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a b s t r a c t

Metallic nanoclusters are interesting because of their utility in catalysis and sensors. The thermal and
physical characteristics of metallic Pt nanoclusters with different sizes were investigated via molecular-
dynamics simulations using Quantum Sutton-Chen (QSC) potential. This force field accurately predicts
solid and liquid states properties as well as melting of the bulk platinum. Molecular dynamic simulations
of Pt nanoclusters with 256, 456, 500, 864, 1372, 2048, 2916, 4000, 5324, 6912, 8788 atoms have been
carried out at various temperatures. The Pt-Pt radial distribution function, internal energy, heat capacity,
enthalpy, entropy of the nanoclusters were calculated at some temperatures. These properties are used
to characterize the physical phase and also to determine the melting transition of each nanocluster. The
melting point predicted by the various properties is consistent with each other and shows that the melting
latinum nanoclusters
temperature increases with the particle size, approaching to the bulk limit for the largest one. The size
dependence of the melting point has been reported, both experimentally and theoretically for the atomic
nanoclusters. We have found that the melting of the platinum nanoclusters commences at the surface and
the relation Tm,N = Tm,bulk − ˛N−1/3 between the melting point of nanocluster (Tm,N) and that of the bulk
(T ) holds. The extrapolation of Tm,N versus N−1/3 gives T = 2058.1 K which is in a good agreement

lue o

m,bulk

with the experimental va

. Introduction

Particles with diameters of 1–10 nanometer exhibit properties
hat are often an intermediate between those of the molecular and
rystalline states.

A comprehensive set of studies of the physical properties of
anoparticles, too small to be subjected to macroscopic thermo-
ynamic analysis, have been carried out over the past two decades
y Berry and co-workers [1–7]. Melting is one of the most stud-
ed and best characterized processes for a nanoparticle. In small
anoparticles, the surface and core atoms are not distinct, and liq-
id and solid phases of the nanoparticle are in dynamic equilibrium
ather than in coexistence. Only the solid form is stable for temper-
tures lower than the fusion temperature and only the liquid form is
table for temperatures higher than the melting point. At tempera-

ures between the fusion temperature and melting temperature the
anoparticle fluctuates between the solid and liquid states, much

ike the equilibrium between two chemical isomers.
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Metal nanoparticles exhibit physical, chemical, and electronic
properties different from those of the bulk and single molecules
due to the large fraction of surface atoms. Considerable experimen-
tal and theoretical researches have been dedicated to understand
the thermodynamics [8] and kinetics of nanoparticle growth and
stabilization when subjected to a thermal or any other stresses
[9–12]. Melting properties of the metal nanoclusters and their asso-
ciated effect on the shape and composition would have a bearing on
the method of synthesis, processing, and the performance of these
nanoclusters in various areas of application. The melting point of
a nanocluster decreases with decreasing cluster size and its value
may be much lower than of the bulk [13–17].

This lowering effect is mainly attributed to the large percent-
age of weakly bounded surface atoms which are less constrained
in their thermal motions. However, there is very little quantitative
data on the structure and energy of bulk and surface regions gov-
erning the properties of nanoparticle. Computer simulations offer
an effective tool to study properties of nanoclusters and comple-
ment ongoing experimental efforts [18–20]. A molecular dynamic
simulations study of melting, freezing, and coalescence of gold

nanoclusters, in the size range of 135–3995 atoms, indicated that
melting begins at the surface and proceeds inward the core [21].

Molecular dynamic (MD) studies on melting of Ni nanoclus-
ters up to 8007 atoms indicates that a transition from molecular
behavior below 500 atoms to a mesoscale regime above 750 atoms

http://www.sciencedirect.com/science/journal/03783812
http://www.elsevier.com/locate/fluid
mailto:hamedakbarzadeh@mehr.sharif.edu
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Table 1
Potential parameters used in MD simulations for Pt nanoclusters.

