

  nanomaterials-14-00627




nanomaterials-14-00627







Nanomaterials 2024, 14(7), 627; doi:10.3390/nano14070627




Article



Molecular Dynamics Study of Nanoribbon Formation by Encapsulating Cyclic Hydrocarbon Molecules inside Single-Walled Carbon Nanotube



Somayeh Eskandari 1, János Koltai 1, István László 2 and Jenő Kürti 1,*





1



Department of Biological Physics, Eötvös University, 1117 Budapest, Hungary






2



Department of Theoretical Physics, Budapest University of Technology and Economics, 1111 Budapest, Hungary









*



Correspondence: jeno.kurti@ttk.elte.hu







Citation: Eskandari, S.; Koltai, J.; László, I.; Kürti, J. Molecular Dynamics Study of Nanoribbon Formation by Encapsulating Cyclic Hydrocarbon Molecules inside Single-Walled Carbon Nanotube. Nanomaterials 2024, 14, 627. https://doi.org/10.3390/nano14070627



Academic Editors: Sotirios Baskoutas and Francesco Tornabene



Received: 13 February 2024 / Revised: 22 March 2024 / Accepted: 27 March 2024 / Published: 2 April 2024



Abstract

:

Carbon nanotubes filled with organic molecules can serve as chemical nanoreactors. Recent experimental results show that, by introducing cyclic hydrocarbon molecules inside carbon nanotubes, they can be transformed into nanoribbons or inner tubes, depending on the experimental conditions. In this paper, we present our results obtained as a continuation of our previous molecular dynamics simulation work. In our previous work, the initial geometry consisted of independent carbon atoms. Now, as an initial condition, we have placed different molecules inside a carbon nanotube (18,0): C5H5 (fragment of ferrocene), C5, C5+H2; C6H6 (benzene), C6, C6+H2; C20H12 (perylene); and C24H12 (coronene). The simulations were performed using the REBO-II potential of the LAMMPS software package, supplemented with a Lennard-Jones potential between the nanotube wall atoms and the inner atoms. The simulation proved difficult due to the slow dynamics of the H abstraction. However, with a slight modification of the parameterization, it was possible to model the formation of carbon nanoribbons inside the carbon nanotube.
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1. Introduction


Carbon nanotubes (CNTs) are promising materials for mechanical, electrical, and optical applications. In addition, the inside of a carbon nanotube offers exciting possibilities for observing new types of chemical reactions, as shown by numerous experimental studies [1,2,3,4]. Chemical reactions take place differently in a nanotube than in free space or on the surface of a substrate. The main effect is confinement: atoms must remain close together transversely and can only move freely along the length of the tube. In addition, the atoms in the walls of the tube not only limit the available space like a hard wall, but also affect the interaction of the atoms inside. The creation of graphene nanoribbons (GNRs) within single-walled carbon nanotubes (SWCNTs) using different precursor molecules is a new approach that combines the unique properties of GNRs and SWCNTs to forge advanced nanomaterials. GNRs are particularly promising materials for nano-electronic applications because, unlike infinite graphene, they have a nonzero bandgap due to their finite width [5,6,7,8,9,10,11,12].



The formation of GNRs is facilitated by the unique, confining environment of the nanotubes’ one-dimensional space, which effectively aligns molecules such as coronene or perylene in an edge-to-edge manner, promoting their dimerization and subsequent oligomerization into extensive nanoribbons. The planar and stable nature of aromatic hydrocarbon molecules are pivotal in this synthesis.



It has recently been observed that various cyclic hydrocarbon molecules introduced into SWCNTs with a diameter of about 1.4 nm can assemble into GNRs at elevated temperatures [13,14,15]. These experimental works gave us the motivation to investigate the formation of GNRs within SWCNTs via molecular dynamics (MD) simulations.



The objective of our research was twofold: (1) we could not find any work in the literature in which MD simulation of GNR production from hydrocarbon molecules within SWCNTs has been performed (neither using DFT nor empirical functions), and we aimed to fill this gap, and (2) to test a useful empirical potential, the Brenner potential (REBO-II) for dynamic processes within SWCNTs, to our knowledge no such study can be found in the literature. The two objectives are explained in a little more detail below.



Although there have been many experimental studies on the reactions of hydrocarbon molecules confined inside SWCNTs, we are not aware of any MD simulation studies of such processes in the literature. To avoid misunderstandings, it should be noted that many MD simulation studies have been performed on carbonaceous materials: amorphous carbon, graphite, graphene, and even carbon nanotubes and carbon nanoribbons. However, none of these have addressed the formation of GNRs inside SWCNTs [16,17,18,19,20]. We have published two MD simulation studies of GNR formation inside SWCNTs, but we placed single independent C atoms in the nanotubes as initial conditions, rather than hydrocarbon molecules [21,22]. Therefore, our first and most important goal was to continue our previous studies by using hydrocarbon molecules as precursors. We performed MD simulations for conditions as similar as possible to those of recent experimental studies.



Using empirical potentials in MD simulations is a fast and efficient method, especially for large systems and/or long simulation times. In contrast to first-principles calculations, such as DFT- or DFTB-based simulations, there is no need to diagonalize the Hamiltonian at each step, but the forces can be derived from the corresponding empirical potential functions. Carbon is a particularly difficult case due to the role of pi electrons and the competition between different possible hybridizations. The Tersoff potential was the first to successfully address this problem [23,24]. However, it had the disadvantage that, even after its development, the potential contained only silicon, boron, and nitrogen in addition to carbon, but no hydrogen. It was Brenner who further developed the Tersoff potential for systems containing carbon and hydrogen [25]. Already, the original reactive empirical bond order potential (REBO) successfully treated hydrocarbon molecules alongside various solid carbon structures. The second generation of the reactive empirical bond order potential (REBO-II) contains modified analytical functions for short-range interactions, e.g., dihedral terms, compared to the original REBO [26]. The number of parameters has also been increased to a few dozen and fitted to a larger database. It is important to emphasize that the interaction between two atoms depends not only on the distance between them, but also on the other atoms in their neighborhoods, i.e., it is a many-body interaction. In other words, the bonding of atoms is determined by local bonding neighbors and nonlocal conjugation. The many-body interaction allows the covalent bond to be broken and formed by a corresponding change in atomic hybridization. Some details are given in the Methods section.



