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ABSTRACT: This study explores the electronic and vibrational properties of
armchair coronoids (ACs), a unique class of polycyclic aromatic hydrocarbons
with varying molecular and cavity sizes. Through density functional theory
simulations, we investigated the X-ray photoelectron spectroscopy (XPS) and
Raman spectra of C222, C114, C42, and their derivatives with different cavity
sizes. The results reveal that band gaps and electronic properties of ACs can be
precisely tuned by adjusting the molecular and cavity dimensions. XPS spectra
demonstrated shifts in binding energy correlating with bandgap variations, while
Raman spectra exhibited distinct C−C stretching and breathing modes.
Notably, the introduction of cavities led to shifts in the breathing mode band,
providing insights into the structural identification of ACs through Raman
spectroscopy. The findings suggest that combining XPS and Raman spectros-
copy can effectively characterize ACs, offering a comprehensive understanding
of their structure−property relationships. This research lays the groundwork for future experimental and theoretical studies on the
potential applications of ACs in electronic materials.

■ INTRODUCTION
Coronoids, a distinct class of polycyclic aromatic hydrocarbons,
are characterized by their cyclic structures, where multiple
benzene rings are fused to create a closed-loop with a central
cavity.1,2 The electronic properties of coronoids are largely
determined by their bandgap, which can be precisely adjusted by
varying both the molecular size and cavity dimensions,
positioning them as promising candidates for next-generation
electronic materials.1−4 Unlike graphene, which features
delocalized π-electrons across its entire structure, coronoids
exhibit localized π-electrons that are accurately represented by
Clar’s model.5 Since the initial synthesis of coronoids such as
kekulene by Staab and Diederich in 1978,6 numerous coronoids
such as cyclo[d,e,d,e,e,d,e,d,e,e]decakisbenzene,7 septulene,8

octulene,9 and extended C216 coronoids10 have been
successfully synthesized, and their electronic properties have
been comprehensively studied in relation to their structural
features (Figure 1a).1,11,12

Coronoids can be classified into armchair and zigzag-edged
variants depending on their edge morphology, and these edge
structures play a pivotal role in defining their electronic
characteristics.5,13 Zigzag-edged coronoids (ZCs) exhibit
magnetic properties due to unpaired electrons at the edges,
whereas armchair coronoids (ACs) typically lack significant
magnetic characteristics.14 However, the armchair edge
configuration is less chemically reactive compared to the zigzag
edge, which renders ACs more suitable for stable electronic
applications.15

The electronic structure of ACs is significantly influenced by
both molecular size and cavity size, necessitating detailed
structural analysis of these parameters to effectively leverage
their properties for practical applications.1,2,16 Microscopic
techniques such as scanning tunneling microscopy and atomic
force microscopy have primarily been used for direct structural
observation of ACs.1,16,17 Additionally, analyses employing
infrared spectroscopy, nuclear magnetic resonance, Raman
spectroscopy, UV−visible spectroscopy, and secondary ionmass
spectrometry have also been reported.1,10,12 Microscopy
provides the benefit of direct structural visualization, but its
limitations in evaluating entire samples require the use of
complementary spectroscopic methods. To the best of our
knowledge, X-ray photoelectron spectroscopy (XPS), a widely
used analytical technique for carbon materials, has not yet been
reported. Although Raman spectroscopy has been performed on
certain structures,10,12 detailed studies on variations in Raman
spectra with respect tomolecular and cavity sizes remain limited.
Assessing XPS and Raman spectra based on these parameters
requires the synthesis of various samples for comparative
analysis, presenting challenges for experimental approaches. Our
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group has previously reported that simulated XPS and Raman
spectra, derived from the atomic structures of nanocarbon
materials, closely match experimental data. This method has
been effectively applied to the analysis of pentagons,18,19

heptagons,18,20 vacancies,21 and both zigzag and armchair
edges of nanocarbons,22,23 as well as ZCs,4 suggesting that
simulations can also be effectively applied to the study of ACs.
In this study, cavities of various sizes were introduced into

C222H40, C114H30, and C42H18, followed by simulated XPS and
Raman spectroscopy (Figure 1). Shifts in the XPS spectra were

observed in relation to changes in bandgap, and the character-
istic bands in the Raman spectra were assigned based on
molecular and cavity sizes. This research is anticipated to lay a
foundation for future XPS and Raman analyses of synthesized
AC samples.

