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In this work, we predicted two different configurations of fullerene nanoribbons (quasi-hexagonal 
phase (qHP) and quasi-tetragonal phase (qTP)) based on two-dimensional fullerenes, with widths of 
1, 2, and 3 fullerene units, respectively. Based on first-principles calculations and ab-initio molecular 
dynamics (AIMD), the thermal stability and optical properties of six fullerene nanoribbons were 
predicted. AIMD studies indicate that wider qHP nanoribbons (qHPs) exhibit better thermal stability, 
while increased temperatures lead to greater instability. In contrast, qHP-3 shows the best thermal 
stability among the six structures. Then, the optical gap between the calculated and experimental 
quasi-hexagonal two-dimensional fullerenes is compared to illustrate the accuracy of the calculation. 
The absorption spectra of six fullerene nanoribbons were calculated and the anisotropy of light 
absorption was analyzed. Finally, the charge transfer modes of each excited state were visualized 
through electron-hole density plots. This work provides an essential theoretical foundation for 
understanding new all-carbon materials, specifically fullerenes.

Carbon exists widely in nature, and they exist in different forms of simple substances and compounds. Carbon 
materials have extremely strong heat resistance, and their softening temperature is generally between 800 and 
1200 °C. Its low heat transfer coefficient enables carbon materials to be used normally at higher temperatures, 
and the mechanical properties of carbon materials can also be adjusted through heat treatment. The stability 
of the materials is related to temperature, and the higher the temperature, the greater the vibration amplitude. 
Therefore, the higher the temperature, the more unstable the carbon material. The thermal stability of carbon 
materials is positively correlated with the firmness of C-C chemical bonds, and the firmness of chemical 
bonds is positively correlated with bond energy. Carbon atoms form different carbon-based nanomaterials 
through different hybridization methods, that is, various carbon allotropes. For example, the thermal stability 
temperature of SP3 hybridized diamond is 1500 °C, and it is completely transformed into graphite at 2100 °C1; the 
thermal stability temperature of two-dimensional graphyne formed by SP hybridization and SP2 hybridization 
is theoretically predicted to be as high as 1000 °C, and when the temperature reaches 2000 °C, it will turn into 
graphene2; while the thermal stability temperature of carbon nanotubes formed by the hybridization of SP2 and 
SP3 is as high as 3000 °C, and the thermal stability temperature of the same hybrid graphene is about 1000 °C, 
and the thermal stability coefficient between 0.0200 and 0.00133,4. The carbon in the recently synthesized two-
dimensional fullerenes are also a combination of SP2 hybridization and SP3 hybridization.

In 2022, Zheng Jian et al. prepared an atomic-scale 2D polymer fullerene (C60) and synthesized two closely 
packed quasi-hexagonal and quasi-tetragonal phases single crystals of magnesium embedded polymer C60 by 
reaction under atmospheric pressure by adjusting the ratio of Mg and C60

5. Then, through the interlayer bond 
breaking strategy, two kinds of large-size single-crystal two-dimensional carbon materials were prepared, namely 
Monolayer quasi-hexagonal phase fullerene(qHP) and quasi-tetragonal phase fullerene (qTP). The single layer 
polymer C60 is removed from the qHP single crystal, and a small amount of layered polymer C60 is removed 
from the qTP single crystal. The two atomic-scale 2D polymer C60 materials have high crystallinity and unique 
topological structures. Compared to graphene and free C60, single-layer polymer C60 has a medium band gap of 
about 1.6 eV. Once reported, qHP and qTP fullerenes have attracted widespread attention6–10.

In fact, there are few examples of research on the thermal stability of fullerene and its compound materials, 
especially the research on the thermal stability of 2D fullerene crystals. In 2023, Elena et al. synthesized single 
crystals of the layered polymer (Mg4C60)∞ by chemical vapor transport, and then removed the magnesium with 
dilute acid to obtain electrically neutral, pure carbon-based macroscopic crystals11. The authors studied the 
thermal conductivity of this material and found that it is much higher than that of C60 molecules, a result of 
the formation of in-plane covalent bonds. Also in 2023, Peng investigated the stability and strength of different 
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structures of monolayer fullerenes through first-principles calculations12. Studies have shown that pseudo-
hexagonal fullerenes have the worst thermodynamic stability at all temperatures. However, the relatively high 
dynamic and mechanical stability indicates that pseudo-hexagonal fullerenes are stronger than other phases 
under various strains due to their strong covalent C–C bonds. This is also the reason why only quasi-hexagonal 
fullerenes have been successfully exfoliated.