In our previous studies, we performed MD simulations of encapsulated free carbon atoms within an (18,0) SWCNT and annealed the system at different temperatures using different interatomic potentials suitable for carbon–carbon interaction [22]. The results showed that the Tersoff potential [23,24], in the absence of hydrogen atoms, is significantly more effective in promoting the formation of GNRs in the tube than the alternative potentials tested. However, while the Tersoff potential is considered an effective choice for simulating graphitization processes within the nanotube, its use in simulations involving hydrocarbon molecules is limited. This limitation is because the Tersoff potential is specifically tailored to interactions between carbon atoms and does not take into account interactions with hydrogen.



Further examination in the preceding study revealed that, during reactions within the confined space of the tube, force fields incorporating long-range interaction terms, such as ReaxFF [27,28] and AIREBO [29,30], were less successful in facilitating ribbon formation inside the tube. Therefore, the REBO-II [26] potential emerged as a promising candidate for simulating the chemical reactions of encapsulated hydrocarbon molecules within the SWCNT. The REBO-II potential, which is a short-range potential derived from the Tersoff potential, supports the interactions of both carbon and hydrogen atoms. In addition, the REBO-II potential was supplemented with the Lennard-Jones (LJ) potential to account for the significant van der Waals forces between the carbon atoms in the tube wall and the carbon atoms inside the tube. The values of the LJ parameters were aligned with those used for carbon atoms in the AIREBO potential.



In this work, we continued our previous MD simulations, but instead of independent carbon atoms, we randomly placed different cyclic hydrocarbon molecules inside an (18,0) carbon nanotube as the initial structure. As mentioned above, the REBO-II potential was used for interactions between all atoms within the nanotube. In our simulations, however, we found that the REBO-II potential with the original parameterization is not suitable for describing the formation of carbon nanoribbons, or any meaningful structure at all, within the carbon nanotube, due to the very slow dynamics of H abstraction. To solve this problem and to speed up the reaction, we used a method that involved increasing the temperature and modifying one of the parameters of REBO-II. As a result, this allowed us to simulate the formation of GNRs inside SWCNTs. The details are discussed in this paper.



This study is structured as follows. First, the methodology used is described. This is followed by a detailed discussion of the results obtained for different cyclic hydrocarbon molecules, including C5H5 (as a model system for ferrocene), C6H6 (benzene), C20H12 (perylene), and C24H12 (coronene), which are dealt with separately in the results section. The discussion starts with C5H5, representing a component of ferrocene, to investigate the performance of the REBO-II potential on the C5H5@(18,0) system. In order to further explore the carbon–carbon (C-C), hydrogen–hydrogen (H-H) and carbon–hydrogen (C-H) interactions, simulations have also been performed for C5@(18,0) and (C5+2.5H2)@(18,0) systems. Subsequently, in Section 3.2, we present the results for C6H6, which can be considered as the simplest unit of polyaromatic hydrocarbons (PAHs), followed by an investigation of the (C6+3H2)@(18,0) scenario. The discussion concludes in Section 3.3 with the presentation of results for encapsulated perylene (C20H12) and coronene (C24H12) molecules.




2. Methods


In this study, all molecular dynamics simulations were performed with the open-source software LAMMPS (MPI v1.0: LAMMPS MPI STUBS for LAMMPS version 2, August 2023) [31]. LAMMPS’s flexibility in handling different types of interatomic potentials such as Tersoff, AIREBO, REBO-II, and ReaxFF, allows it to simulate a broad range of phenomena in hydrocarbon systems, from the phase behavior and mechanical properties of polymers to the dynamics of complex biological membranes and the reactive synthesis of carbon-based materials.



The selection of the REBO-II potential was influenced by our prior research, as previously discussed. Furthermore, Tomas et al. assessed the efficacy of six prevalent carbon potentials in LAMMPS, among them REBO-II, for their capability to characterize amorphous carbons and the graphitization procedure [19,20]. Their findings indicated that the REBO-II potential facilitated a 90% sp2 bonding configuration in carbon atoms following the annealing of amorphous carbons at low densities, affirming the potential’s effectiveness in GNR synthesis.



The REBO-II potential is a method for calculating the total chemical binding energy (   E b   ) of a system, inspired by the chemical pseudopotential theory originally formulated by Abell [26]. This potential is particularly designed to model the interactions within carbon-based systems and is characterized by its focus on nearest-neighbor interactions. The total binding energy (   E b   ) is expressed as a combination of repulsive (   V R   r   ) and attractive (   V A   r   ) terms between pairs of nearest neighbor atoms:


   E b  =   ∑  i    ∑   j > i      V  R        r  i j     −   b ¯   i j    V A     r  i j        



(1)






   V R   r  =  f c   r  ( 1 + Q / r ) A  e  − α r    



(2)






   V A   r  =  f c   r    ∑   n = 1 , 3    B n   e  −  β n  r    



(3)







Both terms are modified with a cut-off function    f c   r    to limit the range of these interactions to nearest neighbors, reflecting the localized nature of covalent bonding. The repulsive term    V R   r    includes an exponential decay function scaled with a parameter A and modified with a prefactor that depends on the distance r and a constant Q. The attractive term    V A   r  ,   on the other hand, sums over contributions from three different types of hybridizations (sp, sp2, and sp3) of the carbon atom, each with its own exponential decay characterized by coefficients    B n    and decay rates    β n  .   The bond order term     b ¯   i j     is a crucial component of the REBO-II potential, encapsulating the dynamic nature of chemical bonding in response to the local environment, including effects such as bond saturation and the presence of conjugated systems. It is calculated as an average and correction term involving the geometry and electronic structure around the bond between atoms i and j, including terms for radical, conjugate, nonconjugate, double bond, and torsion effects.
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The bond order    b  i j       itself is a complex function accounting for the influence of surrounding atoms on the bond’s character, integrating terms for angular dependencies, the difference in ideal bond lengths, and a spline function dependent on the local chemical environment (number of C and H neighbors). One can find the details in [26].



The REBO-II potential is designed to handle only short-range atomic interactions, lacking the capability to manage long-range interactions. From the findings in our prior research, the unique, confined space within the tube meant that employing long-range interaction potentials like REAXFF and AIREBO resulted in the formation of chain structures inside the tube, aligned parallel to its walls. Conversely, it is crucial to maintain the van der Waals distance between the atoms inside the tube and the tube walls to prevent the inner atoms from approaching the walls closer than the van der Waals threshold of 3.4 Å. To address this, we utilized the hybrid-style command in LAMMPS to specifically apply the Lennard-Jones (LJ) potential between the tube walls and the carbon atoms inside the tube, effectively managing these interactions.



