene)

1282–1285 D-band region/Armchair C–H bending and C=C breathing (Carbonized fluoranthene)

1182 Armchair C–H bending (Carbonized corannulene)

1092–1106 C–H bend, C=C stretch (Fluoranthene/Carbonized fluoranthene)

1093–1102 Hg (Fullerene/Carbonized fullerene)

Table 4 Calculated peak

positions of C1s XPS spectra

for corannulene (Cora1) and

the dehydrogenated

corannulene (Cora2), and

further dehydrogenated

corannulene (Cora3)

Structure Calculated C1s peak position/eV

Pentagonal C=C Hexagonal C=C Standard C=C C–H

Cora1 283.49 0.00 284.30 284.23

Cora2 283.42 0.00 284.30 284.17

Cora3 283.42 284.50 284.30 284.17
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than that of the monomer, Cora1 (283.49 eV). Thus,

dehydrogenation influences the peak positions.

The experimental FWHM of 1.46 eV of total C1s

spectra of corannulenes carbonized at 843 and 873 K

was larger than that of 1.44 eV of as-received coran-

nulene. As results of calculation, FWHMs of coran-

nulene and dehydrogenated corannulene were

basically the largest among all the raw materials and

the dehydrogenated raw materials. The large

FWHMs are mainly caused by the presence of pen-

tagons surrounded by both five hexagons and C–H

groups in the compound. Experimental FWHMs of

carbonized corannulene remained large even at

823–873 K, indicating the presence of pentagons in

the samples. These large FWHMs were not observed

in experimental C1s spectra of other raw materials

and the carbonized samples, as explained later. It was

also confirmed that these large FWHMs were not due

to the presence of functional groups (Figs. 7, 8, 9, 10,

11, 12, 13, 14 and S3–S6).

Experimental areal percentages of pentagonal

C=C, hexagonal C=C, standard C=C, and C–H in as-

received and heat-treated corannulenes are summa-

rized in Table 5. The percentages of H and C obtained

by elemental analysis (Table 1) were utilized to assign

the experimental peaks of C–H and C=C. At the film

forming temperature of 823 K, 52% of pentagons

remained compared to as-received corannulene,

assuming that corannulene has 100% of pentagons.

The percentage of pentagons decreased with

increasing temperatures (52% (823 K), 44% (843 K),

and 40% (873 K)) partly because of the pyrolysis of

pentagons. By assuming that the percentage of pen-

tagon in corannulene is ‘‘one pentagon’’ divided by ‘‘5

hexagons and 1 pentagon’’, the percentage of

Table 6 Calculated peak

positions of C1s XPS spectra

for fluoranthene (Fluo1),

dehydrogenated fluoranthene

(Fluo2), and further

dehydrogenated fluoranthene

(Fluo3)

Structure Calculated C1s peak position/eV

Pentagonal C=C Hexagonal C=C Standard C=C C–H

Fluo1 284.10 0.00 284.30 284.17

Fluo2 283.83 0.00 284.30 283.90

Fluo3 283.90 284.30 0.00 283.96

Table 5 Areal percentages of C=C and C–H in experimental C1s XPS spectra for as-received corannulene and corannulene heated at 823,

843, and 873 K

Structure Areal percentage of carbon/ % Ratio of C=C from elemental analysesa

Pentagonal C=C (%) Hexagonal C=C Standard C=C C–H C=C:C–H

As-received corannulene 25 (100) 0 25 50 10:10

Corannulene 823 Kb 13 (52) 23 23 41 –

Corannulene 843 K 11 (44) 27 24 38 12.4:7.6

Corannulene 873 K 10 (40) 28 26 36 12.8:7.2

(): Percentages in parenthesis indicate the remained percentages of pentagon in carbonized samples
aResults of elemental analysis are obtained from Table 1
bThe areal percentage of carbon at 823 K was estimated using tendencies of other temperatures

