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Abstract

:

This work is devoted to modeling the dynamics of large molecules. The key issue in modeling the dynamics of real molecular systems is to correctly represent the temperature of the system using the available theoretical tools. In most works on molecular dynamics, vibrations of atoms inside a molecule are modeled with enviable persistence, which has nothing to do with physical temperature. These vibrations represent the energy internal to the molecule. Therefore, it should not be present in problems in the dynamics of inert molecular systems. In this work, by means of classical mechanics, it is shown that the simplest system containing only three molecular bodies, due to multiple acts of pair interactions of these bodies, reproduces the temperature even in an extremely complex unstable motion of the system. However, at the same time, it is necessary to separate the stochastic part of the movement from the deterministic one. Calculations also show that translational fluctuations in the motion of molecules make the greatest contribution to temperature. The contribution of rotational energy to the total energy of fluctuation motions is small. It follows from these results that the thermal state of the system is determined only by the translational temperature. The latter, in turn, opens up possibilities for a simplified description of many complex systems composed of carbon molecules such as fullerenes and nanotori.
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1. Introduction


The study of complex movements of carbon molecules in molecular systems is important for the development of nanorobotics. Such equipment can perform a wide range of functions in long-term space flight conditions. This technique is already being used in a number of medical applications. Typical fragments of molecular structures are carbon nanotori and fullerenes since they have a rigid framework structure. Previous reports [1,2,3,4,5] are devoted to the study of the properties of molecular complexes containing standard fullerenes. These studies found that C60 fullerenes can effectively increase the mechanical strength of SWNTs, by acting as a “barrier” to prevent radial deformation and as an inner wall in a double-walled carbon nanotube, as well as the study of the current–voltage characteristics of a system consisting of fullerene and two-carbon nanotubes. Ref. [6] analyzed the interaction of fullerenes with a graphene ribbon accessible to a groove. Based on this interaction, an oscillator was developed. Ref. [7] investigated the transfer of electrons through a carbon molecular transition, a transition from C60 molecules attached to a metal concentrate CNT, leading to a coherent regime. It has been shown that the number of contact points between electrodes and a molecule can play an important role in electric transport. Ref. [8] analyzed the features of the interaction of C60 with graphite. This article explores the various mechanisms by which C60 can be encapsulated in SWNT. Ref. [9], using molecular dynamics simulations, showed that an electric field applied to a @C60 ion inside a water-filled carbon nanotube can pump water with excellent efficiency. A fully controlled nanoelectromechanical device capable of pumping liquids at the nanoscale is proposed. Ref. [10] studied the interaction of a fullerene with a CNT beam. Based on this study, a change in the oscillation frequency is shown depending on the geometric parameters. Ref. [11] developed a multiscale method for predicting the Young’s modulus of polymer nanocomposites reinforced with fullerenes (FRPN) and proposed a polymer nanocomposite with a poly(methyl methacrylate) matrix and reinforcing elements in the form of C60. In the study by [12], by analyzing the changes in intermediates and products formed during thermal conversion, the main dependence of the pyrolysis and graphitization of fullerenes on temperature and carbon sources was revealed. It has been found that a higher temperature significantly accelerates the pyrolysis of fullerenes and produces a huge variety of porous carbon products. Ref. [13] studied the possible formation of methane hydrate containing 8, 10, 12, 14, 16, 18, and 20 water molecules into fullerene C240 was studied for the first time. After placing a methane molecule in a fullerene containing 20 water molecules, the closed water molecules formed an almost complete dodecahedron shape, and the methane molecule ended up in the center of the dodecahedron. This is the most ordered polygonal structure of methane clathrate, formed into C240 fullerene, which is more stable than other clathrate structures. Ref. [14] studied the mechanical and thermodynamic properties of cis-PI-fullerene (C60) composites and achieved the simulation of coarse-grained molecular dynamics (MD) of cis-PI-C60 composites with different concentrations of fullerenes. It was found that the density, bulk modulus, thermal expansion, heat capacity and Tg of NR composites increase with increasing C60 concentration. The presence of C60 led to a slight increase in the interterminal distance and the radius of rotation of the cis-PI chains. The contribution of C60 and cis-PI interfacial interactions led to an increase in the bulk moduli of the composites. Ref. [15] studied how the soot core is exposed to polycyclic aromatic hydrocarbons and then grows due to the condensation of polycyclic aromatic hydrocarbons. A nonbonding interaction between polycyclic aromatic hydrocarbons and carbon black has been studied using the distribution of free energy during dimerization and condensation. Ref. [16] are also using molecular dynamics simulations to evaluate the electrical interactions of fullerenes with ions contained in water. The results indicate a smaller chemical shift δ(13C) and a more intense electronic transition band for fully polarized C60 in solution. In [17,18,19,20,21], studies of fullerenes and carbon nanotori by molecular dynamics methods are presented. Extensive results of computational molecular dynamics of various structures were obtained, and interaction potentials and mathematical models were developed.