The initial atomic configuration for the molecular dynamics (MD) simulations was created using the PACKMOL software (Version: v20.14.3). The reactant molecules were randomly arranged inside a 3 nm long segment of an (18,0) SWCNT with a diameter of 1.4 nm. The number of guest molecules was chosen to correspond to around 33 C atoms/nm, based on experimental observations [14]. Just for comparison, this density of C atoms corresponds to an armchair nanoribbon containing 7 carbon atoms along the width of the nanoribbon (7-AGNR). Therefore, a 3 nm long section of the tube was filled with 20 C5H5, 16 C6H6, 5 C20H12, or 4 C24H12 molecules in a random initial arrangement. The simulation box was configured with periodic boundary conditions to ensure the formation of a continuous, long nanotube along the tube’s axis, specifically in the z-direction. To prevent interactions between unit cells in the x and y directions perpendicular to the tube, the simulation box was significantly enlarged in these directions. This modification guaranteed a separation of 50 Å between the centers of adjacent tubes along the x and y axes. After conducting numerous convergence and stability calculations to determine the optimal numerical parameters, we applied the following procedure in all cases: The time step throughout the modelling was set to 0.1 fs. The heating and annealing processes were carried out by applying the NVT ensemble, which adjusts the temperature using a Nosé–Hoover thermostat with the damp factor of 0.01 ps. Initially, the temperature of the system was raised from 300 K to the annealing temperature of 3000 K in a few picoseconds (at a rate of 100 K/ps), and then the system was maintained at this temperature for 1 ns. In order to have a better view of the final geometry qualitatively, we applied the energy minimization over the final geometry after the simulation was finished at 1 ns. As a result, however, the deformation of the tube is easily noticeable during the simulation at various intermediate steps; at 1 nanosecond, the deformation becomes evident by comparing the cross-section of the tube between the initial and final configurations.



During the simulations, the carbon nanotube (CNT) remained flexible and engaged in interactions with guest molecules, supported by both REBO-II and Lennard-Jones (LJ) interatomic potentials. The geometry of atoms during the simulations were visualized using the VMD (Visual Molecular Dynamics, 1.9.1 version) software. To quantitatively track the changes in the structure, we used a self-written Python code that calculates the number of hexagons and the average distance from the best in-plane fit of the atom positions (nonplanarity) every 100 fs during the simulation.



Choosing the right temperature was important for running the simulations. Without H atoms, the fusion of the rings started at 1100 K. However, for hydrocarbon molecules, the dynamics of H abstraction proved to be too slow. Therefore, the effect of increasing the temperature on the process was investigated. In cases without H atoms, the formation of fused rings was already significantly accelerated at 3000 K, as will be seen in the Results section. Above 3000 K, however, the nanotube itself started to lose its stability, and at T > 4000 K, it started to disintegrate. Raising the temperature to speed up the simulation is not unprecedented in the literature. In two recent papers, the authors investigated the graphitization of amorphous carbon using and comparing several different interatomic potentials [19,20]. The temperature was raised high enough to do this, but not so high as to melt the structure. For example, for REBO-II the annealing temperature was 4000 K or 4500 K, depending on the density of carbon atoms.



The big problem arises when we turn to hydrocarbon molecules: the increase in temperature alone was not sufficient for H-containing molecules because of the very slow rate of H abstraction reactions. A second aid was needed here. One possibility would have been to randomly remove some H atoms during the simulation. There are examples of this technique in the literature, which has been successfully applied to the study of benzene combustion [16,17] and acetylene-based growth mechanisms in CVD synthesis of carbon nanotubes [18]. We have chosen a different procedure. Instead of randomly removing H atoms, we weakened the strength of the C-H bond. To do this, it was sufficient to modify one of the many parameters of the many-body potential, the βC-H exponent. There is one important difference between the two methods. In the random removal of H atoms, the H atoms removed are permanently removed from the system. In our method, on the other hand, all H atoms remain in the system; it is a self-regulating process.




3. Results and Discussion


One of the most important experimental results on the formation of GNRs inside SWCNTs is the study in which ferrocene complex molecules (Fe(C5H5)2) were introduced into the nanotubes [14]. After annealing at high temperature, combined atomic resolution electron microscopy and resonance Raman spectroscopy measurements were used to detect the presence of GNRs inside the SWCNT (mostly 6-AGNR and 7-AGNR). However, realistic simulations with real ferrocene complex molecules are beyond the scope of this work. Instead, the initial phase of the reaction, including the catalytic role of Fe, was omitted, and for simplicity, the simulation was started with single C5H5 molecules, which is a fragment of ferrocene.



Another important family of precursors are the polyaromatic hydrocarbon (PAH) molecules such as perylene (C20H12) or coronene (C24H12). We continued our studies with these molecules. Before that, however, we investigated the C6H6 scenario, which is the smallest constituent of PAH molecules. In the following sections, we present our results one by one, in the order given.



3.1. C5H5@SWCNT


The MD simulations were started with the original parameterization of the REBO-II potential. Figure 1 shows the result of a simulation in which individual C5H5 molecules were encapsulated in a (18,0) SWCNT at 3000 K for 1 nanosecond. The number of C5H5 molecules was 20 per 3 nm. At this elevated temperature, it was observed that many C-C bonds were broken, leading to some fusion of carbon atoms. The resistance of the C-H bonds to breakage, however, prevented the complete fusion of carbon atoms, thus preventing the graphitization process. Very few hexagons were formed, and no planar structure was created as can be seen in Figure 1. The average distance of the atoms from the plane fitted via the least squares method during the simulation practically preserved the nonplanarity value obtained for the initial random structure.



It should be noted that at lower temperatures a less graphene-like structure was formed, due to the C-H bonds being too strong. In fact, we started with lower annealing temperatures, gradually increasing them from 1000 K onwards, and in the end the C-H bonds started to break at around 3000 K. However, further investigations, even at temperatures exceeding 4000 K, revealed that such high temperatures were not only ineffective in significantly breaking the C-H bonds, but also resulted in the disruption of the C-C bonds within the SWCNT. Consequently, this led to the destabilization of the entire system, which is an undesirable outcome. This is why the simulations were all performed at 3000 K.



