MD study of the endohedral potassium ion fullerene cluster (K+@C60)7 
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Abstract. We have simulated (MD method) the nanosystem composed of only as little as seven endohedral fullerene K+@C60 molecules. The interaction is taken to be the full site-site pairwise additive Lennard-Jones (LJ) potential, which generates both translational and anisotropic rotational motions of each endohedral fullerene. Our atomically detailed MD simulations allow to analyze the dynamics of the motion of K+@C60 molecule inside the cluster. The radial distribution function, the mean square displacement, the translational velocity correlation functions and the Lindemann index of endohedral fullerene  have been calculated for several energies of the nanosystem studied. We have found the solid/liquid phase transition and the existence of the liquid phase in endohedral potassium ion fullerene cluster.  
 Introduction

In the era of nanotechnology, the quest for finding liquid phase of fullerite, which happened to be rather disappointing in case of bulk C60 samples [1 - 5], switched to nanoscale. The liveliness of this issue in nanosystems has been enhanced by the research [6 - 9] on the possible application of fullerene compounds as electro-fluid shuttle memory elements, ultralubricators in molecular bearings and nanogears, …etc . In addition, it is known that molecular clusters show up the physical properties that often differ strikingly from those of bulk system [10 – 14]. In fact, Gallego et al. [15] showed via MD simulation that a small cluster (C60)7 can achieve a liquidlike state. They used Girifalco’s potential [16], which is obtained by considering the C60 molecule as perfect sphere with a surface consisting of a uniform density of carbon atoms.  The existence of liquid phase of (C60)7 cluster has been recently confirmed in more refined, atomically detailed MD simulations [17], by applying the full 60-site pairwise additive Lennard-Jones (LJ) potential which generates more realistic translatory-rotatory motions of molecules. The question arrises, whether the liquid phase could appear also in the endohedral fullerene clusters.  This is the subject of our computer experiment (MD method). Particularly, we have chosen to investigate (K+@C60)7 nanosystem, taking into account the possible applications of endohedral fullerene nanocompounds (electro-fluid shuttle memory elements, nanosensors [18], [19], …etc. ).    
Computational procedure

We have used the Lennard-Jones (LJ) potential to describe the interaction between carbon atoms for each pair of C60 molecules, 
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 is the distance between the ith and jth carbon atoms of the pair of interacting fullerenes, 
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EMBED Equation.DSMT4[image: image5.wmf]are two standard Lennard-Jones (LJ)  potential parameters shown in Table 1. The fullerenes C60 have been treated as rigid bodies with translational and rotational degrees of freedom. The 60 carbon atoms of fullerene form a truncated icosahedron, which consists of 12 pentagonal and 20 quasihexagonal faces. There are two distinct C-C bond lengths. The values used in this work, 1.37 Å and 1.448 Å were taken from the quantum chemistry calculations [23]. The Lennard-Jones potential was also used for potassium-carbon interaction (parameters given in Table 1) and Coulomb potential between potassium ions.  The classical equations of motion were integrated up to 2.4 ns by the Adams-Moulton predictor-corrector algorithm [24]. The integration time step was 2 fs which ensures good stability of the algorithm. The clusters were equilibrated for 
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 integration steps. The appropriate correlation functions were averaged over 2.
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time origins. The origins were separated by a time interval equal to 50 integration time steps. Our calculations were carried out for constant energy ensemble for zero total linear and angular momentum of the whole system. The ground state (global minimum of potential energy) configuration of (K+@C60)7 has been obtained by Monte Carlo (MC) simulation after 6*106 time steps. The thermodynamic limit could be a problem in case of constant temperature MD simulations for the system consisting very small number of particles and it is always a problem to define a temperature [11].  That is why we will investigate the simulated physical observables of interest in the same manner as Gallego et al. [15] did, i.e. as a function of the total energy Et of the cluster instead of temperature. 

