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We investigate the effect of Mie-type potential range on the cohesive energy of metallic nanopar-
ticles using the size-dependent potential parameters method. The predicted cohesive energy for
different cubic structures is observed to decrease with decreasing the particle size, and increase
with decreasing the range of the interatomic potential, a result which is in the right direction
at least to predict the experimental values of Molybdenum and Tungsten nanoparticles.
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1. Introduction

Traditionally, materials properties have been con-
trolled by varying structure and composition of
materials. During the last few years, a new param-
eter has been added, i.e., size. The fact that the
materials properties change drastically when the
dimension of the materials becomes comparable
with the typical length scale of the phenomenon of
interest, together with the ability to control the pro-
duction of materials in this size range, has led to the
development of nanoscience.

The nanoscience have special properties and
have generated great interest in both scientific and
technological communities, and the phenomenon
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that nanomaterials’ size-dependent cohesive energy
occurs has been a topic of interest in recent years.!™

As is well known, the cohesive energy is an
important physical quantity that accounts for the
bond strength of a solid, which is the energy needed
to divide the solid into isolated atoms by breaking
all its bonds. Cohesive energy is also a basic quan-
tity for the thermodynamics of materials, by which
we can derive almost all the thermodynamical prop-
erties of materials.4

On the other hand the cohesive energies of bulk
materials are constants at a given temperature,?
this is because of the small number of atoms on the
surface to the volume, whereas for nanoparticles the
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cohesive energies are not constants, since the sur-
face to volume ratio of atoms is so large, and the
distance between the surface atoms and the nearest
interior atoms is larger than the distance between
the interior atoms, viz more than half of the bonds
on the surface are dangling bonds and this will affect
their cohesive energies.®

Among the various nanoparticles, the Molyb-
denum (Mo) and Tungsten (W) provoke special
interest. The experimental values for the cohesive
energy of these particles were reported in 2002,
and they were determined by measuring the oxida-
tion enthalpy as a function of their sizes. Experi-
mentally it was observed that, the cohesive energy
of these nanoparticles decreases with decreasing
sizes.

To explain the depression of the cohesive energy
of these nanoparticles within the experimental lim-
its, researchers have developed different models,
such as the bond order-length-strength (BOLS)
model,® latent heat model,® liquid drop model,!?
bond energy model,!! the Lennard-Jones poten-
tial model,'? etc. All these models can explain
the depression of the cohesive energy of nanopar-
ticles with the decreasing sizes, but the quan-
titative fitting to the experimental values were
different.

Therefore, in the present work we will explain
the depression of the cohesive energy of these
nanoparticles within the experimental limit by
changing the structure of these particles as function
of both, their sizes and the range of the interaction
potential between the interior atoms. To assess the
range effects, a potential which is simple enough
to comprehend the effects of any changes made
to its form is considered for that reason, it is
assumed that the atoms in the nanorange are inter-
acting via Mie-type potential'® and having different
structures.

The importance of the nature of the interaction
potential among the atoms in the nanorange will be
addressed, where the effect of decreasing the range
of the interaction potential is similar to the effect
of decreasing the size of the nanoparticles, both will
destabilize the cohesive energy.

With this in mind, this paper is organized as
follows. In Sec. 2, the details of the model and
the method for calculating the cohesive energy of
metallic nanoparticles is discussed. In Sec. 3, the
numerical results is compared with the experimen-
tal ones, and therein, remark is given to the results
findings.

2. Model and Method

To construct the model, it is assumed that a par-
ticle in the nanometer size is taken out from any
bulk crystal, where its structure is the same as the
bulk crystal. For convenience, it is assumed that
the nanoparticle is in cubic form, and its struc-
ture may be simple cubic (SC), body-centered cubic
(BCC) or face-centered cubic (FCC). Moreover, the
atoms within this nanoparticle are all in equilibrium
and are interacting with each other via Mie-type
potentiall3

ulr) = gy [k (5) - (iﬂ "

where r;; denotes the distance between atoms ¢ and
j, o denotes the equilibrium separation between the
centers of any two atoms, and ¢ is the energy located
at . m and k are positive integers that account for
the repulsive and attractive terms, respectively, and
throughout this paper, m > k and the correspond-
ing potential will be referred to as (m, k).