In an effort to elucidate the behavior of C5H5, the simulation was repeated under two additional scenarios. In one case, there are no hydrogen atoms, but only C5 units are placed in the nanotube. This approach enabled an examination of whether the REBO-II potential can facilitate appropriate C-C interactions during the simulation. In the other case, a mixture of unbonded C5 and H2 molecules was placed inside the SWCNT so that the number of C atoms and the number of H atoms were exactly the same. We can think of this as artificially breaking the C-H bonds of C5H5 to focus on whether or not the system will be able to form a ribbon by skipping the initial C-H bond breakage. All simulations were conducted under identical thermodynamic conditions, with the variation lying solely in the different atomic structures filled within the tube.



In the scenario devoid of hydrogen atoms, specifically the C5@CNT case, the process of heating the molecules and maintaining them at 3000 K for 1 ns resulted in the formation of a ribbon structure, albeit with some defects, as depicted in Figure 2. The initial arrangement of the C5 molecules was obtained by simply deleting the hydrogen atoms from the same initial geometry as shown in Figure 1. Figure 2 reveals an increase in the number of hexagons relative to pentagons, alongside the planarity of the final geometry. Although the hexagonal structure exhibited defects, its quality, when compared to the results obtained with C5H5 under similar conditions, was markedly superior and more closely aligned with experimental observations.



These results suggest that the REBO-II potential can simulate C-C interactions well. However, it appears that the robust C-H interaction within this potential hinders the fusion of C-C bonds (see Figure 1) and, consequently, the formation of GNR structures within the SWCNT, in contrast to the case shown in Figure 2. To investigate the C-H interactions more precisely, the simulation was repeated with the presence of H atoms, albeit employing a different methodology. In this approach, the breaking of C-H bonds from C5H5 was deliberately omitted. Instead, H2 molecules were added randomly to the original starting C5 structure of Figure 1, and the resulting new complete starting structure is shown in the upper left of Figure 3.



The bond energies of the C-C and C-H bonds in the hydrocarbon molecules and fragments we studied are close to each other. For example, the REBO-II potential is parameterized so that the C-C bond energy is 3.69 eV for ethane and 5.36 eV for benzene, and the C-H bond energy is typically 4.53 eV [26]. It should be remembered that the bond energy (for both C-C and C-H) depends on the actual structure. The wave function of the electrons in a given bond varies depending on the arrangement of the neighbouring atoms—this is referred to by the expression, empirical bond order, which is also used in the name of REBO. This effect is handled by the REBO potential through the many-body terms.



Due to the close lying C-C and C-H bond energies, there is competition between the formation of C-H bonds and the rearrangement of C-C bonds. We expected that this method would result in a higher degree of C-C fusion compared to the C5H5 case, which was indeed observed (cf. Figure 1 and Figure 3).



Remarkably, this alternative approach of adding hydrogen molecules led to an increase in the number of hexagonal structures compared to the original C5H5 situation (cf. Figure 1 and Figure 3). However, this increase is not as large as for molecules containing only carbon (cf. Figure 2 and Figure 3). Additionally, a partially armchair graphene nanoribbon, terminated with hydrogen atoms, was observed in the results, correlating well with experimental findings. While hydrogen passivation appears to be essential and beneficial for achieving more planar and stable graphene nanoribbons, it also implies that once a C-H bond is formed, it tends to remain stable and does not readily break.



Comparing these findings with those observed for C5H5 highlights the quicker formation of C-H bonds compared to their cleavage, and their resilience against breaking prevents the decomposition of hydrocarbons during reactions within the tube. Similarly, the adverse effect of hydrogen in hindering the formation of carbon ring structures was also observed in DFTB studies conducted by K. Morokuma and coworkers [16,17,18], who managed the average H/C ratio by selectively removing hydrogen atoms throughout their simulation. Essentially, for the breakdown of hydrocarbon molecules and to subsequently enhance carbon graphitization, the potential must be capable of managing the H/C ratio during the reaction, necessitating accurately defined bonds throughout the process.



The simulation results for pure carbon molecules, specifically C5 encapsulated in a SWCNT (C5@SWCNT), indicate that the parameters governing C-C interactions in the REBO-II potential are adequately defined. However, the presence of hydrogen atoms is a critical factor in the formation of graphene nanoribbons. To facilitate this, it is essential to address the challenge of strong C-H bonds in the reaction of hydrocarbon molecules. However, it appears necessary to modify the parameters related to the C-H bonds. Interestingly, instead of altering the complex many-body terms or parameters in the REBO-II potential (contained in bij of Equation (1)) [26], a more efficient approach was found. This approach involves weakening the C-H bond by adjusting a single parameter, βC-H, in the    V A     r  i j       attractive pair potential term (see Equations (4) and (5)), regardless of the local neighbourhood.



Here, in order to weaken the C-H bond energy, as described at the end of the Methods section, we leave the parameters in the bij expressions at their original values and simply decrease the strength of the attractive pair potential by gradually increasing the value of βC-H in    V A     r  i j      . The original REBO-II version has a βC-H value of 1.4344, corresponding to a bond energy of 4.526 eV for an isolated C-H bond, that is, when bij is 1.



Figure 4 illustrates the variation of the final result as a function of different βC-H values. From the analysis of the diagrams and images presented, it can be seen that the formation of nanoribbons occurs at a βC-Hs value between 1.50 and 1.55, with the optimum around 1.54–1.55 (corresponding to a bond energy of 3.8–3.7 eV). At these specific values, the number of hexagons reaches a high value, while, simultaneously, the nonplanarity reaches a minimum. In this range, the formation of a ribbon structure within the tube can be successfully achieved. Conversely, a further reduction in the C-H bond energy leads to a decrease in the hydrogen passivation of carbon atoms at the edges, which makes the system more prone to form a more closed system, even an inner tube. This phenomenon is noticeable in the results for βC-H values greater than 1.55, where an increased local density of carbon atoms inside the tube is observed, indicative of the initial stages of inner tube formation. It is important to note again that the density of carbon atoms within a (18,0) CNT corresponds to the formation of a GNR with a width of approximately 7 Å.



We return to the case of C5+H2 to see whether the results are consistent with those of C5H5 for the modified parameters of βC-H or not. However, it should be kept in mind that these are different cases, and in the case of C5+H2, even using REBO-II with the original parameterization, the simulation results in a partially ribbon structure (remember Figure 3). Simulations showed that the REBO-II potential performs well with the modified version when βC-H values are between 1.51 and 1.56; see Figure 5. An optimum is achieved when βC-H is around 1.54. This shows that the results for C5H5 and C5+H2 are consistent with each other.