It is well known that organic carbon materials have excellent optoelectronic properties due to the special 
carrier transport characteristics generated by the unique π-electron system in the conjugated carbon network 
structure, and are widely used in organic light-emitting diodes (OLEDs)13–15, dye-sensitized solar cells16,17, 
organic -Inorganic perovskite solar cells18–20 and organic transistors21–23 and other fields. However, the 
dimensions of carbon materials have a huge impact on their optoelectronic properties. Along with the structural 
change from three-dimensional graphite to two-dimensional graphene and then to one-dimensional carbon 
nanoribbon, its photoelectric properties also change. At present, zero-dimensional, two-dimensional and three-
dimensional fullerene structures have been widely studied24, but the research on the photoelectric properties of 
one-dimensional fullerene is blank. Therefore, we designed six types of one-dimensional fullerene nanoribbons 
(quasi-hexagonal and quasi-tetragonal phases) based on the structures of two-dimensional fullerene crystals. We 
investigated the thermal stability and optoelectronic properties of these nanoribbons at different temperatures 
using ab initio molecular dynamics and first-principles calculations.

Methods
The first-principles and ab-initio molecular dynamics (AIMD) calculations in this study were conducted 
entirely using the CP2K software25. Given the sufficiently large unit cell, the Gamma point was employed for 
the calculations. After conducting a convergence test for the cutoff energy (see Fig. S1), the cutoff energy was 
set to 400 eV. Structural optimizations were carried out using the PBE functional26 combined with the DZVP-
MOLOPT-SR-GTH basis set27, along with DFT-D3 dispersion corrections28. The length of the unit cell in the 
x direction is 18.2 Å, with vacuum layers of 10 Å in both the y and z directions. To reduce boundary effects 
and ensure more accurate simulation results, the unit cell length in the x-direction was expanded to 72.8 Å for 
the AIMD simulations, with vacuum layers of 50 Å and 30 Å in the y and z directions, respectively. Based on 
the GFN1-xtb functional29, we performed AIMD simulations for six fullerene nanoribbons at 298.15 K with a 
time step of 1 fs and a total of 10,000 steps to assess their thermal stability at room temperature. To investigate 
the decomposition temperatures of two fullerene nanoribbons, AIMD simulations were also carried out at 
500 K, 1000 K, 1300 K, and 1500 K, with a time step of 1 fs and a total of 6000 steps. The overall motion of the 
system was removed using the VMD software, and the root mean square deviation (RMSD) curve was plotted. 
Subsequently, the AIMD trajectory was loaded into VMD30, and structures were extracted every 100 frames. 
A trajectory overlay map was generated, with different colors representing different time points. In order to 
obtain reasonable UV-vis absorption spectra, we performed TD-DFT calculations for six fullerene nanoribbons 
under the PBE0 hybrid functional31 and DZVP-MOLOPT-SR-GTH basis set, PBE0 improves the accuracy of 
traditional functionals in excited-state calculations by incorporating a portion of exact exchange (Hartree-Fock 
exchange) into density functional theory (DFT). The electron-hole densities of each excited state were calculated 
using the Multiwfn program32 and visualized with the VMD software.

The electron-hole density can clearly represent the transfer process of electrons, and describe the regions 
where electrons increase and decrease as electron and hole, respectively33–36. The electron-hole density is defined 
as:
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where ω is the excitation configuration coefficient, and ω′ is the de-excitation configuration coefficient. r is the 
coordinate vector, φ is the orbital wave function, i or j is the occupied orbital label, and a or b is the empty orbital 
label. Thus 

∑
i→a

 represents every excitation configuration of the cycle, and 
∑

i←a

 represents every de-excitation 

configuration of the cycle. Equation (1) calculates the regions where holes accumulate in the excited state, while 
Eq. (2) calculates the regions where electrons are formed. These equations visualize the spatial distribution of 
electrons and holes, enabling a deeper analysis of charge transfer behavior in the excited state.