Pentagonal
C=C

C-H

Standard 
C=C

Cora1

Standard
C=C

C-H

Pentagonal 
C=C

Hexagonal
C=C

Cora3

Standard 
C=C

C-H

Cora2

Pentagonal
C=C

Figure 15 Structures of corannulene (Cora1), dehydrogenated

corannulene (Cora2), and the further dehydrogenated corannulene

(Cora3) used for assignments of C1s XPS spectra.
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pentagon becomes 17%. In that case, the percentage

of pentagons decreased with increasing temperatures

8.6% (823 K), 7.3% (843 K), and 6.6% (873 K). The

decrement of pentagons in the carbonized sample

was also observed by experimental IR and Raman

spectra because the intensities of peaks originated

from pentagons became weak as the temperatures

increased (Figs. 7 and 11). However, the pentagons

remained at the high percentage (40% by assuming

that the corannulene contains 100% of pentagons) in

the sample carbonized at 873 K.

Table 6 shows the calculated C1s peak positions of

fluoranthene (Fluo1), dehydrogenated fluoranthene

(Fluo2), and further dehydrogenated fluoranthene

(Fluo3) (Fig. 17). Fluoranthene has the lowest

symmetry among the raw materials. Thus, it is not

straight forward to reveal the detailed structures of

carbonized fluoranthene, but Fluo2 and Fluo3 are two

possible structures because of the close experimental

and calculated peak positions of especially Raman

spectra (Fig. 12). Unlike the low calculated peak

position of pentagons in corannulene, the calculated

peak position of pentagons in fluoranthene was

284.10 eV, which is close to the peak position of C–H

and almost overlapping with the peak. As mentioned

above, the peak position of pentagons for C1s spectra

is influenced by the surrounding environment. In the

case of fluoranthene, the number of hexagons sur-

rounding one pentagon is three, which is fewer than

five hexagons of corannulene. Thus, the experimental

FWHM of fluoranthene, 1.34 eV (Fig. 18), was smal-

ler than that of corannulene, 1.44 eV (Fig. 16). Our

group has reported that the FWHM increases the

most as the percentage of pentagons approaches 50%

because of the highest number of carbon atoms with

different electron densities [41]. This study further

revealed that FWHMs and peak shifts were affected

by surrounding environment. It is suggested that the

estimation of the percentage of pentagons in carbon

materials with corannulene-like pentagons is reliable

(Table 5) because the peak position of C=C in pen-

tagons is clearly different from that in hexagons,

whereas that with fluoranthene-like pentagons might

not be reliable enough (Table 7) because the peak

position of C=C in pentagons is close to that in

hexagons. However, the percentage of pentagons is

possibly underestimated using this technique,

because the corannulene-like structure, which shows

peaks at lower binding energy (283.4 eV), partly

Fluo2

Pentagonal
C=C

C-H

Fluo3

Pentagonal
C=C

Hexagonal
C=C

C-H

Fluo1

Pentagonal C=C

C-H
Standard 

C=C

Figure 17 Structures of fluoranthene (Fluo1), dehydrogenated

fluoranthene (Fluo2), and the further dehydrogenated fluoranthene

(Fluo3) used for assignments of C1s XPS spectra.

Figure 16 Experimental C1s XPS spectra of as-received and

heat-treated corannulenes. ‘‘a’’ in this figure represents the C1s

peak position before correction of peak tops using standard C=C.
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decomposed and fluoranthene-like structure, which

shows peaks at higher binding energy (283.9 eV),

forms as suggested by ReaxFF. In addition, this

method to estimate the percentage of pentagons is

limited to carbon materials without containing sp3C

and hetero atoms such as oxygen and nitrogen as

explained above.

In a similar way to other raw materials, upon the

carbonization reaction, coronene molecules were

dehydrogenated (Coro2) to form new hexagons

(Coro3, 4, and 6). The presence of Coro2–4, and 6 was

estimated by comparing experimental and calculated

peak positions in IR and Raman spectra (Figs. 10 and

14) in addition to ReaxFF (Fig. 6c). Structures similar

to Coro2 were obtained from the results of ReaxFF in

Fig. 6c-1. Structures similar to Coro3 were also

obtained by heating the structure Cora2 using ReaxFF

(Fig. 6c-2). Calculated C1s XPS spectrum of Coro1

includes only two peaks such as C=C in hexagons

and C–H at 284.30 eV and 284.03 eV, respectively

(Table 8 and Fig. 19). Carbonized coronene showed

much smaller experimental FWHM, 1.32 eV (Fig. 20),

than carbonized corannulene (1.46–1.51 eV) (Fig. 16)

and carbonized fluoranthene (1.34 eV) (Fig. 18).