3.2. C6H6@SWCNT


In our study, we have further investigated the activation of C-H bonds within the REBO-II potential, specifically in the context of benzene molecules (C6H6) encapsulated in a SWCNT. This investigation entailed an analysis of the results obtained from simulations of C6H6 encapsulated in a SWCNT (C6H6@SWCNT), and a mixture of C6 and H2 in a SWCNT ((C6 + H2)@SWCNT), following a similar approach as before.



As illustrated in Figure 6, using the original parameters of REBO-II, at a temperature of 3000 K, the interactions of C6H6 molecules inside the nanotube mainly affected the C-C bonds, while most of the C-H bonds remained stable. This stability was akin to that observed in the C5H5@CNT case, which did not yield any notable products.



In contrast, the scenario involving a mixture of C6 and H2 inside the nanotube ((C6 + H2)@SWCNT) gave a different result. In this case, the hydrogen passivation of carbon atoms at the edges together with the fusion of the C-C bonds at 3000 K led to the formation of a graphene nanoribbon (GNR), albeit not of very good quality, which shows some torsion as shown in Figure 7. This finding highlights the important role of hydrogen in changing the structural dynamics and end products in such simulations.



For C6H6@SWCNT, we performed the same series of simulations with the modified βC-H values as before for C5H5@SWCNT. Figure 8 illustrates the results, which are similar to those obtained earlier for C5H5@SWCNT. A ribbon-like structure was formed in the sharp βC-H range between 1.53 and 1.56.



Similar to the C5+H2 vs C5H5 case, we also checked whether the C6+H2 results are consistent with the C6H6 results for the modified parameters of βC-H or not. Figure 9 illustrates the variation of the final result as a function of different βC-H values. Ribbon formation occurs at βC-Hs values between 1.51 and 1.54. As can be seen, the formation of a ribbon structure in this βC-H range is similar to the C5+H2 case. There is one exception that deserves some discussion. For βC-H = 1.55 (and higher values) the difference is striking. For C6+H2, a fullerene-like structure is formed at βC-H = 1.55, while for C5+H2, the structure formed is closer to a nanoribbon at the same βC-H. The simulation has been examined in detail as a function of time, and it can be seen from the movie that first only the fusion of the C atoms occurs, followed by the passivation of the remaining free carbon atoms via hydrogen atoms.



As we know, the C-C bond in the hexagonal structure is stronger than the C-C bond in a pentagon; so, for the same value of βC-H, the difference between the bond energies of C-C and C-H in the different cases of C5+H2 and C6+H2 may be slightly different. For example, in the case of (C6+H2)@SWCNT with βC-H = 1.55, the strong C-C bonds compared to the C-H bonds cause all carbon atoms to fuse together first, and then the H atoms end up bonding to the unsaturated carbon atoms at the edges of the final carbon structure formed in the tube (see Figure 9). Because of the confined space, the carbon structure must also be curved. While in the case of (C5+H2)@SWCNT, the strength of the C-C and C-H bonds are closer to each other (in fact, this C-C bond is slightly weaker than the C-H bond) and therefore compete with each other. This is the reason why C-H bonds do not allow the formation of a cage-like structure, even at βC-H = 1.70 in the case of (C5+H2)@SWCNT (see Figure 5). Overall, we can say that the results for C6H6 and C6+H2 are consistent with each other.




3.3. C20H12@SWCNT and C24H12@SWCNT


As mentioned above, polyaromatic hydrocarbon (PAH) molecules, such as perylene (C20H12) or coronene (C24H12), are an important family of precursors for the formation of GNRs in SWCNTs. We performed the same series of simulations with the modified βC-H values as before for perylene@SWCNT (see Figure 10) and for coronene@SWCNT (see Figure 11). The results are similar to those obtained earlier for C5H5@SWCNT and for C6H6@SWCNT. Both perylene and coronene formed a ribbon-like structure for increased βC-H values similar to those observed for C5H5 and C6H6. Specifically, a βC-H range of 1.54 to 1.56 was observed for perylene, with an “optimum” of 1.55, while for coronene the interval and optimum were slightly lower, 1.51–1.55/1.52.



In summary, the following can be said for each of the systems we have studied. The MD simulation with the original parameterization of the REBO-II potential does not lead to GNRs in any case. However, by varying a single parameter, βC-H, which determines the C-H bond energy, GNRs are observed in all cases. Importantly, this requires essentially the same βC-H range in all cases. Although the result for a given system may depend somewhat on the initial geometry, this has not been investigated separately, as the fact that the corresponding βC-H for six different systems was obtained in practically the same range seems quite convincing. This is summarized in Table 1. The optimal βC-H that gives the best GNR is almost identical in all cases. In addition, in this optimal range, the final H/C ratio decreased significantly, and, consequently, the final number of C-C bonds increased. Note that this H/C ratio is an “effective” value which is defined as the ratio of the number of H atoms in C-H bonds to the total number of C atoms. Apart from coronene, the final H/C ratio is the same in all cases, with an H/C ratio of 0.30 after 1 ns of MD simulation. For the coronene precursor, the final H/C ratio is lower, 0.26, due to the higher initial number of C-C bonds and the lower initial number of C-H bonds. As we expected, fusing of coronene molecules happened at a lower C-H bond energy of −3.86 eV. Precursor decomposition and hydrogen transfer occur at nearly identical C-H bond energies of −3.76, −3.73, and −3.73 eV for C5H5, C6H6, and C20H12 precursors, respectively, which corresponds to the R-H bond dissociation energy of −3.73 eV found experimentally for R = C6H5CH2—(benzyl radicals) [32].



For the calculation of the bond energy of C-H, only the value of βC-H was changed; for the other parameters, the original REBO-II values were used and the bij = 1 was assumed. The original βC-H = 1.434 gives 4.526 eV for the C-H bond energy.





4. Conclusions


Recent experimental results show that by introducing cyclic hydrocarbon molecules inside carbon nanotubes they can be transformed into nanoribbons, depending on the experimental conditions. It is surprising that we could not find any work in the literature in which MD simulations of GNR production, or more generally of any chemical reactions within SWCNTs, have been performed, and we wanted to fill this gap.