Results and discussion
In this work, existing two-dimensional fullerene crystal structures were initially used as a foundation to create 
ribbon-like structures of varying widths along the x-axis, containing 1, 2, and 3 fullerene units, respectively. 
Subsequently, geometric optimization was performed on these nanoribbon structures to ensure their theoretical 
stability. Subsequently, six fullerene nanoribbon structures with varying widths and symmetries were predicted, 
as shown in Fig. 1. Among them, Fig. 1a and c depict qHP nanoribbons of different widths, while Fig. 1d and f 
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show qTP nanoribbons with varying widths. Then, six fullerene nanoribbon structures with varying widths and 
symmetries were predicted. Next, we investigated the thermal stability and optical properties of qHP and qTP 
nanoribbons. First, the thermal stability of the six structures at temperatures of 300 K, 500 K, 1000 K, 1300 K, 
and 1500 K was investigated by AIMD. Subsequently, the electronic structures of the highest occupied crystal 
orbital (HOCO) and the lowest unoccupied crystal orbital (LUCO) were analyzed. Finally, the light absorption 
properties of fullerene nanoribbons were predicted by periodic TD-DFT, with investigations into the absorption 
intensity and charge transfer modes of qHPs and qTPs under incident light from various directions.

In order to understand the thermal stability of fullerene nanoribons and the temperature range of cracking 
into fullerene monomers. First, 10,000  fs AIMD simulations were carried out for qTPs and qHPs at room 
temperature, and the RMSDs are shown in Figs. 2a and 3a. It can be seen that the RMSD of these six fullerene 
nanoribbons fluctuates periodically, and the wider the qHP, the smaller the fluctuation range. Among qTPs, 
qTP-1 is the most stable, and qTP-3 is the most unstable. At the temperature of 300k, the six structures do not 
break bonds and detach, and the geometric fluctuations are very small. This indicates that all six nanoribbons can 
exist stably at room temperature37. Due to the accelerated atomic motion in the system under high-temperature 
conditions, thermal fluctuations and potential structural changes occur more rapidly. Therefore, even with fewer 
simulation steps, the major trends in thermal stability and potential structural changes can still be effectively 
captured. Based on this, qHPs and qTPs were subjected to AIMD simulations for 6000 fs at 500 K, 1000 K, 1300 K, 
and 1500 K. This approach allows for an accurate reflection of the thermal motion of fullerene nanoribbons at 
different temperatures and enables the determination of their cracking temperature. It can be seen from Fig. S2 
that during the simulation, the system heats up rapidly within 1000 fs, and the average temperature is very close 
to the reference temperature. The overall temperature fluctuation is within a reasonable range, indicating that 
the temperature is maintained well during AIMD simulation. The root-mean-square deviation (RMSD) curves 
of the six AIMD tracks are shown in Figs. 2 and 3. RMSD trajectories of six fullerene nanoribbons at different 
temperatures showed three trends.

Under room temperature simulation conditions, the structures of qHPs remain stable, but the stability of 
qHP-1 is relatively poor. As the width increases, stability gradually improves (see Fig. 2a). At 1300 K and 1500 K, 
the RMSD trajectory of qHP-1 shows an upward trend, while in the simulations at 500  K and 1000  K, the 
RMSD curves exhibit periodic fluctuations, with a period of approximately 3000 fs. Therefore, qHP-1 becomes 
significantly unstable at temperatures above 1300  K (see Fig.  2b). The RMSD trajectory of qHP-2 shows a 
peak, indicating stronger stability (see Fig. 2c). The repeated rise and fall of RMSD shows that qHP can vibrate 
periodically and remain stable at this temperature (see Fig. 2d). In contrast, the stability of qHP-3 is significantly 
enhanced, as the RMSD curve indicates very stable structures. Additionally, the simulation results show that as 
the simulation temperature increases, geometric fluctuations caused by thermal motion increase significantly. 
In conclusion, the study demonstrates that the stability of qHPs gradually increases with width. Among the qTP 
nanoribbons, the RMSD curves of qTPs at 300 K exhibit periodic fluctuations, with qTP-1 and qTP-2 having 
fluctuation periods of approximately 3000 fs, while qTP-3 has a fluctuation period of around 4000 fs (see Fig. 3a). 
Therefore, qTP-2 and qTP-3 tend to be more stable. In the temperature range of 500 K to 1500 K, the RMSD 
curves of qTP-1 and qTP-2 show clear periodic fluctuations with a fluctuation period of approximately 3000 fs, 
indicating that their stability is superior to qHP-1 and qHP-2 (see Fig. 3b and c). However, at temperatures above 
1300 K, the RMSD curve of qTP-3 shows a continuous upward trend, indicating that qTP-3 cannot maintain 
stability at high temperatures (see Fig. 3d). Thus, the stability of qTP-3 is inferior to that of qHP-3. Additionally, 
the stability of qTPs decreases with increasing width. The higher the simulation temperature, the greater the 
geometric fluctuations due to thermal motion. By comparing the RMSD of six C60 nanoribbons at 300 K (see Fig. 
S3), we found that qHP-3 exhibits the best stability.