■ RESULTS AND DISCUSSION
Figure 1 presents the optimized configurations of C222, C114,
and C42 molecules, along with the ACs featuring various cavity
sizes incorporated into these structures. The pores were created

Figure 1. (a) Representative synthetic achievements of coronoids. (b)Optimized structures ofC222, C114, C42, and the coronoids derived from these
structures calculated in this work. The values correspond to the distances (Å) between two atoms.
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by extracting 1, 7, and 19 benzene rings (B) from the central
region of themolecules, resulting in pore diameters of 3.67, 8.26,
and 13.09 Å for the −1B, −7B, and −19B configurations,
respectively (Figure 1b). For instance, the C222−19B structure
corresponds to aC222molecule with 19 benzene rings removed,
yielding a pore diameter of 13.09 Å.
In C222, C114, and C42 without cavities, the band gaps are

1.78, 2.38, and 3.59 eV, respectively (Figure 2). It is evident that
the band gap increases as the molecular size decreases due to the
reduction in the π-conjugated structure.24,25 Generally,
introducing cavities into graphene leads to an increase in band
gaps.26 This phenomenon has been observed in coronoids, a
localized region of graphene, where the effect on the band gap
varies depending on the edge type. In ZCs, the band gap either
decreases or increases depending on the size of the cavity.4,13,27

For instance, for ZCs with an even number of carbon atoms
(NC) between the inner and outer edges, the band gap
increases, whereas for those with an odd NC, the band gap

decreases.4 However, in ACs, the band gap consistently
increases with larger cavities.1 For example, Giovannantonio et
al. demonstrated that the band gaps of C222, C222−1B, and
C222−19B ACs are 1.77, 2.15, and 2.25 eV, respectively,
indicating a proportional relationship between cavity size and
band gap.1

To further explore this trend, we calculated the band gap of
C222−7B. The band gaps of C222, C222−1B, C222−7B, and
C222−19B are 1.78, 2.16, 0.98, and 2.35 eV, respectively,
showing that the relationship between cavity size and band gap is
not always linear (Figure 2a). Notably, in specific structures such
as C222−7B, the band gap is the lowest. This trend is similarly
observed in the C114−nB series, where the band gap of C114−
7B is the lowest at 1.06 eV (Figure 2b). This is because the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) orbitals are highly
similar in the −7B configuration, sharing the same symmetry
(Figure 2a,b), which allows electrons to be easily excited from

Figure 2. Energies and states of the HOMO and LUMO for the (a) C222−nBs, (b) C114−nBs, and (c) C42−nBs.
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the HOMO to the LUMO.28 The variation in the band gap of
nanocarbon materials is a crucial factor in determining the peak
position of the C 1s XPS spectra,4,18−24 indicating that the ACs
can be analyzed based on the C 1s XPS peak position, as their
band gaps vary according to their structure.
Figure 3 shows the C 1s spectra (Figure 3a) and the peak

positions of the C 1s spectra in relation to molecular size (Figure
3b), pore size (Figure 3c), and bandgap (Figure 3d) for the
structures depicted in Figure 1. For C222, C114, and C42

without cavities, as the molecular size decreased, the HOMO
energy also decreased, leading to a reduction in the binding
energy (BE) between the HOMO and C 1s core level, which
resulted in the C 1s peaks shifting to lower BE values (Figure 3d
and Table 1).18 Consequently, the C 1s peaks for C222, C114,
and C42were located at 284.0, 283.7, and 283.1 eV, respectively.
The C 1s spectra of these cavity-free structures can be

resolved into two distinct peaks: C−C and C−H (outer edge)
(Figures 1 and 3a). The C−H (outer edge) peak was generally

Figure 3. Simulated C 1s XPS analysis. (a) C 1s XPS spectra for all structures. Original spectra (black dotted line) are separated into three peaks
corresponding to C−C (red region), C−H on outer edges (purple region), and C−H on inner edges (green region). Relationship between C 1s peak
position and (b) molecular size, (c) pore size, and (d) HOMO and LUMO energies.