In the present work, the state of the nanothory system and two fullerenes inside are studied via molecular dynamics methods. It is quite possible to call such a system compact, since molecular objects are together for an arbitrarily long time. The purpose of this work is to define the molecular temperature as an average stochastic characteristic determined by multiple impacts of fullerenes on a nanotorus. The existence of such a temperature indicates the presence of dynamic equilibrium in the system.




2. Computational and Theoretical Models


Models of the dynamics of large molecules are used in the work. This means that individual fragments of the molecular system move as non-deformable molecular shells, interacting with each other and, perhaps, with external electromagnetic fields. At the same time, the interaction of two molecular objects with each other is the total result of the interaction of each atom of one molecular body with all atoms of another. There are three molecular bodies in the case under consideration: a nanotorus and two fullerenes. The rotational motion of each of these bodies can be described using vector equations for a change in the kinetic moment (moment of momentum) for each of these bodies:


    d  K 1    d t   =  L 1  ,     d  K 2    d t   =  L 2  ,     d  K 3    d t   =  L 3  .  



(1)




where K1, K2, K3 are the kinetic moments of individual bodies; L1,L2,L3—moments of forces acting on this body from the remaining two molecular bodies. In this case, due to the pairing of van der Waals interactions and the absence of external forces:


   L 1  +  L 2  +  L 3  = 0 .  



(2)







Then, the combination of Equation (1) can be written as follows:


   d  d t    (   K 1  +  K 2  +  K 3   )  = 0 .  



(3)







From (3), we find by integration:


   K 1  +  K 2  +  K 3  = C ,  



(4)







Here, C is a vector constant. Thus, if no external forces act on a molecular system, then its total angular momentum retains its value both in magnitude and direction.



The angular momentum of the first molecular body Kj is the product of the tensor of inertia      J ^   j   , and the column vector of the instantaneous angular velocity of this body ωj:


   K 1  =    J ^   j   ω j  .    (  j = 1 , 2 , 3  )  .  



(5)







Further omitting the index that determines the particular body for the tensor of inertia, the following can be written:


    J ^   =  (      m  ∑   (   y i 2  +  z i 2   )        − m  ∑   x i   y i        − m  ∑   x i   z i          − m  ∑   y i   x i        m  ∑   (   x i 2  +  z i 2   )        − m  ∑   y i   z i          − m  ∑   x i   z i        − m  ∑   y i   z i        m  ∑   (   x i 2  +  y i 2   )         )  .  



(6)




where the summation is over the number of atoms that make up the molecule; xi,yi,zi are the coordinates of the i-th atom; m is the mass of the carbon atom. Thus, the components of the inertia tensor of a molecular body are the summation (over the entire number of atoms) of the quadratic functions of the coordinates of the individual atoms that make up the molecule under consideration. The coordinates of all nodes of the molecular body are calculated using the following formula:


    d  r i    d t   = ω ×  r i  +  v c     (  i =   1 , N  ¯   )  .  



(7)




where ri = (xi,yi,zi); N is the number of atoms that make up the molecular body; ω is the instantaneous angular velocity vector of the considered molecule; vc is the velocity of the center of mass of this molecule. The last relation expresses the theorem of the addition of velocities in the complex motion of a material point, namely, together with the center of mass and around it. For the velocities of the centers of mass of all molecular bodies participating in the interaction, the equations of motion of their centers of mass are valid:


   F 1  =  M 1    d  v   c 1      d t   ,    F 2  =  M 2    d  v   c 2      d t   ,    F 3  =  M 3    d  v   c 3      d t   .  