To obtain RMSD, we averaged over a 400 ps trajectory and used
dt as 10 ps, which is a sufficiently long time for diffusion in the liquid
phase. The dramatical change of RMSD upon melting indicates the
first order transition.
H. Akbarzadeh, G.A. Parsafar / Fl

ith well defined bulk and surface properties [22]. The final atomic
rrangements in Au nanoclusters have been found to be strongly
nfluenced by thermodynamic factors and kinetic growth [23].
otential energy distribution of transition metal clusters shows the
oexistence of a surface melted phase with a solid core for clusters
arger than 200 atoms [24]. The phase change was mainly attributed
o isomerization transitions, as no premelting peak was detected in
he heat capacity curve. A nonmonotonic variation of melting tem-
erature with cluster size is found for very small sized clusters [16].
xperimental studies on tin nanoclusters having 10–30 atoms cor-
oborate this finding [25]. We have used molecular-dynamics (MD)
imulations to study solid and liquid properties of Pt nanoclusters
ith 256–8788 atoms, in which the quantum Sutton-Chen poten-

ial was used to investigate the melting point. Therefore our aim is
o extend the MD simulations, to investigate the dynamic and ther-

odynamic properties of platinum, to much larger nanoclusters
han those previously studied [26,27]. We have calculated the Pt-Pt
adial distribution function, atomic diffusion coefficient, and ther-
al properties at various temperatures for the nanoclusters. The

ize dependencies of thermodynamic properties are investigated
nd their dependencies are examined with the expressions given
or Cu nanoclusters. Also, the abrupt change of different thermody-
amic properties within the solid–liquid phase transition is used to
redict the melting points of the nanoclusters. The predicted values
re found to be consistent.

. Molecular dynamic simulation

.1. Force field model

In the present study, molecular dynamic simulations on solid
nd liquid platinum nanoclusters were done using the DL-POLY-2.18
rogram [28]. All thermodynamic and transport properties were
btained as time averages over the particle positions and velocities.
he embedded atom potentials [29] and other long-range poten-
ials like the Sutton-Chen based on [30] the Finnis-Sinclair type
f potentials have been used in the literature successfully to pro-
uce the properties of FCC based metals such as Pt. Based on the
utton-Chen potential, the potential energy of a finite system is
iven by,

tot =
∑

i

Ui =
∑

i

ε

⎡
⎣∑

j /= i

1
2

V(rij) − c�1/2
i

⎤
⎦ (1)

here V(rij) is the pair potential to account for the repulsion result-
ng from the Pauli’s exclusion principle,

(rij) =
(

a

rij

)n

(2)

The local density accounting for the cohesion associated with
tom i is given by,

i =
∑
j /= i

˚(rij) =
∑
j /= i

(
a

rij

)m

(3)

Sutton and Chen restricted the value of m to be greater than 6 and

tted it to give a close agreement with the bulk modulus and elas-
ic constants. The Sutton-Chen potential poorly predicts properties
nvolving defects, surfaces, and interfaces. The quantum Sutton-
hen potential includes the quantum corrections and takes into
ccount the zero-point energy allowing better prediction of tem-
erature dependent properties. The Quantum Sutton-Chen (QSC)
arameters for Pt are listed in Table 1 [31].
Sutton-Chen n m ε (eV) c a (Å)

QSC 11 7 0.0097894 × 10−3 34.428 3.92

2.2. MD simulation details

The MD simulations were carried out in an ensemble approx-
imating the canonical with a constant number of atoms N and
volume V without any periodic boundary conditions. A constant
temperature Evans thermostat [32] was used. The equations of
motion were integrated using the Verlet Leapfrog algorithm [18]
with a time step of 0.001 ps. The cluster was initially subjected to
mild annealing in the 0–300 K interval. This was followed by heat-
ing to 2000 K with increments of 100 K. Near the melting point, the
temperature increments were reduced to 10 K and 1 K to account
for the large temperature fluctuations. The simulations were carried
out for 400 ps of equilibrium followed by production time of 200 ps
for generating the time average properties. All interatomic inter-
actions were determined for the atoms in the simulation within a
cutoff distance of Rcutoff. Platinum is a metal with a FCC structure. A
FCC block was first constructed from a FCC unit cell by replication in
the abc directions with center located at (0, 0, 0). The cluster cutoff
radius is defined as [33],

Rc = Rg

√
5
3

+ Ri (4)

where the interatomic radius for the Pt system, Ri = 1.39 Å, and the
radius of gyration Rg is given by,

R2
g =

(
1
N

)∑
(Ri − Rc,m)2 (5)

where (Ri − Rc,m.) is the distance of atom i from the cluster center of
mass. To analyze how the atomic motions change near the melting
point, we partitioned the cluster into six radial shells of equal dR
within each shell to calculate the average root-mean-square ther-
mal displacement (RMSD) as,

RMSDshell(dt) =

√
(
∑t−dt

t=0 (ri(t + dt) − ri(t))
2
)

Nshell
(6)
Fig. 1. Potential energy variation with temperature for a Pt nanocluster with 456
atoms.
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Table 2
The range of melting temperatures (K) determined from potential energy versus
temperature for the Pt nanoclusters with various number of atoms.