Fig. 1.  Geometric structures of qHP-1(a), qHP-2(b), qHP-3(c), qTP-1(d), qTP-2(e) and qTP-3(f) .
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We plotted the overlay of the motion trajectories of six fullerene nanoribbons at 500 K, 1000 K, 1300 K and 
1500 K. A frame structure is taken every 200 fs from the AIMD trajectory, for a total of 30 frames. The atomic 
color from red to blue represents the position of the atom in the simulation time from 0 K to 3000 K. It can be 
observed from the direct grounding in Figs. S3-S9 that the motion amplitude of fullerenes increases with the 
increase of temperature. qHP-1 undergoes covalent bond cleavage at 1300 K and 1500 K, and qHP-1 decomposes 
into fullerene monomers and oligomers (Fig. 4a and b). Among them, two covalent bond breaks occurred at 
1300 K, and three covalent bond breaks occurred at 1500 K. qHP-2 undergoes one covalent bond break at 1500 K 
(Fig. 4c). The structure of qHP-3 remained stable at 1500 K, and no large atomic fluctuations occurred (Fig. 4d). 
The three qHPs at other temperatures also also did not undergo covalent bond cleavage (Fig. S4-S6). It is worth 
mentioning that the vibration of the three qHP at 500 K is very small, and the structure is very stable. It can 
be found that the RMSD curve under the three conditions of chemical bond break is constantly rising, which 
also confirms the previous analysis. The AIMD results show that the three qHP have good thermal stability, 
and can exist stably at room temperature, even at 500 K. These indicate that qHP can be applied over a certain 
temperature range.

The AIMD trajectory of qTPs is shown in Fig. 5 and Figs. S7-S9. It can be observed that no chemical bond 
cleavage occurs in qHPs at high temperatures, and the fluctuation range of qTP-1 at 1300 K and 1500 K is very 
small, indicating strong stability (Fig. 5a and b). However, for qTP-2 and qTP-3 at 1500 K, the vibration between 
the two layers significantly intensifies. Two or three initially aligned fullerenes become noticeably misaligned 
over time, with the misalignment worsening as the temperature increases (Fig. 5c and d). The vibration amplitude 
of qTPs at 300 K is also very small, confirming their stable existence at room temperature. However, as the width 
of qTPs increases, their stability gradually decreases, especially for qTP-3, which cannot maintain stability at 
temperatures above 1300 K.

Fig. 2.  (a) RMSD curves of qHP-1, qHP-2 and qHP-3 at 300 K. RMSD curves of qHP-1(b), qHP − 2(c) and 
qHP-3(d) at 500, 1000, 1300 and 1500 K, respectively.
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Figure  6 shows the isosurface diagrams of the highest occupied crystal orbital (HOCO) and the lowest 
unoccupied crystal orbital (LUCO) of qHPs. It is calculated that the HOCO-LUCO gap of qHP-1 is 1.32 eV, 
qHP-2 is 1.11 eV, and qHP-3 is 1.103 eV. It can be observed that with the increase of qHP width, the value of 
HOCO-LUCO gap is smaller, although this gap is very small. However, it is also proved that qHP is more prone 
to electronic transition with the increase of width. Both the HOCO and LUCO electron clouds of qHP-1 are 
distributed throughout the system (Fig. 6a and b). The HOCO and LUCO electron clouds of qHP-2 and qHP-3 
are not equally distributed on each fullerene. The HOCO of qHP-2 is mainly distributed in the lower fullerene 
chain, while a small amount of HOCO is also distributed in the upper part (Fig. 6c and d). The LUCO of qHP-2 is 
completely distributed on the upper fullerene chain. The HOCO of qHP-3 is evenly distributed on the upper and 
lower fullerene chains. The LUCO of qHP-3 is mainly distributed in the lower fullerene chain, while the upper 
fullerene chain has a small distribution (Fig. 6e and f).