(8)




where M1 is the nanotorus mass, M2, M3 are the fullerene masses, F1 is the sum of all forces acting on the nanotori atoms from the fullerene atoms; F2 and F3 are the total forces of action on the fullerene under consideration from the nanotori and the remaining fullerene. As can be seen from the written relations, the center of mass of the molecule will move at a speed noticeably lower than that of fullerenes since its mass is much greater. In this case, each atom–atom interaction between nodes belonging to different molecular bodies is determined by the gradient of the interaction potential used. The origin of coordinates is chosen at the center of mass of the system. In this case, the components of the tensor of inertia will be calculated by Equation (6) and will be functions of time. The new position of the molecular body in space will be determined by the coordinates of all its points, i.e., coordinates of carbon atoms. If the molecular body is large, then the number of calculated coordinates can be reduced by collecting atoms at the center of mass of some representative fragment. As can be seen from the above description, there is no need to use the Euler angles, as well as the Euler kinematic relations, which have a coordinate singularity. All calculations were carried out according to the Runge–Kutta scheme [22] of the fourth order of accuracy with a constant time step Δt = 10−6 ns. The accuracy of the calculations was checked by performing the balance of the total energy of the system and amounted to 10−8 relative units. The calculated kinetic energy was related to the initial potential energy of the interaction of molecular bodies. The LJ potential of atom–atom interactions was used in the calculations. This is a classical potential: attraction–repulsion, which has two parameters of interaction: ε is the depth of the potential well, and σ is the radius of influence of the interaction. Leaving σ unchanged (0.34 nm for carbon atoms), we select the depth of the potential well in such a way that the vibration energy of the bodies participating in the movement corresponds to a certain temperature, in this case, room temperature T = 300 K (ε/k = 5.1 K, where k is Boltzmann constant). The vibrations of carbon atoms in the molecular bodies under consideration must correspond to this temperature. In this case, however, due to the small mass of atoms and strong C-C bonds, they have a higher frequency and a significantly lower amplitude. Their inclusion in the consideration does not affect the nature of movements on larger scales. Therefore, they remain small-scale and high-frequency, forming the background against which larger-scale molecular events unfold.




3. Results


For solving the system of such equations, step-by-step integration schemes of the Runge–Kutta class of the fourth order with a constant time step Δt = 10−7 ns are used. All calculations were carried out using the software developed by the authors according to the scheme proposed in this work for determining the rotations of molecular bodies in space.



Figure 1 presents the case of rotation of the torus with an initial angular velocity of    ω x 0  = 150   n  s  − 1   ,    ω y 0  =  ω z 0  = 0 .   In this case, the fullerenes are located diametrically opposite on the (oy) axis and are fixed on the axial circumference of the torus. The red line in this figure is the trajectory of one of the peripheral carbon atoms that does not lie on the (ox) axis and has a y-coordinate value close to the outer radius of the torus. This line demonstrates somersaults of the considered molecular structure during its rotation around an axis with an intermediate moment of inertia (oy axis), i.e., demonstrates the instability of Louis Poinsot [23,24,25]. The (oz) axis is directed perpendicular to the initial position of the torus plane. In what follows, the motion of the molecular structure under consideration is analyzed in the absolute frame of reference thus introduced.



In addition, in this article, the rotation of a tor-fullerene molecular system is considered. Thus, we compare the case of fullerenes having internal freedom with the case of fullerenes maximally separated and fixed inside the torus. The nanotorus is composed of 2000 carbon atoms and has an inner radius R1 = 0.3 nm, R2 = 1.9 nm (Figure 2). It contains standard C60 fullerenes. In all variants, the fullerenes are maximally spaced at the initial moment, and the rotation is carried out around an axis lying in the plane of the torus and passing perpendicular to the straight line connecting the centers of mass of the fullerenes. In the case of loose fullerenes, the rotation of the system around an axis with an intermediate moment of inertia forms orbital displacements of fullerenes along the axis of the nanotorus channel.



