Titanium-decorated fullerene cluster – molecular dynamics simulation
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Abstract.  We have studied (MD method) the small titanium-decorated fullerene cluster (C60[TiH2]6)7 over a wide range of energy, from solid state to the vaporization of the nanosystem. The low energy, solid state structure of the cluster was obtained (deformed pentagonal bipyramid). Several physical characteristics: the radial distribution function, the mean square displacement, the translational velocity autocorrelation function, translational diffusion coefficient, Lindemann index, … etc. have been calculated for a wide range of energy of the system studied. 
Introduction
 Recently, it was predicted that a single TiH2 atomic group affixed to carbon nanostructures, such as C60 or nanotubes, can strongly adsorbs up to three hydrogen molecules (H2) [1-3]. In view of this, the detailed knowledge of physical and chemical properties of Ti-decorated fullerene systems becomes a subject of interest, as potentially connected with the hydrogen storage issue [3].  In this note we focus on the dynamical properties of extremely small nanosystem (cluster) composed of only as little as seven C60[TiH2]6 aggregates. It was shown [4 - 6] that very small pure fullerene cluster (C60) 7 exhibits unusual properties. Particularly,  the liquid and plastic phases exist, an exception in case of fullerene samples.  
 Simulation details   
We have applied 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, 
[image: image3.wmf]e

  and 
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[image: image5.wmf]are the 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 [10]. Following the previous first principle energy calculations [3], the six TiH2 groups were located on twofold axes of the pairs of hexagons forming the C60 molecule. The LJ parameters for the reciprocal titanium, hydrogen and carbon interactions are also given in Table 1. The classical equations of motion were integrated up to 2.4 ns by the Adams-Moulton predictor-corrector algorithm [11]. 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 configuration of (C60[TiH2]6)7  has been reached by Monte Carlo (MC) simulation after 5 *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 [12] in extremely small clusters.  That is why we will essentially study the calculated physical quantities of interest in the same manner as Gallego et al. [4] 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 (global minimum of potential energy) of the solid phase of (C60)7 cluster is pentagonal bipyramid (PBP) [13, 4]. In case of (C60[TiH2]6)7 the lowest potential energy configuration also happened to be similar to PBP, but not exactly so. We would call it deformated pentagonal bipyramid (DPBP), due to the presence of TiH2 atomic groups attached to the fullerene it doesn’t look like a perfect “buckyball” and the minimum energy configuration is not a perfect PBP.   We reached DPBP configuration after 106 simulation steps in Monte Carlo procedure (see Fig. 1). Having initially (C60[TiH2]6)7 cluster in PBP configuration (solid state at low energy/temperature), we began gradual stepwise increasing energy of the system (heating it). Fig. 2 shows the 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 C60[TiH2]6 molecule , calculated for three energies Et – low, intermediate and high.  We see that for low energy the velocity of C60[TiH2]6 molecule exhibits the deep dip and strongly dumped pulsations, characteristic for the solid phase, it becomes fully decorrelated after 2.5 ps. The high energy Cv(t ) decays much more regularly  – 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. 3) – the sharp increasing of  (v  arround  (-0.12  eV/molecule) is clearly visible. Note, that closely connected with (v  is the translational diffusion coefficient  D  ~  (v   [14]. Therefore, the plot (v(Et) informs about  two regions in the cluster. First, the solid phase where the almost negligible and practically energy independent diffusion appears. Second phase with quite effective and increased with energy diffusion of decorated fullerenes - liquid state.
 The calculated angular velocity autocorrelation function Cω(t) = <
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(0)2 >-1 is presented in Fig. 4. One can easily distinguish two types of behaviour of Cω(t). First, for Et  (   -0.12 eV/molecule the damped pulsations of  Cω(t) characteristic for hindered rotations in solid phase [16-19]. 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 = 0.3 ps (Et =  -0.42 eV/molecule) vanishes at (Et =  -0.12 eV/molecule). Second, a regular relaxation for Et > -0.12 eV/molecule, similar to reorientations in liquid-like phase.
 To prove even stronger the appearance of phase transition which separates the solid and liquid states of (C60[TiH2]6)7, we have calculated the Lindemann index (L [12]
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The energy evolution of index (L is given in Fig. 5a. One can see that the value of Lindemann index (L is very low and only slightly change with energy for Et  < -0.15  eV/molecule,  confirming therefore the solid state phase (no translational diffusion) of the cluster in this  energy region. Further increasing of energy (heating) leads towards to phase transition and  the liquid phase of (C60[TiH2]6)7  [ 12, 15, 16], the indication of this is the substantial raise up of Lindemann index (L for Et >  -0.15 eV/molecule . In Fig. 5b we recall the index (L for pure (C60)7 cluster, calculated in [5 ]. Note that the solid/liquid phase transition in pure (C60)7 cluster appears at much lower energy, comparing to (C60[TiH2]6)7 nanosystem. Apparently, the Ti-decorated fullerenes attract themselves much stronger than pure fullerenes. The phase transition from solid to softer phase in (C60[TiH2]6)7 exists at much higher energy, comparing to pure (C60)7 cluster. In Fig. 6 we present the calculated a standard deviation of total energy 
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. Note, that <δEt2 > /kBT2  would be proportional to the specific heat at constant volume  [14]. However, since we do not use explicitly the concept of temperature for  very small system, we stay with the presentation of <δEt​​2 >. Here again, the spectacular increasing of energy fluctuation <δEt​​2 > is observed for higher energies (Et  > -0.1 eV/molecule). Naturally, the observed jumps of observables (v, (L and <δEt​​2 >  can be associated with the phase transition in the cluster. Next we calculated the mean square displacement <|(r(t)|2>  of Ti-decorated fullerene for several energies, (r(t)=r(t)-r(0), where r is the position of the center of mass of single C60[TiH2]6  (Fig. 7). 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. From figure 7 we see that translational mobility of C60[TiH2]6  significantly increases with the growth of energy. The energy dependence of D is given in Fig. 8, we see that the translational diffusion coefficient of C60[TiH2]6  significantly increases with the growth of Et . Note the bend in D(Et ) plot around Et  ≈ -0.12 eV/molecule which marks the region of phase transition. The endohedral fullerene’s center of mass radial distribution function g(r) is presented in Fig. 9. For the low energy Et = -0.43  eV/molecule (solid phase) it shows several peaks associated with the deformated pentagonal bipyramid structure of the cluster. At the high energy Et = -0.06  eV/molecule  the multitude of sharp peaks vanishes - the broadening of g(r), characteristic for liquid phase, is observed. 
 Conclusions