In this model, the total energy of a nanoparticle
can be determined by summing the energy of all
the atoms. Minimizing the total energy with respect
to the distance between the atoms, the equilibrium
configuration of the nanoparticle can be obtained,
and then used to calculate the cohesive energy of
that particle. This procedure is just the method of
this work. Accordingly, the total potential energy
(Ey) of a nanoparticle with a cubic structure having
n atoms is given by

n

> ulry). (2)
i=1

i=1
J#i

b =

En=

Inserting Eq. (1) into Eq. (2);

B gy [ (R A (B) 4] @

where

1 S/ 1\ 1 G/ 1)
G J#i
(4)

are the potential parameters with a;; = r;;/R, and
R is the nearest distance between two atoms. It
is obvious that the potential parameters A,, and
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Fig. 1. Mie-type potential showing different ranges for dif-
ferent values of m and fixed k.

Aj are related to the particle size n; related to
the structure of the nanoparticle through a;;, and
highly dependent on the potential values m, and k.
That is to say, changing the the values of m and &
means changing the range of Mie potential. Figure 1
shows that fixing the value of &, and decreasing the
values of m will increase the range of the potential
and soften the repulsive wall.

On the other hand, in equilibrium the total
potential energy of a nanoparticle should be min-
imum, that is %] R, = 0, which will give

1
Am m-—k
R() =0 (A_k) ) (5)

where Ry is the nearest distance between two atoms
in equilibrium. Inserting Eq. (5) into Eq. (3), the
total energy of a nanoparticle in equilibrium config-
uration is given by

ne [ APF
En - - T ,:L_. . (6)
AnF
Apparently, E, is the cohesive energy of n
atoms, and the cohesive energy per atom F, is

k
Am—
k

(7)

_k_
AR

Equation (7) is similar to the expression of the
cohesive energy of bulk materials, and the poten-
tial parameters A,, and A depend only on the
particle size for fixed values of m and k, whereas,
these parameters are size independent for bulk

materials.!¥ For SC, BCC, and FCC structures, the
variations of A,, and A, with the particle size for
different values of m, and £ are shown in Figs. 2-7,
in which the solid-symbol lines are obtained by
means of Eq. (4). From these figures it is clear that
both A, and A;, increase with increasing the size of
the particle, and they are converging rapidly to the
corresponding bulk values when the repulsive part
of the potential becomes larger.

To make the cohesive energy free from the
parameter €, the relative cohesive energy of a
nanoparticle with respect to the cohesive energy
of the corresponding bulk material is calculated.
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Fig. 2. Size-dependent potential parameters Ap, of simple
cubic structure as a function of nanoparticle size n.
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Fig. 3. Size-dependent potential parameters Ay, of body-
centered cubic structure as a function of nanoparticle
size n.
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Fig. 4. Size-dependent potential parameters Am of face-
centered cubic structure as a function of nanoparticle size n.
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Fig. 5. Size-dependent potential parameters Ay of simple
cubic structure as a function of nanoparticle size n.
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Fig. 6. Size-dependent potential parameters Ap of body-
centered cubic structure as a function of nanoparticle size n.
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Fig. 7. Size-dependent potential parameters A of face-
centered cubic structure as a function of nanoparticle size n.

Therefore, if the cohesive energy of bulk material
is Ey, then

E, P A'I"Z"
La _ 10 k - , (8)
EO 2 m-—k

m

k m

where Py = 2(A,’,"—F /A,:_‘F), A, and Ay, are the
corresponding potential parameters of bulk mate-
rials. An explicit list of calculations for the lattice
sums A,, and Ay, for the three cubic Bravais lat-
tices for different values of m and k with large n
are given in Table 1, so that the reader may, if so
inclined, reproduce the results.

Table 1. The lattice sums Am or Ay, for the three cubic
Bravais lattices for different values of m and k with large n.

Am or Ay
Simple Body-centered Face-centered

mor k cubic cubic cubic

<3 oo [o%e} oo
4 16.53 22.64 25.34
5 10.38 14.76 16.97
6 8.40 12.25 14.45
7 7.47 11.05 13.36
8 6.95 10.36 12.80
9 6.63 9.89 12.49
10 6.43 9.56 12.31
11 6.29 9.31 12.20
12 6.20 9.11 12.13
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3. Numerical Results and
Discussion

The effects of the size-dependent potential parame-
ters model on the relative cohesive energy of
metallic nanoparticles with different sizes; differ-
ent structures, and with different potential ranges
are shown in Figs. 8-11. In these figures the solid-
symbol lines are the results calculated by means of
Eq. (8), and those lines with the star symbols are
denoted to the experimental values of Mo and W.7