Thus, the percentage of pentagons was estimated to

be 0% (Table 9).

SEM

Figures 21 and S7a show scanning electron micro-

scope (SEM) images of the surface morphology of

carbonized corannulene, fluoranthene, and coronene.

Corannulene carbonized at 858–923 K resulted in

films with grained texture on the surface, whereas

corannulene carbonized at 943 and 973 K showed a

smooth surface with cracks. The presence of cracks in

the film is caused by the shrinkage of films during

carbonization on quartz plates. The generation of

cracks can be suppressed by preparing thinner films,

use of substrates with rough surface for mechanical

rocking between carbon films and the substrates, or

adding fillers such as carbon nanotubes [76, 77].

Spherical particles with 1–40, 5–30, and 0.5–1 lm in

diameter were found on the surface at 858, 873, and

923 K, respectively, probably because the presence of

pentagons formed spherical particles in addition to

the formation of films. Spheres on the films were also

observed in the cross section of corannulene car-

bonized at 873 K (Figure S7b). The absence of

spherical particles in the corannulene films car-

bonized at 943 and 973 K implies either the absence

Figure 18 Experimental C1s XPS spectra of fluoranthene heated

at 903 and 923 K. As-received fluoranthene could not be analyzed

because of the low melting point (383 K). ‘‘a’’ in this

figure represents the C1s peak position before correction of peak

tops using standard C=C.

Table 7 Areal percentages of C=C and C–H in experimental C1s XPS spectra of fluoranthene and fluoranthene heated at 903 and 923 K

Structure Areal percentage of carbon/% Ratio from elemental analysesa

Pentagonal C=C (%) Hexagonal C=C Standard C=C C–H C=C:C–H

Fluoranthene (calculated)b 31 (100) 0 6 63 6:10

Fluoranthene 903 K 14 (45) 40 0 46 8.7:7.3

Fluoranthene 923 K 13 (42) 43 0 44 8.9:7.1

(): Percentages in parenthesis indicate the remained percentages of pentagon in carbonized samples
aResults of elemental analysis was obtained from Table 1
bAs-received fluoranthene could not be analyzed because of the low melting point. Thus, the calculated percentage is shown

J Mater Sci (2021) 56:2912–2943 2937



of pentagons or the low percentage of pentagons at

the temperatures. Because of the ability to form films

on substrates, it is possible to coat the surface of

various supports as explained in our previous works

such as silica, carbon nanotube, and more supports

with high surface area [78, 79].

Electrical resistivity and band gap

Table 10 shows the electrical resistivity of carbonized

corannulene, fluoranthene, and coronene. Corannu-

lene forms film at 823 K, whereas fluoranthene and

coronene formed films at 903 and 923 K (Table 1),

respectively. These films showed electrical resistivi-

ties in the range of semiconductor. Corannulene

heated at 858 K or lower was not measurable because

of the high electrical resistivities, but measurable at

873 K (1.1 9 104 X meter). Corannulene heated at

923 K (1.5 9 103 X meter) showed lower electrical

resistivity than that heated at 973 K (5.7 9 103

X meter) probably because of the absence of cracks

on the film (Fig. 21). Electrical resistivity of coran-

nulene carbonized at 923 K (1.5 9 103 X meter) was

much higher than reported electrical resistivity of

carbonized epoxy resin (3.5 9 10–2 X meter) and a

little higher than that of pitch film carbonized at

923 K (5 9 102 X meter) [77]. One of the plausible

reasons for the high electrical resistivity is that the

presence of pentagons and the curvature increased

the band gaps of carbonized materials as explained

by Menon et al. [61]. As shown in the calculated

results in Figure S8, the bandgap of Cora1 was the

highest among Cora1 (4.38 eV), Fluo1 (4.02 eV), and

Coro1 (4.04 eV). The band gaps of the corannulene

dimer (3.05 eV) and trimers (2.82 and 2.87 eV) were

basically still larger than those of fluoranthene and

coronene dimer, trimer, and hexamer.