Table 1. Peaks of C 1s Spectra and the Energies of HOMO and LUMO for All Structures

peak top (eV) orbital energy (eV)

structure C 1s C−C C−H (outer edge) C−H (inner edge) HOMO LUMO band gap

C222 284.0 284.0 283.7 − −4.47 −2.69 1.78
C222−1B 283.8 283.8 283.5 283.5 −4.66 −2.50 2.16
C222−7B 284.4 284.4 284.1 284.0 −4.08 −3.10 0.98
C222−19B 283.6 283.7 283.4 283.3 −4.72 −2.37 2.35
C114 283.7 283.7 283.4 − −4.71 −2.33 2.38
C114−1B 283.3 283.4 283.0 283.0 −5.05 −2.04 3.01
C114−7B 284.3 284.3 284.0 284.0 −4.07 −2.99 1.08
C114−19B 282.9 283.2 283.0 282.9 −5.13 −2.01 3.12
C42 283.1 283.1 282.7 − −5.24 −1.65 3.59
C42−1B 282.1 282.4 282.1 282.1 −5.86 −1.06 4.80
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observed at a BE of 0.3 eV lower than the C−C peak, due to the
electron-donating effect of the hydrogen atom in C−H (outer
edge) which increases the electron density on the carbon
atom.4,18−24 For ACs with cavities, the C 1s spectra included an
additional peak for C−H (inner edge), alongside the C−C and
C−H (outer edge) peaks (Figure 3a), reflecting similar C−H
bonding characteristics. However, the BE of the C−H (inner
edge) peak was typically 0.1 eV lower than that of the C−H

(outer edge) peak, indicating that the carbon atoms in the inner
edge C−H bonds possess higher electron density than those in
the outer edge C−H bonds.4 Since all the structures calculated
in this study are composed solely of C−C and C−H bonds, the
full width at half-maximum values were small, ranging from 0.7
to 0.75 eV, and there were no significant differences between the
structures.

Figure 4. Raman spectra and vibrational modes of the ACs. (a) Raman spectra of ACs. (b) Vibrational modes for characteristic bands of the Raman
spectra shown in Figure 4a.
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The C 1s peaks for the C222−nB structures were positioned
between 283.6 and 284.4 eV, for C114−nB between 282.9 and
284.3 eV, and for C42−nB between 282.1 and 283.1 eV (Figure
3 and Table 1). For structures of samemolecular size, such as the
C222−nB and C114−nB series (Figure 3a,b and Table 1), the C
1s peaks for C222−7B and C114−7B, which have smaller
bandgaps, shifted up to 0.4 eV higher in BE compared to the C
1s peaks of C222 and C114, respectively. On the other hand, the
C 1s peaks for ACs with larger bandgaps, such as those in the −
1B and −19B structures, shifted up to 1.0 eV lower in BE. For
structures with the same pore size (Figure 3a,c and Table 1),
differences in molecular size could be identified based on the
peak positions, except in the −7B structures with a pore size of
8.26 Å, where the peak positions of C222−7B and C114−7B
differed by only 0.1 eV. However, in the −1B structures with a
pore size of 3.67 Å, the C42−1B peak shifted 1.7 eV lower than
that of C222−1B. Similarly, in the −19B structures with a pore
size of 13.09 Å, the peaks of C222−19B and C114−19B
exhibited a significant difference of 0.7 eV. It implies that the
unknown sample can be analyzed using the difference in peak
positions of these samples. However, due to the limitations of
XPS in providing a comprehensive analysis of ACs, it is
necessary to complement it with other techniques, such as
Raman spectroscopy, for more accurate analysis.
The molecular dimensions and edge structures of 2D

nanocarbon materials, such as ACs, have a significant impact
on the D (1150−1450 cm−1) and G (1500−1600 cm−1) band
regions in their Raman spectra.4,12,18 Consequently, the Raman
shift range between 1000−1800 cm−1 was thoroughly estimated
(Figure 4a). The Raman spectra covering the full range of 0−
4000 cm−1 are presented in Figure S4, with detailed band
assignments provided in the Supporting Video and Table S1.
The distinct Raman bands of ACs are attributed to C−C
stretching, breathing, and G band vibrations (Figure 4 and
Supporting Video). The typical C−C stretching and breathing
modes are categorized into four types based on the presence or
absence of cavities (Figure 4b and Supporting Video): (1) C−C
stretching at the outer edges (1224−1280 cm−1); (2) C−C
stretching at the inner edges (1354−1410 cm−1); (3) breathing
mode without a cavity (1273−1293 cm−1); and (4) breathing
mode with a cavity (1299−1334 cm−1).12 Additional C−C
stretching modes are observed as several bands within the
1250−1500 cm−1 region.
The C−C stretching (outer) and breathing (No cavity)

modes in the C222, C114, and C42 structures without cavities
originate from the stretching of Clar rings and closely resemble
the phonon patterns observed at the K wave vector in
graphene.12 Additionally, the C−C stretching (Outer) mode
significantly contributes to the C−H vibrations at the edges,
while the breathing (No cavity) mode exhibits stronger
vibrations toward the center of the basal plane (Figure 4b).4