Figure 7 shows the isosurface diagrams of HOCO and LUCO of qTPs. The HOCO-LUCO gap of qTP-1, 
qTP-2 and qTP-3 is 2.26 eV, 2.14 eV, and 2.08 eV, which are consistent with the rule of qHP. The wider the qTP, 
the easier the electronic transition of qTP is. Comparing qTP with qHP, it is found that the HOCO-LUCO gap 
value of qHP is smaller, so the electron transition from occupied orbital to empty orbital is stronger in qHP 
structure. The electron clouds of HOCO and LUCO in qTP-1 are distributed on the fullerene sphere (Fig. 7a and 
b), the electron clouds of HOCO in qTP-2 are only distributed on the fullerene sphere, and the electron clouds of 
LUCO are also distributed at the junction of the fullerene sphere, and the electron clouds of HOCO and LUCO 
are evenly distributed (Fig. 7c and d). The distribution of HOCO and LUCO electron clouds on the fullerenes of 
qTP-3 is not equal. The fullerenes in the middle layer have more electron clouds, and the fullerenes in the upper 
and lower layers have less electron clouds (Fig. 7e and f).

Next, the light absorption properties of fullerene nanoribbons were studied. Firstly, the absorption spectrum 
of hexagonal two-dimensional fullerene is calculated at the level of PBE0 functional combined with DZVP-

Fig. 3.  (a) RMSD curves of qTP-1, qTP-2 and qTP-3 at 300 K. RMSD curves of qTP-1(b), qTP − 2(c) and qTP-
3(d) at 500, 1000, 1300 and 1500 K, respectively.
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MOLOPT-SR-GTH basis set, as shown in Fig. 8. The optical gap is 1.64 eV. This is only 0.09 eV different from 
the experimentally measured 1.55 eV, which reflects the rationality of the current calculation level. Figure 9a 
shows the absorption spectrum of qHP-1 and the upward composnents of each side. It can be seen that there 
is a strong absorption peak near 370 nm, and this absorption peak is mainly contributed by S101. At the same 

Fig. 4.  (a) AIMD trajectory of qHP-1 at 1300 K, (b) AIMD trajectory of qHP − 1 at 1500 K, (c) AIMD 
trajectory of qHP-2 at 1500 K, (d) qHP-3 at 1500 K AIMD trajectory. Take a frame structure every 200 
frames, a total of 30 frames. Red and blue represent structures in the early and late stages of the simulation, 
respectively.
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time, the total absorption spectrum is completely coincident with the absorption spectrum in the x direction, 
indicating that the absorption peak is completely excited by the incident light in the x direction. Figure 10a 
shows the electron and hole density of the S101 excited state of qHP-1, which exhibits strong local excitation. 
Figure 9b shows the absorption spectrum of qHP-2 and its components in each direction. Different from qHP-1, 
the absorption spectrum of qHP-2 shows an obvious absorption peak in the Y-direction component. There is a 

Fig. 5.  (a) AIMD trajectory of qTP-1 at 1300 K, (b) AIMD trajectory of qTP − 1 at 1500 K, (c) AIMD 
trajectory of qTP-2 at 1500 K, (d) qTP-3 at 1500 K AIMD trajectory. Take a frame structure every 200 frames, a 
total of 30 frames. Red and blue represent structures in the early and late stages of the simulation, respectively.
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strong absorption peak near 1300 nm, and it is entirely contributed by S1, which is caused by incident light in the 
x direction. Figure 10b shows the electron hole density diagram of the S1 excited state of qHP-2. It can be seen 
that the electron density is mainly distributed on both sides of the fullerene, while the hole density is distributed 
in the middle position, which indicates that the electrons are transferred from the middle to the two ends. qHP-2 
also has an absorption peak near 600 nm, which is caused by incident light in both the x and y directions. The x 
component is contributed by a large number of small excited states, and the y component is mainly contributed 
by S101. Figure 10c shows the electron hole density of the S101 excited state of qHP-2. S101 and S1 of qHP-2 exhibit 
the same excitation characteristics, but the charge transfer of S101 is significantly greater than that of S1. Figure 9c 
shows the absorption spectrum of qHP-3 and its components in each direction. The absorption spectrum of 
qHP-3 is very close to that of qHP-2, which has two identical absorption peaks in the same wavelength range. 
The strong absorption peaks are contributed by S1 and S2 to the degenerate excited state. Figure 11a and b show 
the electron hole density maps of S1 and S2 of qHP-3 respectively. The excitation modes of both are exactly the 
same, and both are excited by charge transfer from the edge to the inside. The absorption peak of qHP-3 near 
600 nm is also contributed by the x component and the y component, and the excited state that contributes 
mainly to the y component is S50. Figure 11c shows the electron hole density diagram of S50 of qHP-3, and it can 
be seen that S50 is an obvious excited state of charge transfer. The electrons are distributed on both sides of the 
fullerene, while the holes are distributed on the fullerene in the middle, indicating that the middle electrons are 
transferred to both sides.