Table 8 Calculated peak

positions of C1s XPS spectra

for coronene (Coro1),

dehydrogenated coronene

(Coro 2), and further

dehydrogenated coronene

(Coro3)

Structure Calculated C1s peak position/eV

Pentagonal C=C Hexagonal C=C Standard C=C C–H

Coro1 0.00 0.00 284.30 284.03

Coro2 0.00 0.00 284.37 284.03

Coro3 0.00 284.44 284.23 283.96

Coro1

C-H
C=C

C-H

C=C

Coro2

C-H

Coro3

C=C

Hexagonal
C=C

Figure 19 Structures of coronene (Coro1), dehydrogenated

coronene (Coro2), and the further dehydrogenated coronene

(Coro3) used for assignments of C1s XPS spectra.

Figure 20 Experimental C1s XPS spectra of as-received

coronene and coronene heated at 873 K. ‘‘a’’ in this

figure represents the C1s peak position before correction of peak

tops using standard C=C.
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Table 9 Areal percentages of C=C and C–H in experimental C1s XPS spectra of as-received coronene and coronene heated at 873 K

Structure Experimental areal percentage of carbon/% Ratio from elemental analysesa

Pentagonal C=C Hexagonal C=C Standard C=C C–H C=C:C–H

As-received coronene 0 0 50 50 12:12

Coronene 873 Kb 0 0 59 41 –

aThe result of elemental analysis was obtained from Table 1
bThe areal percentage of coronene heated at 873 K was estimated using peak position of as-received coronene

(a1)

(a4)

(a5)

(a2)

(b) (c)

(a3)

(a6)

Figure 21 SEM images of

carbonized corannulene (a),

fluoranthene (b), and coronene

(c). a1 Corannulene

carbonized at 858 K. a2

873 K. a3 903 K. a4 923 K.

a5 943 K. a6 973 K.

b Fluoranthene carbonized at

943 K. c Coronene carbonized

at 1023 K. The size of scale

bar is 100 micro meters.
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Conclusions

Carbon films with high pentagon density could be

prepared by carbonizing corannulene at 823–923 K

and fluoranthene at 903 K, whereas carbon films with

predominantly hexagons could be prepared by car-

bonizing coronene at 923 K. Fullerene with pen-

tagons remained as black powder even after heat

treatment up to 1173 K. The high reactivity of

corannulene compared to those of fluoranthene, cor-

onene, and fullerene relates to the presence of

hydrogen and pentagons in corannulene as sug-

gested by ReaxFF simulation in addition to the bond

length at DUO positions and the loss of aromaticity in

corannulene. The presence of different types of pen-

tagons in carbonized corannulene and fluoranthene

was revealed by the presence of peaks in experi-

mental and simulated IR and Raman spectra. Fur-

thermore, broad peaks observed in C1s XPS spectra

of carbonized corannulene and fluoranthene also

indicate the presence of pentagons as results of sim-

ulated C1s XPS spectra of dehydrogenated raw

materials. The estimation of the percentage of pen-

tagons in carbon materials using experimental C1s

XPS and elemental analysis with the aid of calculated

C1s XPS spectra has been conducted experimentally

for the first time. The percentages of remained pen-

tagons in corannulene carbonized at 823 K and fluo-

ranthene carbonized at 903 K were estimated to be 52

and 45% by assuming the percentage of pentagons in

corannulene and fluoranthene to be 100%, respec-

tively. However, as the heat-treatment temperatures

increased, the percentage of pentagons in corannu-

lene and fluoranthene decreased. The decrement of

pentagons is initiated primarily by the scission of

C=C in hexagons, leading to the scission of C=C in

pentagons as results of molecular dynamics simula-

tion with a reactive force field. In addition, carbon

films prepared from corannulene at 873 K contained

7% of pentagons (40% of pentagons compared to the

raw material) and had measurable electrical resis-

tivity (1.1 9 104 X meter), demonstrating that the

carbon materials can be applied to electrodes.

Acknowledgement

This work was supported by JSPS KAKENHI Grant

No. JP18K04833.

Electronic supplementary material: The online

version of this article (https://doi.org/10.1007/s108

53-020-05392-x) contains supplementary material,

which is available to authorized users.