The data are reduced to a moving frame of reference with coordinate axes lying in the rotating plane of the torus. It turned out that somersaults of the torus induce reciprocating movements of fullerenes along the curvilinear axis of the torus. Moreover, the center of such oscillations shifts in a certain direction. The direction of axial displacement of buckyballs is determined by the right hand rule. If the vector of the initial angular velocity of the molecular structure enters the palm of the right hand, and the moved thumb is perpendicular to the plane of the torus and points to the vector of its angular rotation, and then the index finger shows in which direction the fullerenes move. The red line in the center of Figure 2 shows the trajectory of the center of mass of the nanotorus in this case. The center of mass of the torus is displaced due to the movement of fullerenes; however, the center of mass of the entire torus–fullerene structure remains immobile. The case of the rotation of such a system, which has some freedom of movement for fullerenes inside the torus, demonstrates one of the options for the transition of the rotational motion of the system into the translational motion of fullerenes along the circle, which is the axial line of the torus channel. It should be noted that in this case, fullerenes receive rotations in intensity significantly exceeding their initial values. These metamorphoses are associated with a decrease in the rotational energy of the frame body, which has a significantly larger mass than fullerenes. These peculiarities of motion are associated with a decrease in the rotational energy of the frame body, which has a much larger mass than fullerenes. The nature of the angular vibrations of fullerenes is shown in Figure 3.



Figure 3 shows that the frequencies of angular vibrations of fullerenes are at least 3 times higher than the main frequency of rotation of the body part of the molecular struc-ture. Next, we compare two variants of calculations of the motion of the molecular struc-ture under consideration. Figure 3a refers to the case of pinned fullerenes. Figure 3b variant, fullerenes can move freely in the accessible zones of the inner space of the torus.



Figure 4, Figure 5 and Figure 6 show the projections of the angular velocities of the torus in these cases. It can be seen that the rotation of a single structure is periodic at the beginning of the movement. In the second case, some quasi-periodic motion is established on a time interval of 1 ns. Figure 4 shows what part of the initial rotational energy of the torus is converted into the kinetic energy of fullerenes. As can be seen from Figure 4 and Figure 6, in the case of “frozen” fullerenes, one can clearly distinguish bi-oscillations, which are determined by the presence of two frequencies—the initial frequency of rotations of the system and the frequency of somersaults by V. Dzhanibekov [26].



Figure 7 shows the total angular frequency modulus of the nanotorus with “frozen” fullerene. The highest peaks on this graph show “Dzhanibekov flips”, and the time between peaks is the period with which these somersaults are made.



Since the inertial rotation of the molecular system is considered, the vector of the angular momentum of the entire system K remains constant during the entire time of motion. There is a non-moving plane perpendicular to this vector, where in the case of one body, the vector of the instantaneous angular velocity of this body will draw a complete picture of the motion instability. This plane is called the Poinsot plane, and the trajectory of the end of the instantaneous angular velocity vector on this plane is called the herpoloid [23]. In the case of several bodies (a torus plus two fullerenes), the Poinsot plane also exists, but the end of the angular velocity vector of any of the existing bodies will not slide along this plane. Nevertheless, the behavior of the projection onto this plane of the vector of the instantaneous angular velocity of the frame body is of interest, i.e., the molecular torus, as a body having a significantly larger mass in comparison with other structural elements.



Figure 8 shows the trajectory of the end of the instantaneous angular velocity vector of a nanotori with fullerenes “frozen” into it. As can be seen from the presented figure, the herpoid in this case is a fairly smooth curve. The general view of the drawing resembles a bud of an unopened flower. The herpoid of a single body with different values of the axial moments of inertia is always a petal structure. It is just that with such a slight difference in the moments of inertia, as in the case under consideration, the petals in the bud are too wide and they are tightly packed. With a more significant difference in the axial moments of inertia, a chamomile herpoid design can be obtained. In any case, if the molecular body is uniform, then the end of the vector of its instantaneous angular velocity moves step by step in one direction along the herpoloid.