Cluster size Melting range

256 1281–1317
456 1410–1435
500 1450–1468
864 1553–1567

1372 1622–1632
2048 1676–1684
2916 1718–1724
4000 1758–1763
5324 1779–1784
6912 1799–1802
8788 1829–1830
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Fig. 4. Tb
m − Tc

m as a function of N−1/3.

Cv =
kT2

(7)

where k is the Boltzmann factor. While, the second method deter-
ig. 2. Variation of specific heat capacity at constant volume with temperature for
Pt nanocluster with 456 atoms.

. Results and discussion

The transition temperature from the solid to liquid phase and
ice versa is usually identified by studying the variation in thermo-
ynamic properties such as potential energy, specific heat capacity,
r some other physical properties.

.1. Melting point determination from potential energy

The force field has been used to calculate the melting point in
anoclusters with generally quite good agreement with experimen-
al results. The predicted melting point of 2070 K, obtained in this
imulation, is in a good agreement with the experimental value of
041 K for the bulk Pt. For simulation of the bulk system, we have
et the periodic boundary condition. Fig. 1 shows the temperature
ependence of the potential energy of a Pt nanocluster, with 456

toms.

The phase transition from solid phase to liquid phase and vice
ersa can be identified by a simple jump in the total potential
nergy curve. The temperature jump for this naocluster occurs

Fig. 3. Dependence of melting temperature on the cluster size.
Fig. 5. �Hb
f

− �Hc
f

as a function of N−1/3.

within 1410–1435 K. Similar calculations were carried out to find
the temperature range of the melting, for other nanoclusters. The
result for various nanoclusters is given in Table 2.

3.2. Melting point determination from heat capacity

Conventionally, two different statistical methods are employed
to calculate the heat capacity. The first method derives the heat
capacity from the fluctuation of the internal energy, i.e., [34]〈

ıE2
〉

NVT
mines the heat capacity from the differential of internal energy with

Fig. 6. �Sb
f

− �Sc
f

as a function of N−1/3.
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Table 3
Thermodynamic properties obtained from the MD for various clusters as a function
of size and the number of atoms within the cluster.

Cluster size (N) Melting point (K) �Hf (kJ/mol) �Sf (J/K mol)

256 1300.00 7.19 5.53
456 1430.00 9.27 6.48
500 1460.00 9.50 6.50
864 1560.00 11.16 7.15
1372 1630.00 12.30 7.54
2048 1680.00 13.15 7.82
2916 1720.00 13.80 8.02
4000 1760.00 14.40 8.18
5324 1780.00 14.80 8.31
6912 1800.00 15.10 8.38
8788 1830.00 15.80 8.46
Extrapolation 2058.10 19.15 9.84
Bulk (simulation) 2070.00 19.10 9.22

Bulk (experiment) 2041.00 20.00 9.79

Table 4
Radius at 300 K and at the melting point temperature, along with the surface energy
for the given platinum nanoclusters.

Cluster size Cluster radius (at
300 K) (Å)

Cluster radius (at
melting point) (Å)

Surface energy
(J m−2)

256 9.94 9.96 9.79
456 12.05 12.07 9.81
500 12.43 12.45 9.87
864 14.91 14.94 9.91

1372 17.40 17.43 9.94
2048 19.88 19.92 9.98
2916 22.37 22.41 10.00
4000 24.86 24.90 10.03
5324 27.34 27.39 10.04
6912 29.83 29.88 10.10
8788 32.31 32.37 10.23

of the line to N = ∞ gives Tm = 2058.1 K, compare to experimental
value of 2041 K for Pt bulk.
Fig. 8. Snapshot of a nanocluster of platinum with 1063 atoms
Fig. 7. Variation of self-diffusion coefficient with temperature for a Pt nanocluster
with 456 atoms.

respect to temperature, i.e.