Figure 9d shows the absorption spectrum of qTP-1 and its components in each direction. Unlike qHP, the 
absorption spectrum of qTP-1 almost coincides with the spectrum in the y direction, with small contributions 
from the x and z components. The absorption peak is mainly contributed by S121. Figure 12a shows the electron 
hole density diagram of S121 of qTP-1. It can be seen that the holes are on both sides of the fullerene ball and 
the most central position, and the electrons are between the two layers of holes, which has the property of 
charge transfer. Figure  9e and f show the absorption spectra of qTP-2 and qTP-3 and their components in 
each direction, respectively. The absorption spectra of qTP-2 and qTP-3 are very similar. The absorption peak 
is entirely excited by incident light in the x direction. The absorption peak of qTP-2 is mainly contributed by 
S98. Figure 12b shows the electron hole density diagram of qTP-2, where electrons are distributed around the 
fullerene and holes are distributed in the center of the fullerene, indicating that electrons are transferred from 

Fig. 7.  HOCO and LUCO electron distributions of qTP-1(a, b), qTP-2(c, d) and qTP-3(e, f).

 

Fig. 6.  HOCO and LUCO electron distributions of qHP-1(a, b), qHP-2(c, d) and qHP-3(e, f).
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the center to the periphery. The absorption spectrum of qTP-3 is mainly contributed by S84. Figure 12c shows the 
electron hole density of qTP-3, showing strong local excitation properties.

The light absorption properties of fullerene nanoribbons show strong anisotropy, in which the absorption 
peaks of qHP-1, qTP-2 and qTP-3 are dominated by the x-direction component. Both qHP-2 and qHP-3 have 
strong absorption peaks dominated by x-direction components in the infrared range. At the same time, there 
is an absorption peak near 600 nm contributed by x and y components. Observing the electron hole density 
map of qHP-2 and qHP-3, it can be found that electrons have a strong ability to transfer outward. However, the 
absorption peak of qTP-1 is dominated by the y component and contributes little to the x and z directions.

Results
In this work, we predict the structure of six fullerene nanoribbons and explored their thermal stability and optical 
properties using first-principles and AIMD methods. First, we simulated the thermal stability of six fullerene 
nanoribbons at 500 K, 1000 K, 1300 K, and 1500 K using AIMD. The results showed that qHP-3 exhibited the 
best thermal stability among all the structures. When the temperature increased to 1300 K, qHP-1 underwent 
cleavage, producing fullerene monomers and oligomers, while qHP-2 cleaved at 1500 K. Additionally, significant 
misalignment was observed between the layers of qTP-2 and qTP-3. The study demonstrated that the stability 
of qHPs increases with width, while the stability of qTPs decreases with increasing width. As the temperature 
rises, the structures of the fullerene nanoribbons gradually become unstable. Then the absorption spectra of 
the six structures were studied based on TDDFT. Firstly, the absorption spectra of two-dimensional hexagonal 
fullerenes are calculated, and the optical gap matches the experimental values. This shows the rationality of the 
calculation. The absorption peak of qHP-1 is located at 380 nm and is completely excited by incident light in 
the x direction. The absorption spectra of qHP-2 and qHP-3 are very similar, with an absorption peak in the 
infrared and visible regions, respectively. The absorption peak in the infrared band is excited by the incident 
light in the x direction, and the absorption peak in the visible region is excited by the incident light in the 
x direction and the y direction. The absorption spectrum of qTP-1 is contributed by incident light in the y 
direction. The absorption spectra of qTP-2 and qTP-3 are entirely excited by incident light in the X direction. 
Then the electron-hole density is used to visualize the charge transfer mode of each excited state. The results 
show that the electrons in qHP have an obvious inward transfer tendency. While the electrons of qTP-2 are 

Fig. 8.  The calculated absorption spectrum of quasi-hexagonal 2D fullerene, the blue text is the calculated 
optical gap, and the red text is the experimental optical gap.
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transferred from the inside out, qTP-3 has a strong local excitation property. This work provides the necessary 
theoretical basis for understanding new all-carbon materials.