We carried out molecular dynamics simulations with several cyclic hydrocarbon molecules encapsulated in a 1.4 nm diameter single-walled carbon nanotube. Various molecules were randomly placed in a (18,0) carbon nanotube as a starting structure. The molecules were as follows: C5H5 (as a fragment of ferrocene), C5, C5+H2; C6H6 (benzene), C6, C6+H2; C20H12 (perylene); and C24H12 (coronene). The simulations were performed using the REBO-II potential of the LAMMPS software package (MPI v1.0: LAMMPS MPI STUBS for LAMMPS version 2, August 2023), supplemented with a Lennard-Jones potential between the nanotube wall atoms and the inner atoms. We found that in the presence of hydrogen, the REBO-II potential with the original parameterization is not suitable for describing the formation of carbon nanoribbons, or any meaningful structure at all, within the carbon nanotube. The reasons are probably complex. The original parameterization was fitted to the near-equilibrium properties of different hydrocarbon systems (bond length, bond energies, force constants, and bulk elastic properties), while here we investigated dynamic processes and reactions starting from a far-from-equilibrium state, and under unconventional conditions: in the confined space inside a nanotube.



We attempted to reproduce the experimental observations of nanoribbon formation inside SWCNTs. However, the slow dynamics of H abstraction posed a problem. Therefore, we weakened the strength of the C-H bonds to allow the abstraction of H atoms, in a self-regulated manner. Instead of trying to modify the complex many-body expressions of the REBO-II potential, we found a more efficient approach. The strength of the C-H interaction was reduced by modifying only one single parameter, the βC-H in the exponential term of the attractive pair potential, independently of the local neighborhood. This simple process finally allowed us to simulate the formation of GNRs. This success also highlighted the importance of the potential’s ability to handle the H/C ratio during the reaction, in line with the results of previous DFT simulations on carbon nanostructures.



This simple yet elegant method is not limited to describing the generation of GNRs. It can open the way to other similar problems, for example the effect of the diameter of the SWCNT, possibly chirality, on the processes. Such studies are planned or partly ongoing.







Author Contributions


Conceptualization (equal), Investigation (equal), Methodology (equal), Visualization, Writing—original draft (equal), Writing—review and editing (equal); J.K. (Jenő Kürti): Conceptualization (equal), Investigation (equal), Methodology (equal), Visualization; Supervision, Writing—original draft (equal), Writing—review and editing (equal). All authors have read and agreed to the published version of the manuscript.




Funding


S.E. greatly acknowledges the support from Stipendium Hungaricum Grant No. 23921. J.K. (János Koltai) acknowledges the support from the Ministry of Culture and Innovation and the National Research, Development and Innovation Office within the Quantum Information National Laboratory of Hungary (Grant No. 2022-2.1.1-NL-2022-00004).




Data Availability Statement


The data that support the findings of this study are available from the corresponding authors upon reasonable request.




Acknowledgments


We appreciate the useful discussions with Arash Ghahraman and Sándor Pekker.




Conflicts of Interest


The authors have no conflicts to disclose.




References


	



Wang, N.; Guan, L. A chemical combination reaction within single-walled carbon nanotubes. Nanoscale 2010, 2, 893–895. [Google Scholar] [CrossRef] [PubMed]

	



Khlobystov, A.N. Carbon nanotubes: From nano test tube to nano-reactor. ACS Nano 2011, 5, 9306–9312. [Google Scholar] [CrossRef] [PubMed]

	



Miners, S.A.; Rance, G.A.; Khlobystov, A.N. Chemical reactions confined within carbon nanotubes. Chem. Soc. Rev. 2016, 45, 4727–4746. [Google Scholar] [CrossRef] [PubMed]

	



Cadena, A.; Botka, B.; Kamarás, K. Organic molecules encapsulated in single-walled carbon nanotubes. Oxf. Open Mater. Sci. 2021, 1, itab009. [Google Scholar] [CrossRef]

	



Hou, Z.; Yee, M. Electronic and transport properties of graphene nanoribbons. In Proceedings of the IEEE 2007 7th IEEE Conference on Nanotechnology (IEEE NANO), Hong Kong, China, 2–5 August 2007; pp. 554–557. [Google Scholar]

	



Huang, B.; Yan, Q.M.; Li, Z.Y.; Duan, W.H. Towards graphene nanoribbon-based electronics. Front. Phys. China 2009, 4, 269–279. [Google Scholar] [CrossRef]

	



Akhukov, M.A.; Yuan, S.; Fasolino, A.; Katsnelson, M.I. Electronic, magnetic and transport properties of graphene ribbons terminated by nanotubes. New J. Phys. 2012, 14, 123012. [Google Scholar] [CrossRef]

	



Sun, J.; Li, Y.; Peng, Q.; Hou, S.; Zou, D.; Shang, Y.; Li, Y.; Li, P.; Du, Q.; Wang, Z.; et al. Macroscopic, flexible, high-performance graphene ribbons. ACS Nano 2013, 7, 10225–10232. [Google Scholar] [CrossRef] [PubMed]

	



Celis, A.; Nair, M.N.; Taleb-Ibrahimi, A.; Conrad, E.H.; Berger, C.; De Heer, W.A.; Tejeda, A. Graphene nanoribbons: Fabrication, properties and devices. J. Phys. D Appl. Phys. 2016, 49, 143001. [Google Scholar] [CrossRef]

	



Martini, L.; Chen, Z.; Mishra, N.; Barin, G.B.; Fantuzzi, P.; Ruffieux, P.; Fasel, R.; Feng, X.; Narita, A.; Coletti, C.; et al. Structure-dependent electrical properties of graphene nanoribbon devices with graphene electrodes. Carbon 2019, 146, 36–43. [Google Scholar] [CrossRef]

	



Lukomskaya, M.V.; Pavlovsky, O.V. Electronic Properties of Graphene Nanoribbons. Phys. At. Nucl. 2020, 83, 1611–1614. [Google Scholar] [CrossRef]

	



Houtsma, R.K.; de la Rie, J.; Stöhr, M. Atomically precise graphene nanoribbons: Interplay of structural and electronic properties. Chem. Soc. Rev. 2021, 50, 6541–6568. [Google Scholar] [CrossRef] [PubMed]

	



Talyzin, A.V.; Anoshkin, I.V.; Krasheninnikov, A.V.; Nieminen, R.M.; Nasibulin, A.G.; Jiang, H.; Kauppinen, E.I. Synthesis of graphene nanoribbons encapsulated in single-walled carbon nanotubes. Nano Lett. 2011, 11, 4352–4356. [Google Scholar] [CrossRef] [PubMed]

	