Cv = dE(T)
dT

(8)

To identify the melting temperature, the calculated specific heat
capacity at constant volume using Eq. (7) is plotted versus temper-
ature in Fig. 2 for a nanocluster with 456 Pt atoms. The maximum
in the specific heat capacity corresponds to the temperature jump
in potential energy of Fig. 1. Similar calculation was done for the
other nanoclusters, to obtain their melting point temperatures. To
see the size dependence of the melting point, the calculated values
are plotted in Fig. 3 versus N−1/3.The data fits well into a line with
the coefficient of determination of R2 = 0.9986. The extrapolation
Also the calculated melting points for the 11 different Pt nan-
oclusters along with the calculated bulk melting point of Pt, 2070 K,
were used to plot Tb

m − Tc
m versus N−1/3, shown in Fig. 4, which

at (a) 300, (b) 1500, (c) 1600, and (d) 1700 K, respectively.
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ig. 9. The Pt-Pt radial distribution function, gPt-Pt for a nanocluster with 256 atoms
t (a) 10 K, b) 300 K, (c) 1300 K, and (d) 1900 K.

hows a good linearity with the coefficient of determination of
2 = 0.998.

.3. Fusion enthalpy and entropy

Since the volume of the system is a finite value and pressure is
djusted such that to maintain at zero value, the enthalpy of the
ystem is equal to its potential energy. In order to obtain the heat of
usion of a cluster at its melting point (�Hm), the potential energy
s fitted into a second order function of temperature, both for the
iquid (Hc

l ) and solid (Hc
x) states. The heat of fusion at any particular

emperature is given by the potential energy difference (Hc
f = Hc

l −
c
x). Mean while, the heat of fusion of the bulk system is calculated

rom Hb
f = Hb

l − Hb
x , where Hb

l and Hb
x denote the potential energy

n the liquid and solid states, respectively [33]. The entropy change
or the phase transition can be simply calculated from �Sf = �Hf/T
t any given temperature. Assuming that the core part of a cluster
as the same heat of fusion as the bulk phase, the enthalpy of a
luster in the solid and liquid states may be given as,

cluster
solid = Hc

x − �xA (9)
cluster
liquid = Hc

l − �lA (10)

here A is surface area of the cluster and �x and � i are its sur-
ace energy per unit area in the solid and liquid states, respectively.
ase Equilibria 280 (2009) 16–21

Note that the difference in the enthalpies is due to higher energy of
molecules on the surface of cluster, compare to those in the bulk.
The extra energy is given by the second term on the right side of Eqs.
(9) and (10) for solid and liquid, respectively. To obtain the average
fusion energy per molecule, we may subtract Eq. (9) from Eq. (10),
and then divide the result by N. If we take into account that A is pro-
portional to N2/3, the final result can be found as [33]. Therefore, the
heat of fusion for a Pt nanocluster scales linearly with N−1/3, i.e.,

�Hb
f − �Hc

f (N) = aN−1/3 (11)

where a is the proportionality constant. The quantity on the left
side of Eq. (11) is calculated for the 11 different Pt nanoclusters.
The calculated results are plotted in Fig. 5, which shows a good
linearity with the coefficient of determination R2 = 0.989. When the
cluster size increases, the fusion enthalpy increases and approaches
to experimental value.

Almost a similar linearity was found for the calculated fusion
entropies, shown in Fig. 6, for �S versus N−1/3.

The calculated thermodynamic properties for the nanoclusters
are summarized in Table 3, including the melting temperature
obtained from heat capacity curve, fusion enthalpy, and fusion
entropy. Also, the extrapolated and simulated values for the bulk
are included.

3.4. Surface energy

The surface energy of a cluster may be calculated from [33]

� = PE cluster − PE Bulk

4�RC
2

(12)

where PE cluster and PE Bulk are the potential energies of the cluster
and bulk Pt, respectively, at a certain temperature. We have calcu-
lated the surface energy (per unit surface area) and cluster radius,
at both 300 K and melting point temperature for the nanoclusters.
The results are given in Table 4. As shown in this table, the sur-
face energy gradually increases with the cluster size, from 9.79 to
10.23 J/m2 for nanoclustes with 256 and 8788 atoms, respectively.