From Figs. 8-11, it can be seen that the rel-
ative cohesive energy of the nanoparticles depends
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Fig. 8. The particle size dependence of the relative cohesive
energy of simple cubic nanoparticles with different poten-
tial ranges, where the star symbols denote the experimental
values.”
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Fig. 9. The particle size dependence of the relative cohesive
energy of body-centered cubic nanoparticles with different
potential ranges, where the star symbols denote the experi-
mental values.”
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Fig. 10. The particle size dependence of the relative cohe-
sive energy of face-centered cubic nanoparticles with different
potential ranges, where the star symbols denote the experi-
mental values.”
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Fig. 11. The particle size dependence of the relative cohesive

energy of different structures with Mie potential (6, 5), where
the star symbols denote the experimental values.”

on the particle size, i.e., the relative cohesive energy
of a nanoparticle increases when the particle size
is increased, and approaches to that of the cor-
responding bulk metal when n is too large. It
is also shown that, the relative cohesive energy
of the nanoparticles depends on the range of the
potential, where it is observed that the relative
cohesive energy of Mo and W nanoparticles are
bounded respectively from top by (12, 6), and from
bottom by (8, 4) Mie-type potentials. The effect
of decreasing the range of the interaction poten-
tial is similar to the effect of decreasing the size
of the nanoparticles, both are destabilizing the
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cohesive energies. Consequently, a systematic search -

in between has been performed in order to find the
possible potential which will predict the experimen-
tal values for the cohesive energy of Mo and W
nanoparticles. It is observed that the Mie interac-
tion potential with m = 6, and k = 5 can be a
possible candidate to predict the cohesive energy of
Mo and W nanoparticles.

The predicted results of (6, 5) Mie-type poten-
tial. used for SC, BCC, and FCC nanoparticles
shown in Fig. 11 are the most closest ones to
the experimental values. Furthermore, it is also
shown that the size, range, and shape effects on the
cohesive energy are more obvious for SC nanopar-
ticles structure than those for BCC and FCC
structures.

In conclusion, this work demonstrates the
dependence of the cohesive energy of metallic
nanoparticles on the range of the potential used
to model atom-atom interactions, and also its
dependence on the sizes and the structural of
the metallic nanoparticles. The present results for
the cohesive energy of Mo and W nanoparticles
are consistent with the corresponding experimen-
tal values, where it is reported that the cohesive
energy of Mo nanoparticle with size n = 2000 is
—410kJ/mol,” and the cohesive energy of bulk Mo
is —598kJ/mol.1®> Whereas, the cohesive energy
for the W nanoparticle with size n = 7000
is —619kJ/mol,” and the cohesive energy of bulk
W is — 824 kJ/mol.!® These results suggest that the
Mie interaction potential with m = 6, and k = 5
can be a possible candidate to study the proper-
ties of different nanoparticles by considering the
size-dependent potential parameters.

Acknowledgment

This work was supported by the Research Grants
Council of King AbdulAziz City for Science and
Technology project no. (15-27-079).

References

1. M. I. Alymov and M. K. Shorshorov, Nanostruc.
Mater. 12, 365 (1999).
2. W.H. Qi, M. P. Wang and Y. C. Su, J. Mater. Sci.
Lett. 21, 877 (2002).
3. W. H. Qi and M. P. Wang, J. Mater. Sci. Lett. 21,
1743 (2002).
4. W. H. Qi, M. P. Wang, M. Zhou and W. Y. Huy,
J. Phys. D 38, 1429 (2005).
5. C. Kittel, Introduction to Solid State Physics, 7th
edn. (Wiley, New York, 1996).
6. W. H. Qi and M. P. Wang, Mater. Chem. Phys. 88,
280 (2004).
7. H. K. Kim, S. H. Huh, J. W. Park, J. W. Jeong and
G. H. Lee, Chem. Phys. Lett. 354, 165 (2002).
8. C. Q. Sun, Y. Wang, B. K. Tay, S. Li, H. Huang and
Y. Zhang, J. Phys. Chem. B 106, 10701 (2002).
9. Q. Jiang, J. C. Li and B. Q. Chi, Chem. Phys. Lett.
366, 551 (2002).
10. K. K. Nanda, S. N. Sahu and S. N. Behera, Phys.
Rev. A 66, 013208 (2002).
11. W. H. Qi, M. P. Wang and G. Y. Xu, Chem. Phys.
Lett. 372, 632 (2003).
12. W. H. Qi, M. P. Wang and W. Y. Hu, Mater. Lett.
58, 1745 (2004).
13. G. Mie, Ann. Phys. (Leipzig) 11, 657 (1903).
14. N. W. Ashcroft and N. D. Mermin, Solid State
Physics (Holt, Rinehart and Winston, 1976).
15. E.L. Edgar, Periodic Table of the Elements (Gaston,
Oregon, 1993).

Supplied by The British Library - "The world's knowledge"