Kuzmany, H.; Shi, L.; Martinati, M.; Cambré, S.; Wenseleers, W.; Kürti, J.; Koltai, J.; Kukucska, G.; Cao, K.; Kaiser, U.; et al. Well-defined sub-nanometer graphene ribbons synthesized inside carbon nanotubes. Carbon 2021, 171, 221–229. [Google Scholar] [CrossRef]

	



Cadena, A.; Botka, B.; Pekker, Á.; Tschannen, C.D.; Lombardo, C.; Novotny, L.; Khlobystov, A.N.; Kamarás, K. Molecular encapsulation from the liquid phase and graphene nanoribbon growth in carbon nanotubes. J. Phys. Chem. Lett. 2022, 13, 9752–9758. [Google Scholar] [CrossRef] [PubMed]

	



Saha, B.; Irle, S.; Morokuma, K. Formation mechanism of polycyclic aromatic hydrocarbons in benzene combustion: Quantum chemical molecular dynamics simulations. J. Chem. Phys. 2010, 132, 224303. [Google Scholar] [CrossRef]

	



Saha, B.; Shindo, S.; Irle, S.; Morokuma, K. Quantum chemical molecular dynamics simulations of dynamic fullerene self-assembly in benzene combustion. ACS Nano 2009, 3, 2241–2257. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Gao, X.; Qian, H.-J.; Ohta, Y.; Wu, X.; Eres, G.; Morokuma, K.; Irle, S. Quantum chemical simulations reveal acetylene-based growth mechanisms in the chemical vapor deposition synthesis of carbon nanotubes. Carbon 2014, 72, 22–37. [Google Scholar] [CrossRef]

	



De Tomas, C.; Suarez-Martinez, I.; Marks, N.A. Graphitization of amorphous carbons: A comparative study of interatomic potentials. Carbon 2016, 109, 681–693. [Google Scholar] [CrossRef]

	



De Tomas, C.; Aghajamali, A.; Jones, J.L.; Lim, D.J.; López, M.J.; Suarez-Martinez, I.; Marks, N.A. Transferability in interatomic potentials for carbon. Carbon 2019, 155, 624–634. [Google Scholar] [CrossRef]

	



László, I.; Gyimesi, B.; Koltai, J.; Kürti, J. Molecular dynamics simulation of carbon structures inside small diameter carbon nanotubes. Phys. Status Solidi (b) 2017, 254, 1700206. [Google Scholar] [CrossRef]

	



Eskandari, S.; Koltai, J.; László, I.; Vaezi, M.; Kürti, J. Formation of nanoribbons by carbon atoms confined in a single-walled carbon nanotube—A molecular dynamics study. J. Chem. Phys. 2023, 158, 304–308. [Google Scholar] [CrossRef] [PubMed]

	



Tersoff, J. Empirical interatomic potential for carbon, with applications to amorphous carbon. Phys. Rev. Lett. 1988, 61, 2879. [Google Scholar] [CrossRef] [PubMed]

	



Tersoff, J. Modeling solid-state chemistry: Interatomic potentials for multicomponent systems. Phys. Rev. B 1989, 39, 5566. [Google Scholar] [CrossRef] [PubMed]

	



Brenner, D.W. Empirical potential for hydrocarbons for use in simulating the chemical vapor deposition of diamond films. Phys. Rev. B 1990, 42, 9458. [Google Scholar] [CrossRef] [PubMed]

	



Brenner, D.W.; Shenderova, O.A.; Harrison, J.A.; Stuart, S.J.; Ni, B.; Sinnott, S.B. A second-generation reactive empirical bond order (REBO) potential energy expression for hydrocarbons. J. Phys. Condens. Matter 2002, 14, 783. [Google Scholar] [CrossRef]

	



Van Duin, A.C.; Dasgupta, S.; Lorant, F.; Goddard, W.A. ReaxFF: A reactive force field for hydrocarbons. J. Phys. Chem. A 2001, 105, 9396–9409. [Google Scholar] [CrossRef]

	



Chenoweth, K.; Van Duin, A.C.; Persson, P.; Cheng, M.J.; Oxgaard, J.; Goddard Iii, W.A. Development and application of a ReaxFF reactive force field for oxidative dehydrogenation on vanadium oxide catalysts. J. Phys. Chem. C 2008, 112, 14645–14654. [Google Scholar] [CrossRef]

	



Knippenberg, M.T.; Kum, O.; Stuart, S.J. Structural study of amorphous carbon using adaptive interatomic reactive empirical bond-order potential model. In Proceedings of the NSTI Nanotechnology Conference and Trade Show, Anaheim, CA, USA, 8–12 May 2005. [Google Scholar]

	



O’connor, T.C.; Andzelm, J.; Robbins, M.O. AIREBO-M: A reactive model for hydrocarbons at extreme pressures. J. Chem. Phys. 2015, 142, 024903. [Google Scholar] [CrossRef]

	



Thompson, A.P.; Aktulga, H.M.; Berger, R.; Bolintineanu, D.S.; Brown, W.M.; Crozier, P.S.; in ’t Veld, P.J.; Kohlmeyer, A.; Moore, S.G.; Nguyen, T.D.; et al. LAMMPS-a flexible simulation tool for particle-based materials modeling at the atomic, meso, and continuum scales. Comput. Phys. Commun. 2022, 271, 108171. [Google Scholar] [CrossRef]

	



Luo, Y.-R.; Cheng, J.-P. Bond Dissociation Energies. In CRC Handbook of Chemistry and Physics, 96th ed.; CRC: Boca Raton, FL, USA, 2015. [Google Scholar]








[image: Nanomaterials 14 00627 g001] 