3.5. Self-diffusion coefficient

The self-diffusion coefficient can be obtained either from the
positions or velocities of molecules. The mean square displacement
(MSD) is proportional to observation time for the infinite time limit.
The proportionality constant relating the MSD to the observation
time is known as the self-diffusivity, D, which is given by

D ≡ 1
2d

lim
t→∞

〈
[r(t0 + t) − r(t)]2〉

t
(13)

where d is the dimensionality of the system and r(t) refers to the
vector position of the molecule at time t. The ensemble average is
taken over all molecules in the system and over several time origins
[35]. A linear least square regression is performed on the MSD curve
to find the slope (2dD) from which the diffusivity at any tempera-
ture can be obtained. Fig. 7 shows the variation of the calculated
self-diffusion coefficient of the Pt nanocluster with 456 atoms with
temperature. At the melting point, however, the diffusivity of the
nanocluster shows a sharp increase, which is an indication for the
first order transition. In the liquid phase, the diffusion coefficient
shows a noticeable increment with temperature, compare to the
solid phase.
3.6. Physical state from molecular point of view

A snapshot for a nanocluster with 1372 Pt atoms at 300, 1500,
1600, and 1700 K is shown in Fig. 8(a)–(d), respectively. The snap-
shots provide a clear evidence for the increasing of thickness of the
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iquid skin over the cluster surface at 1500 and 1600 K and show
hat the cluster is in the molten state at 1700 K. The performed
imulations were used to calculate the physical properties of the
anoclusters, both in the solid and liquid states. However, the struc-
ure of the solid and liquid phases may also be characterized at
arious temperatures by the Pt-Pt radial distribution function,

Pt−Pt(r) = 1
nN

〈∑
i

∑
j

ı
[
r − rij

]〉
(14)

here N is the total number of Pt atoms, n is number density, and
ij is the distance between i and j atoms; and the brackets indicate
he ensemble average. The retention of crystallographic structure
n a nanocluster can be quantitatively characterized by the Pt-Pt
adial distribution function. The radial distribution function for a Pt
anocluster with 256 atoms is shown at four different temperatures

n Fig. 9. Note that the scaling of the y-axes is different for the figures.
The long-range correlations in the solid phase are obvious from

oo many peaks appear in gPt-Pt(r) at temperatures 10 and 300 K.
s the temperature increases, the vibrational motion of the Pt
toms broadens the peaks in the gPt-Pt curve, compare Fig. 9(c) with
ig. 9(a) and (b). The locations of the peaks, which correspond to the
verage separation of the atoms, do not change in Fig. 9(a) and (b),
ndicating a fix position for each atom in the nanocrystal structure,

hich is expected as far as the anharmonicity is ignored. How-
ver, for the liquid phase, shown in Fig. 9(c) and (d), the long-range
orrelations are lost and also the positions of the maxima, which
epresent the locations of the neighboring correlation shells, are
hifted to longer distances, in comparison with those for the solid.

. Conclusion

Using MD simulations with the QSC potential, we have studied
he melting and the physical properties of Pt nanoclusters and found
hat the melting temperature and heat of fusion vary linearly with
−1/3 for 11 Pt nanoclusters investigated. Melting proceeds from

he surface and after liquefaction of the outer shells, melting of the
hole clusters begins from the outer shells to core region.

The molar enthalpy, entropy and the surface energy of a cluster
ncreases with its size. The melting point of a nanocluster is clearly

dentified by studying the variation in either potential energy or
pecific heat capacity with temperature. The calculated melting
oints for the nanoclusters are found to be much lower than that
f the bulk, see Table 3. On the whole, the description of the melt-
ng transition agrees qualitatively with the previous simulation and

[
[

[

ase Equilibria 280 (2009) 16–21 21

experimental studies on Cu nanoclusters [33]. Melting of a nan-
ocluster occurs over a temperature range, rather than at a single
temperature, in which the range becomes smaller for larger clus-
ter size, see Table 2. Within the melting, the long-range structural
feature of a nanocluster, which is related to the long-range order-
ing, begins to disappear, while short-range structure is retained, see
Fig. 9(a)–(d).
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