References

[1] Kroto HW, Heath JR, O’Brien SC, Curl RF, Smalley RE

(1985) C60: Buckminsterfullerene. Nature 318:162–163

[2] Iijima S (1991) Helical microtubules of graphitic carbon.

Nature 354:56–58

[3] Novoselov KS, Geim AK, Morozov SV, Jiang D, Zhang Y,

Dubonos SV et al (2004) Electric field effect in atomically

thin carbon films. Science 306:666–669

[4] Novoselov KS, Geim AK, Morozov SV, Jiang D, Katsnel-

son MI, Grigorieva IV et al (2005) Two-dimensional gas of

massless Dirac fermions in graphene. Nature 438:197–200

[5] Zhu J, Huang Y, Mei W, Zhao C, Zhang C, Zhang J et al

(2019) Effects of intrinsic pentagon defects on

Table 10 Electrical resistivity

of carbonized film of

corannulene, fluoranthene, and

coronene on quartz plates

compared to the reported

electrical resistivity of carbon

films prepared from other raw

materials

Sample name (carbonized temperature) Electrical resistivity/Ohm meter

Corannulene (858 K) N. A.*

Corannulene (873 K) 1.1 9 104

Corannulene (903 K) 1.6 9 103

Corannulene (923 K) 1.5 9 103

Corannulene (943 K) 2.6 9 103

Corannulene (973 K) 5.7 9 103

Fluoranthene (943 K) 1.4 9 103

Fluoranthene (973 K) 1.6 9 102

Coronene (1023 K) 2.3 9 101

Epoxy resin (923 K)* 3.5 9 10–2

Pitch (923 K)* 5 9 102

*Values were obtained from a reference [74]

2940 J Mater Sci (2021) 56:2912–2943

https://doi.org/10.1007/s10853-020-05392-x
https://doi.org/10.1007/s10853-020-05392-x


electrochemical reactivity of carbon nanomaterials. Angew

Chem Int 58:1–7

[6] Narita K, Okada S (2016) Geometric and electronic struc-

tures of corannulene polymers: ultra narrow graphene rib-

bons with corrugation and topological defects. Chem Phys

Lett 650:76–81

[7] Wei Y, Wu J, Yin H, Shi X, Yang R, Dresselhaus M (2012)

The nature of strength enhancement and weakening by

pentagon-heptagon defects in graphene. Nat Mater

11:759–763

[8] Cai J, Ruffieux P, Jaafar R, Bieri M, Braun T, Blankenburg S

et al (2010) Atomically precise bottom-up fabrication of

graphene nanoribbons. Nature 466:470–473

[9] Ruffieux P, Wang S, Yang B, Sánchez-Sánchez C, Liu J,

Dienel T, Talirz L, Shinde P et al (2016) On-surface syn-

thesis of graphene nanoribbons with zigzag edge topology.

Nature 531:489–493

[10] Yamada Y, Gohda S, Abe K, Togo T, Shimano N, Sasaki T

et al (2017) Carbon materials with controlled edge structures.

Carbon 122:694–701

[11] Yamada Y, Kawai M, Yorimitsu H, Otsuka S, Takanashi M,

Sato S (2018) Carbon materials with zigzag and armchair

edges. ACS Appl Mater Interfaces 10:40710–40739

[12] Georgakilas V, Otyepka M, Bourlinos AB, Chandra V, Kim

N, Kemp KC et al (2012) Functionalization of graphene:

covalent and non-covalent approaches, derivatives and

applications. Chem Rev 112:6156–6214

[13] Bottari G, Herranz MA, Wibmer L, Volland M, Rodrıguez-

Perez L, Guldi DM et al (2017) Chemical functionalization

and characterization of graphene-based materials. Chem Soc

Rev 46:4464–4500

[14] Kim J, Yamada Y, Suzuki Y, Ciston J, Sato S (2014)

Pyrolysis of epoxidized fullerenes analyzed by spectro-

scopies. J Phys Chem C 118:7076–7084

[15] Jiang Y, Yang L, Sun T, Zhao J, Lyu Z, Zhuo O et al (2015)

Significant contribution of intrinsic carbon defects to oxygen

reduction activity. ACS Catal 5:6707–6712
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