Fig. 9.  Calculated absorption spectra of qHP-1(a), qHP-2(b), qHP-3(c), qTP-1(d), qTP-2(e) and qTP-3(f). The 
red, green, and blue curves are components in the x, y, and z directions, respectively.
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Fig. 10.  Electron-hole density of qHP-1&S101(a), qHP-2&S1(b) and qHP-2&S101(c), pink and blue represent 
electrons and holes, respectively.
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Fig. 11.  Electron-hole density of qHP-3&S1(a), qHP-3&S2(b) and qHP-2&S50(c), pink and blue represent 
electrons and holes, respectively.
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Data availability
Data is available on request from the corresponding author.
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Fig. 12.  Electron-hole density of qTP-1&S121(a), qHP-2&S98(b) and qTP-3&S84(c), pink and blue represent 
electrons and holes, respectively.

 

Scientific Reports |        (2024) 14:28978 13| https://doi.org/10.1038/s41598-024-80338-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


References
	 1.	 Tallant, D., Parmeter, J., Siegal, M. & Simpson, R. The thermal stability of diamond-like carbon. Diam. Relat. Mater. 4, 191–199 

(1995).
	 2.	 Xu, Y. G. et al. Can graphynes turn into graphene at room temperature? Carbon 73, 283–290 (2014).
	 3.	 Takakura, A. et al. Strength of carbon nanotubes depends on their chemical structures. Nat. Commun. 10, 3040 (2019).
	 4.	 Sun, Z., Fang, S. & Hu, Y. H. 3d graphene materials: From understanding to design and synthesis control. Chem. Rev. 120, 10336–

10453 (2020).
	 5.	 Hou, L. et al. Synthesis of a monolayer fullerene network. Nature 606, 507–510 (2022).
	 6.	 Li, W. & Sun, M. Electronic band structure and anisotropic optical properties of bulk and monolayer fullerene networks. 

Spectrochim. Acta Part A: Mol. Biomol. Spectrosc. 298, 122756 (2023).
	 7.	 Moztarzadeh, O. et al. Molecular modelling of fullerene C60 functionalized by nitric oxide for use in biological environment. Sci. 

Rep. 14, 2565 (2024).
	 8.	 Li, W., Yang, R. & Sun, M. Superior thermoelectric properties of bulk and monolayer fullerene networks. J. Mater. Chem. A 11, 

3949–3960 (2023).
	 9.	 Peng, B. Monolayer fullerene networks as photocatalysts for overall water splitting. J. Am. Chem. Soc. 144, 19921–19931 (2022).
	10.	 Junior, L. R., Junior, M. P., Giozza, W., Tromer, R. & Galvão, D. S. Thermal stability and fracture patterns of a recently synthesized 

monolayer fullerene network: A reactive molecular dynamics study. Chem. Phys. Lett. 807, 140075 (2022).
	11.	 Meirzadeh, E. et al. A few-layer covalent network of fullerenes. Nature 613, 71–76 (2023).
	12.	 Peng, B. Stability and strength of monolayer polymeric c60. Nano Lett. 23, 652–658 (2023).
	13.	 Wada, Y., Nakagawa, H., Matsumoto, S., Wakisaka, Y. & Kaji, H. Organic light emitters exhibiting very fast reverse intersystem 

crossing. Nat. Photonics 14, 643–649 (2020).
	14.	 Maduraiveeran, G. & Jin, W. Carbon nanomaterials: Synthesis, properties and applications in electrochemical sensors and energy 

conversion systems. Mater. Sci. Eng. B 272, 115341 (2021).
	15.	 Wan, L., Liu, Y., Fuchter, M. J. & Yan, B. Anomalous circularly polarized light emission in organic light-emitting diodes caused by 

orbital–momentum locking. Nat. Photonics 17, 193–199 (2023).
	16.	 Ren, Y. et al. Hydroxamic acid pre-adsorption raises the efficiency of cosensitized solar cells. Nature 613, 60–65 (2023).
	17.	 Nazeeruddin, M. K., Baranoff, E. & Grätzel, M. Dye-sensitized solar cells: A brief overview. Sol. Energy 85, 1172–1178 (2011).
	18.	 Marinova, N., Valero, S. & Delgado, J. L. Organic and perovskite solar cells: Working principles, materials and interfaces. J. Colloid 

Interface Sci. 488, 373–389 (2017).
	19.	 Liu, L. et al. Graphdiyne derivative as multifunctional solid additive in binary organic solar cells with 17.3% efficiency and high 

reproductivity. Adv. Mater. 32, 1907604 (2020).
	20.	 Tress, W. et al. Performance of perovskite solar cells under simulated temperature-illumination real-world operating conditions. 