Our atomistically detailed MD simulations show that the solid phase of (C60[TiH2]6)7 appears for low energies Et . We also have supplied the evidence of the phase transition (solid/liquid) expanded in the energy range -0.20  <  Et  < -0.05 eV/molecule  and the appearance of liquid phase in relatively narrow energy region from Et > -0.05 eV/molecule, till vaporization of the cluster. The liquid phase of (C60[TiH2]6)7 exists at much higher energies (Et > -0.05 eV/molecule), comparing to the pure fullerene cluster (C60)7 (Et > -0.35 eV/molecule ). The influence of molecular hydrogen H2 atmosphere on the properties of (C60[TiH2]6)n (n=7, 13, 25, ….)  nanosystems could be the subject of future studies, directly related towards the hydrogen storage issue.
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Table 1. The carbon mass and L-J potential parameters used in simulation, taken from [7-9] 
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	( [Å]
	m [10-25 kg]

	C-C
	28
	3.4
	0.199

	Ti-Ti
	205.4
	3.8
	0.795

	H-H

	12.5

	2.81

	0.016


Figures captions

Fig. 1 Snapshot of the minimum potential energy configuration (deformated pentagonal bipyramid) of (C60[TiH2]6)7 cluster. 

Fig. 2 The linear velocity autocorrelation function of C60[TiH2]6  molecule in the cluster, for three energies Et .
Fig. 3 The energy dependence of the linear   velocity correlation time of C60[TiH2]6   molecule in the cluster.

Fig. 4 The angular velocity autocorrelation function of C60[TiH2]6    molecule for different energies Et  in solid phase of the cluster. 

Fig. 5 The energy Et dependence of the Lindemann index of ;  a) (C60[TiH2]6 )7  and b) pure fullerene cluster (C60)7 .

Fig. 6 The deviation <δEt​​2 > of total energy Et for (C60[TiH2]6 )7  cluster.

Fig. 7 The mean square displacement of the center of mass of C60[TiH2]6 molecule in the cluster for three energies Et .

Fig. 8 The energy dependence of the translational diffusion coefficient in liquid phase of (C60[TiH2]6 )7 cluster.

Fig. 9 The radial distribution function of the center of mass of C60[TiH2]6 molecule in the cluster. 
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