Figure 1. C5H5@(18,0) with the original parameterization of REBO-II. Here, 20 C5H5 molecules are encapsulated inside a (18,0) SWCNT with lenght of 3 nm. The top left picture shows the initial random configuration of molecules and the top right one shows the result of simulation at 3000 K after 1 ns. In addition the configurations of atoms at the intermediate steps of 250 ps, 500 ps and 750 ps are shown too. The deformation of the tube is easily noticeable during the simulation at various steps. Due to applying energy minimization to the final geometry of atoms at 1 nanosecond, the deformation becomes evident when comparing the cross-section of the tube between the initial and final configurations. The bottom left diagram shows the number of hexagons and the bottom right one shows the nonplanarity of the structure by determining the average distance (in Å) from the best-fitting plane over the run time in ps. 
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Figure 2. C5@(18,0) with the original parameterization of REBO-II. Here, 20 C5 structures are encapsulated inside a (18,0) SWCNT with lenght of 3 nm. The top left picture shows the initial random configuration of molecules and the top right one shows the result of simulation at 3000 K after 1 ns. In addition, the configurations of atoms at the intermediate steps of 250 ps, 500 ps, and 750 ps are also shown. The deformation of the tube is easily noticeable during the simulation at various steps. Due to applying energy minimization to the final geometry of atoms at 1 nanosecond, the deformation becomes evident when comparing the cross-section of the tube between the initial and final configurations. The bottom left diagram shows the number of hexagons and the bottom right one shows the nonplanarity of the structure by determining the average distance (in Å) from the best-fitting plane over the run time in ps. 
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Figure 3. (C5+H2)@(18,0) with the original parameterization of REBO-II. Here, 50 H2 molecules plus 20 C5 structures are encapsulated inside a (18,0) SWCNT with lenght of 3 nm. The top left picture shows the initial random configuration of molecules and the top right one shows the result of simulation at 3000 K after 1 ns. The bottom left diagram shows the number of hexagons and the bottom right one shows the nonplanarity of the structure by determining the average distance (in Å) from the best-fitting plane over the run time in ps. 
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Figure 4. Results of MD simulations of C5H5@(18,0) using REBO-II potential with different βC-H parameters. A total of 20 C5H5 molecules are encapsulated inside a (18,0) SWCNT with lenght of 3 nm. The simulations were performed at 3000 K for 1 ns. The top picture shows how the final geometry of the system inside the tube changed with the weakening of the C-H bond energy in the REBO-II potential. The bottom diagram shows the number of hexagons (left axis, blue) and the nonplanarity (right axis, magenta) of the final structure as a function of βC-H. 
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Figure 5. Results of MD simulations of (C5+H2)@(18,0) using REBO-II potential with different βC-H parameters. A total of 50 H2 molecules plus 20 C5 structures are encapsulated inside a (18,0) SWCNT with lenght of 3 nm. The simulations were performed at 3000 K for 1 ns. The top picture shows how the final geometry of the system inside the tube changed with the weakening of the C-H bond energy in the REBO-II potential. The bottom diagram shows the number of hexagons (left axis, blue) and the nonplanarity (right axis, magenta) of the final structure as a function of βC-H. 
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Figure 6. C6H6@(18,0) with the original parameterization of REBO-II. Here, 16 C6H6 molecules are encapsulated inside a (18,0) SWCNT with lenght of 3 nm. The top left picture shows the initial random configuration of molecules and the top right one shows the result of simulation at 3000 K after 1 ns. The bottom left diagram shows the number of hexagons and the bottom right one shows the nonplanarity of the structure by determining the average distance (in Å) from the best-fitting plane over the run time in ps. 
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Figure 7. (C6+H2)@(18,0) with the original parameterization of REBO-II. Here, 48 H2 molecules plus 16 C5 structures are encapsulated inside a (18,0) SWCNT with lenght of 3 nm. The top left picture shows the initial random configuration of molecules and the top right one shows the result of simulation at 3000 K after 1 ns. The bottom left diagram shows the number of hexagons and the bottom right one shows the nonplanarity of the structure by determining the average distance (in Å) from the best-fitting plane over the run time in ps. 
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Figure 8. Results of MD simulations of C6H6@(18,0) using REBO-II potential with different βC-H parameters. A total of 16 C6H6 molecules are encapsulated inside a (18,0) SWCNT with lenght of 3 nm. The simulations were performed at 3000 K for 1 ns. The top picture shows how the final geometry of the system inside the tube changed with the weakening of the C-H bond energy in the REBO-II potential. The bottom diagram shows the number of hexagons (left axis, blue) and the nonplanarity (right axis, magenta) of the final structure as a function of βC-H. 
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Figure 9. Results of MD simulations of (C6+H2)@(18,0) using REBO-II potential with different βC-H parameters. A total of 48 H2 molecules plus 16 C6 molecules are encapsulated inside a (18,0) SWCNT with lenght of 3 nm. The simulations were performed at 3000 K for 1 ns. The top picture shows how the final geometry of the system inside the tube changed with the weakening of the C-H bond energy in the REBO-II potential. The bottom diagram shows the number of hexagons (left axis, blue) and the nonplanarity (right axis, magenta) of the final structure as a function of βC-H. 
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Figure 10. Results of MD simulations of C20H12@(18,0) using REBO-II potential with different βC-H parameters. A total 5 perylene molecules are encapsulated inside a (18,0) SWCNT with lenght of 3 nm. The simulations were performed at 3000 K for 1 ns. The top picture shows how the final geometry of the system inside the tube changed with the weakening of the C-H bond energy in the REBO-II potential. The bottom diagram shows the number of hexagons (left axis, blue) and the nonplanarity (right axis, magenta) of the final structure as a function of βC-H. 
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Figure 11. Results of MD simulations of C24H12@(18,0) using REBO-II potential with different βC-H parameters. A total of 4 of coronene molecules are encapsulated inside a (18,0) SWCNT with lenght of 3 nm. The simulations were performed at 3000 K for 1 ns. The top picture shows how the final geometry of the system inside the tube changed with the weakening of the C-H bond energy in the REBO-II potential. The bottom diagram shows the number of hexagons (left axis, blue) and the nonplanarity (right axis, magenta) of the final structure as a function of βC-H. 
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Table 1. Summary of some data for the systems investigated.
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	Precursor
	Initial Number of C-C Bonds
	Initial Number of C-H Bonds
	Initial

H/C

Ratio
	βC-H (Å−1) Ranges for GNR Formation
	Average

C-H Bond

Energy (eV)
	Final Number of C-C Bond
	Final Number of C-H Bonds
	Final

H/C

Ratio
	Final Value of Nonplanarity (Å)





	20 C5H5
	100
	100
	1
	1.54–1.55
	3.76
	131
	31
	0.31
	0.75



	20C5 + 50H2
	100
	0
	0
	1.51–1.56
	3.83
	126
	30
	0.30
	0.70



	16 C6H6
	96
	96
	1
	1.53–1.56
	3.73
	131
	29
	0.30
	0.70



	16C6 + 48H2
	96
	0
	0
	1.51–1.54
	3.89
	124
	29
	0.30
	0.82



	5 C20H12
	120
	60
	0.60
	1.54–1.56
	3.73
	129
	30
	0.30
	0.66



	4 C24H12
	120
	48
	0.50
	1.51–1.55
	3.86
	124
	25
	0.26
	0.60
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