Nat. Energy 4, 568–574 (2019).
	21.	 He, Z. et al. An organic transistor with light intensity-dependent active photoadaptation. Nat. Electron. 4, 522–529 (2021).
	22.	 Lussem, B. et al. Doped organic transistors. Chem. Rev. 116, 13714–13751 (2016).
	23.	 Klauk, H. Organic thin-film transistors. Chem. Soc. Rev. 39, 2643–2666 (2010).
	24.	 Tromer, R. M., Junior, L. A. R. & Galvão, D. S. A DFT study of the electronic, optical, and mechanical properties of a recently 

synthesized monolayer fullerene network. Chem. Phys. Lett. 804, 139925 (2022).
	25.	 Kühne, T. D. et al. Cp2k: An electronic structure and molecular dynamics software package-quickstep: Efficient and accurate 

electronic structure calculations. J. Chem. Phys. 152, 194103 (2020).
	26.	 Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865 (1996).
	27.	 VandeVondele, J. & Hutter, J. Gaussian basis sets for accurate calculations on molecular systems in gas and condensed phases. J. 

Chem. Phys. 127, 114105 (2007).
	28.	 Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion 

correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132, 154104 (2010).
	29.	 Grimme, S., Bannwarth, C. & Shushkov, P. A robust and accurate tight-binding quantum chemical method for structures, vibrational 

frequencies, and noncovalent interactions of large molecular systems parametrized for all spd-block elements (z = 1–86). J. Chem. 
Theory Comput. 13, 1989–2009 (2017).

	30.	 Humphrey, W., Dalke, A., Schulten, K. & Vmd Visual molecular dynamics. J. Mol. Graph. 14, 33–38 (1996).
	31.	 Adamo, C. & Barone, V. Toward reliable density functional methods without adjustable parameters: The PBE0 model. J. Chem. 

Phys. 110, 6158–6170 (1999).
	32.	 Lu, T., Chen, F. & Multiwfn A multifunctional wavefunction analyzer. J. Comput. Chem. 33, 580–592 (2012).
	33.	 Lu, C., Chen, P., Sheng, H., Li, C. & Wang, J. Physical mechanism on linear spectrum and nonlinear spectrum in double helical 

carbon nanomolecule–infinitene. Spectrochim. Acta Part A: Mol. Biomol. Spectrosc. 282, 121674 (2022).
	34.	 Mu, X. & Sun, M. The linear and non-linear optical absorption and asymmetrical electromagnetic interaction in chiral twisted 

bilayer graphene with hybrid edges. Mater. Today Phys. 14, 100222 (2020).
	35.	 Brovelli, S. et al. Nano-engineered electron–hole exchange interaction controls exciton dynamics in core–shell semiconductor 

nanocrystals. Nat. Commun. 2, 280 (2011).
	36.	 Liu, Z., Lu, T. & Chen, Q. An sp-hybridized all-carboatomic ring, cyclo [18] carbon: Electronic structure, electronic spectrum, and 

optical nonlinearity. Carbon 165, 461–467 (2020).
	37.	 Liu, Z., Lu, T. & Chen, Q. Vibrational spectra and molecular vibrational behaviors of all-carboatomic rings, cyclo [18] carbon and 

its analogues. Chem. Asian J. 16, 56–63 (2021).

Acknowledgements
This work was supported by the Natural Science Foundation of Liaoning Province, Grant Number:2022-BS-294, 
The Fushun Talent Plan, Grant Number: FSYC202306003, and Youth Project of Liaoning Provincial Department 
of Education, Grant Number: JYTQN2023349.Ji Ma thanks Kui Gong, Yibin Hu and Yin Wang (all from HZW-
TECH) for help and discussions regarding this study.

Author contributions
Haonan Bai and Xinwen Gai wrote the main manuscript text and Lulu Sun and Ji Ma prepared the figures. All 
authors reviewed the manuscript.

Declarations

Competing interests
The authors declare no competing interests.

Scientific Reports |        (2024) 14:28978 14| https://doi.org/10.1038/s41598-024-80338-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​4​-​8​0​3​3​8​-​w​​​​​.​​

Correspondence and requests for materials should be addressed to L.S. or J.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024 

Scientific Reports |        (2024) 14:28978 15| https://doi.org/10.1038/s41598-024-80338-w

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-024-80338-w
https://doi.org/10.1038/s41598-024-80338-w
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Theoretical study on the prediction of optical properties and thermal stability of fullerene nanoribbons
	﻿Methods
	﻿Results and discussion
	﻿Results
	﻿References