Results

It is known, that the ground state of the solid phase of (C60)7 cluster is pentagonal bipyramid (PBP) [25, 15].  We have also obtained pentagonal bipyramid configuration for  (K+@ C60)7 cluster after 6*106 simulation steps in Monte Carlo procedure (see Fig. 1). Having initially (K+@ C60)7 in PBP configuration (solid state at very low temperature), we began gradual stepwise increasing energy of the system (heating up). The calculated mean square displacement <|(r(t)|2> of K+@ C60 for several low and high energies, (r(t)=r(t)-r(0) where r is the position of the center of mass of single endohedral fullerene, is presented in Fig. 2. The slope of the mean square displacement can be directly connected with the translational diffusion coefficient D of a molecule via Einstein formula <|(r(t)|2> 
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 6Dt. Fig. 2 shows that both solid and liquid state appear in the cluster studied, because D > 0 ( D 
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 0) for high (low) energies, respectively. To look deeper, for the appearance of solid/liquid phase transition, we have calculated the Lindemann index (L [11]
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where rij is the distance between the center of mass of ith and jth molecules. The energy evolution of index (L is given in Fig. 3. One can see that the value of Lindemann index (L is very low and practically doesn’t change with energy for Et < -0.30  eV/molecule,  confirming therefore the solid state phase (no translational diffusion) of the cluster in this  energy region. Further increasing of energy (heating up) leads to the excursion from solid state phase towards the liquid phase of (K+@ C60)7.
Fig. 4 shows the examples of normalized velocity autocorrelation function Cv(t)=<v(t)(v(0)><v(0)2>-1 where v is the translational velocity of the center of mass of 
K+@ C60 , calculated for three energies Et – low, intermediate and high.  We see that for low energy the velocity of C60 molecule exhibits the deep dip and dumped pulsations, characteristic for the solid phase. The high energy Cv(t) decays more regularly, almost exponentially – the behavior  associated with a softer phase of mater (liquid). The third correlation function Cv(t ) interpolates between the previous extremes. Following this observation, we have calculated as a function of energy Et the velocity autocorrelation time (v = ( dt Cv(t ) (see Fig. 5) – the jump of  (v  arround  (-0.25 eV/molecule) is clearly visible. Note, that closly connected with (v  is the translational diffusion coefficient D ~ (v  [26]. Therefore, the plot (v(Et) informs about  two regions in (K+ @C60)7 cluster. First, almost negligible and practically energy independent diffusion – typical solid phase. Second, quite effective and increased with energy diffusion of endohedral fullerenes (liquid). The calculated angular velocity autocorrelation function Cω(t) = <
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(0)2 >-1 in the solid phase (Et <  -0.31 eV/molecule) is shown in Fig. 6. One can distinguish two types of behaviour of Cω(t). First, for Et  (   -0.31  eV/molecule the oscillatory, strongly damped pulsations of  Cω(t) characteristic for hindered rotations in solid phase [26 - 30]. The correlation function Cω(t) changes with energy, the lower is the energy, the deeper is the dip of Cω(t). The negative dip of Cω(t) near t = 1 ps (Et =  -0.47 eV/molecule) vanishes at (Et =  -0.31 eV/molecule). Second, an exponential relaxation for Et > -0.29 eV/molecule similar to almost free rotations of C60 molecules in bulk fullerite sample above the structural phase transition [16]. Summarizing the facts gathered at this stage; for Et  (  -0.29 eV/molecule there is a solid phase with emanating rotations but no translations of fullerenes (D ~ 0). Traditionally, for bulk samples one calls this kind of condensation of matter the “plastic phase”. For the reason explained before, we present our results as a function of total energy Et. Neverthelss, if we apply the classical definition of temperature from the kinetic theory of perfect gas, the formula for the temperature T reads 
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, where 6N-6, states for the internal degrees of freedom, kB is Boltzmann constant and <EK> is the average kinetic energy, N is the number of molecules, i.e. N=7 in our case. To give a reader some impression what a temperature (kinetic theory <EK>) would correspond to a given energy Et , in Fig. 7 we show the appropriate calibration curve i.e. the plot <EK> (Et). Note a slight change of the slope of <EK> (Et) in the phase transition region, this efect was also observed by Gallego et  al. [15] in case of Girafalco’s interaction potential between fullerenes. For example, the reported jump of  (v  around Et ( –0.24 eV/molecule (Fig. 5) would correspond to the temperature T ( 350  K of the cluster. In Fig. 8 we present the calculated standard deviation of total energy 
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. Note, that <δEt2 > /kBT2  would be proportional to the specific heat at constant volume  [26]. Here again, the spectacular increasing of energy fluctuation <δEt​​2 > is observed for higher energies (Et  > -0.24 eV/molecule). Naturally, the observed jumps of observables (v, (L and <δEt​​2 >  can be associated with the phase transition in the cluster. We see that the phase transition of (K+@ C60)7 cluster covers a wide energy region (Et = 0.06 eV/molecule, from -0.26 eV/molecule to about  -0.21  eV/molecule. It corresponds to the temperature range between 340 (400 K. The endohedral fullerene’s center of mass radial distribution function g(r) is presented in Fig. 9. For the low energy Et = -0.47  eV/molecule (solid phase) it shows two peaks associated with the pentagonal bipyramid structure of the cluster. At the high energy Et = -0.17  eV/molecule  the sharp peaks of g(r) shift and broaden out confirming the destruction of pentagonal bipyramid structure and liquification of the cluster. 
 Conclusions

Our atomistically detailed MD simulations enabled to discover the in-depth  evidence of the solid/liquid phase transition and the existence of the liquid phase in (K+ @C60)7 cluster.   This disclosure might be of some importance, taking into account the possible future applications of endohedral fullerene nanocompounds. For example, applying the external electric field to (K+ @C60)7 cluster in the liquid phase, one can induce the guided transport of endohedral potassium ion fullerenes.
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Table 1. The carbon and potassium mass and L-J potential parameters used in simulation, taken from [20-22] 
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	m [10-25 kg]

	C-C
	         28
	3.4
	0.199

	K​+-K+
	        35
	3.57
	0.649


Figures captions

Fig. 1 Snapshot of the minimum potential energy configuration of (K+@C60)7 cluster (PBP). 

Fig. 2 The mean square displacement of the center of mass of K+@C60 molecule in the cluster for three energies Et .
Fig. 3 The energy Et dependence of the Lindemann index of (K+@C60)7 cluster.

Fig. 4 The linear velocity autocorrelation function of K+@C60 molecule in the cluster, for three energies Et .
Fig. 5 The energy dependence of the linear velocity correlation time of K+@C60 molecule in the cluster.

Fig. 5 The dependence of the average kinetic energy <Ek> on the total energy Et for (K+@C60)7  cluster.

Fig. 6 The angular velocity autocorrelation function of K+@C60 molecule for different energies Et  in solid phase of the cluster. The number associated with a given curve denotes the energy Et in the unit eV/molecule.

Fig. 7 The dependence of the average kinetic energy <Ek> on the total energy Et for (K+@C60)7 cluster.
Fig. 8 The standard deviation of total energy 
[image: image17.wmf]2

22

ttt

EEE

d

=-

as a function of Et for (K+ @C60)7 cluster.

Fig. 9 The radial distribution function of the center of mass of K+@C60 molecule in the cluster. 
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