In the −1B structures, similar to the cavity-free structures,
bands originating from the C−C stretching (outer) mode are
observed. Notably, the breathing mode band shifts to higher
wavenumbers, appearing at 1300 cm−1 in C222−1B, 1333 cm−1

in C114−1B, and 1299 cm−1 in C42−1B. This upward shift in
the breathingmode band becomesmore pronounced in the−7B
structures, with the band appearing at 1314 cm−1 in C222−7B
and 1334 cm−1 in C114−7B. This shift to higher wavenumbers
is attributed to the introduction of a cavity, which disrupts the π-
conjugation.4,29 The variation in breathing mode band positions
across different structures can be utilized to identify structural
differences by Raman spectroscopy.

In the −7B structures, the C−C stretching (Inner) bands are
detected at wavenumbers above 1350 cm−1. This band is not
observed in the−1B structures due to the smaller cavity size and
resulting steric hindrance.4 In the −19B structures, the larger
cavity size leads to significant disruption of the π-conjugated
structure, resulting in the appearance of multiple C−C
stretching mode bands. Moreover, The G band intensity is
relatively weak in the −0B structure, shows a pronounced
increase in the −1B structure, declines again in the −7B
structure, and subsequently exhibits a resurgence in the −19B
structure.

■ CONCLUSION
This study presents a comprehensive analysis of the electronic
and spectroscopic properties of ACs through density functional
theory simulations. By investigating ACs of varying molecular
and cavity sizes, it was demonstrated that the electronic
properties of ACs can be precisely tuned by adjusting these
structural parameters. The XPS spectra showed changes in BEs
that corresponded to variations in bandgap, while the Raman
spectra revealed specific C−C stretching and breathing modes.
Importantly, the addition of cavities caused shifts in the
breathing mode, offering valuable information for identifying
the structure of ACs using Raman spectroscopy. The results of
this research offer a valuable contribution to the field of
nanocarbon materials, specifically for the future characterization
of synthesized ACs.

■ METHODS
All density functional theory calculations were carried out using
the Gaussian 16 quantum chemistry software package.30

Structural geometries were optimized at the B3LYP/6-31G(d)
level with an ultrafine grid. Following optimization, the XPS and
Raman spectra for C222, C114, C42, and − nB structures were
computed, with detailed methodologies provided in the
Supporting Information and referenced in our earlier
publications.4,18−23 Normalized XPS spectra were generated
through population analysis to determine the electronic energy
levels between the HOMO and C 1s, utilizing a software
developed by Prof. Yamada.31,32 The vibrational frequencies for
the Raman spectra were derived from the optimized structures
and adjusted by a scaling factor of 0.965.4,23

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.4c07966.

Supporting Video: vibration modes of Raman spectra
(ZIP)
Computational spectroscopy in detail; Raman spectra
(0−4000 cm−1); peak assignments of Raman spectra
(PDF)

■ AUTHOR INFORMATION
Corresponding Author

Jungpil Kim − Carbon & Light Materials Group, Korea
Institute of Industrial Technology (KITECH), Jeonju 54853,
Republic of Korea; orcid.org/0000-0003-3663-2774;
Phone: +82-63-210-3714; Email: jpkim@kitech.re.kr

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.4c07966

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c07966
ACS Omega 2024, 9, 43956−43962

43961

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07966/suppl_file/ao4c07966_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07966/suppl_file/ao4c07966_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07966/suppl_file/ao4c07966_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07966/suppl_file/ao4c07966_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07966/suppl_file/ao4c07966_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07966/suppl_file/ao4c07966_si_001.zip
https://pubs.acs.org/doi/10.1021/acsomega.4c07966?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07966/suppl_file/ao4c07966_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c07966/suppl_file/ao4c07966_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jungpil+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3663-2774
mailto:jpkim@kitech.re.kr
https://pubs.acs.org/doi/10.1021/acsomega.4c07966?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Notes
The author declares no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge the Korea Institute of Science and
Technology Information Supercomputing Center for conduct-
ing the computational simulations. This work was supported by
the Ministry of Trade, Industry, and Energy (MOTIE) [grant
no. 20016789].

■ REFERENCES
(1) Di Giovannantonio, M.; Yao, X.; Eimre, K.; Urgel, J. I.; Ruffieux,
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