Figure 9 shows what happens to the herpolody when fullerenes are able to move inside the torus space. The motion along the herpoid takes on a reciprocating character, although globally, it remains unidirectional. The kinks on the herpoid are associated with the reciprocating motion of fullerenes inside the torus.




4. Discussion


Despite the fact that the case described by Louis Poinsot is an example of the instability of motion, it is characterized by a regular rotation of a molecular object with strictly periodic flips around the axis with a minimum moment of inertia. Such movement can rightly be attributed to the class of deterministic processes. Calculations show that the interactions of two molecular objects already lead to the appearance of irregular oscillations in this simplest system. All this is a sign of the manifestation of stochastic properties. The two fullerenes considered in this paper inside the nanotorus have random angular rotations, as well as random approaches of fullerenes to the wall. However, under the conditions of the considered problem, the transversal displacements of fullerenes inside the torus turned out to be deterministic. To determine the direction of these movements, the authors adapted the right hand rule. It is known that somersaults of an object rotating by inertia have a certain direction of flips. These flips generate displacements of fullerenes in a strictly defined direction along the axial circumference of the torus. However, these movements are defined only in a global sense, since they have a local reciprocating character. Thus, the system demonstrates stochastic properties all the time of movement. Even fullerenes of small mass create disturbances that greatly loosen the motion of the nanotorus. In this regard, the instantaneous axis of rotation of the nanotorus ceases to smoothly and monotonously change its direction in space. The motion of the entire system becomes largely stochastic. However, it is still possible to single out a deterministic part of it. In this regard, the method of comparing the main variant with the motion of a torus with “frozen” fullerenes turned out to be useful. This case made it possible to isolate the second frequency in the oscillations of the nanotorus due to its flips around the axis with the minimum value of the moment of inertia. Thus, the temperature of a system consisting of a small number of bodies is considered from a not quite classical angle. The molecular dynamics of a very interesting system consisting of fullerenes were also considered. Despite the fact that both nanotori and fullerenes themselves are of great scientific interest and are being studied quite closely [26,27], and similar container-like nanostructures are already proposed for use [28,29], even the theoretical side of these issues has not been fully studied. In this case, any of the found effects or mechanisms can form the basis of various technologies.




5. Conclusions


The interaction of a large nanotorus molecule with a standard C60 fullerene, which makes up only 3% of the mass of the body of the torus, leads to the appearance of thermal motions of both the nanotorus itself and the fullerene contained in it. Moreover, the average values of the energies of random displacements distributed over the six degrees of freedom of each of the molecular bodies are extremely close. This indicates a rapidly emerging equilibrium in the system. In the case of a nanotorus plus two fullerenes considered here, due to multiple impacts on the inner wall of the nanotorus, the equality of the energies of rotational fluctuation displacements of fullerenes with the energy of their translational fluctuations occurs, which ultimately ensures the equality of rotational and vibrational temperatures. The foregoing makes it possible to conclude that there is a single temperature in the system due to the movement of molecular bodies.
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Figure 1. Unstable rotation of a tor-fullerene molecular structure. The red line shows the trajectory of one of the nanotorus atoms. 
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Figure 2. Orbital motion of fullerenes. In the center of the figure, the trajectory of the center of mass of the nanotorus; inside the torus, the trajectory of the centers of mass of fullerenes. 
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Figure 3. Projections of the angular velocities of fullerenes. (a)—the case of "frozen" fullerenes. (b)—case of free fullerenes. 
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Figure 4. Comparison of rotations of two systems with free and “frozen” fullerenes. 
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Figure 5. Change in time of the y-component of the angular velocity of the nanotorus. 
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Figure 6. Distribution of the z-component of the angular velocity of the nanotorus. 
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Figure 7. Module of angular velocity of nanotorus with “frozen” fullerene. 
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Figure 8. Herpoloid torus with “frozen” fullerenes. 






Figure 8. Herpoloid torus with “frozen” fullerenes.



[image: Crystals 13 00181 g008]







[image: Crystals 13 00181 g009 550] 





Figure 9. Herpoid composite molecular structure with freely moving fullerenes. 
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