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Abstract The size dependency of the cohesive
energy of nanocrystals is obtained in terms of their
averaged structural and energetic properties, which
are in direct proportion with their cohesive energies.
The significance of the effect of the geometrical
shape of nanoparticles on their thermal stability has
been discussed. The model has been found to have
good prediction for the case of Cu and Al nanopar-
ticles, with sizes in the ranges of 1-22 nm and 2-
22 nm, respectively. Defining a new parameter,
named as the surface-to-volume energy-contribution
ratio, the relative thermal stabilities of different
nanoclusters and their different surface-crystalline
faces are discussed and compared to the molecular
dynamic (MD) simulation results of copper nanocl-
usters. Finally, based on the size dependency of the
cohesive energy, a formula for the size-dependent
diffusion coefficient has been presented which
includes the structural and energetic effects. Using
this formula, the faster-than-expected interdiffusion/
alloying of Au(orey—Ag(sheny Nanoparticles with the
core—shell structure, the Au-core diameter of 20 nm
and the Ag-shell thickness of 2.91 nm, has been
discussed and the calculated diffusion coefficient has
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been found to be consistent with its corresponding
experimental value.

Keywords Nanocrystals - Clusters -
Cohesive energy - Diffusion - Average coordination
number - Modeling and simulation

Introduction

The diversity of the increasingly growing applica-
tions of nanocrystals in the rapidly changing world of
nanotechnology is determined by their unique prop-
erties that are essentially different from those of bulk
materials. These substantially different properties of
nanoscaled matter from the bulk, which are structure-
, shape-, and size-dependent, are heavily influenced
by the heavily concentrated low-coordinated atoms at
the surface of the nanocrystal. For example, the
increased activity of supported nanocrystals can be
attributed to the presence of a high portion of low-
coordinated atoms in nanocrystals (Lopez et al.
2004). A change from bulk to molecular properties
can occur when the coordination number of atoms
decreases (DiCenzo et al. 1988), e.g., the bond nature
evolution, resulting from the reduced coordination
number of atoms, leads to a conductor—insulator
transition (Rao et al. 2002). Also it has been stated
that, due to the reduced coordination number of
atoms at the surface of a metal, the preferred bond
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length within the plane of the metal surface is
generally shorter than the bond length in the bulk
(Needs and Mansfield 1989).

Therefore, in order to fully understand the way in
which these properties changes with size, we need to
gain knowledge about the volume-, and particularly,
the surface-structure of nanocrystals. The average
coordination number of nanocrystals is a parameter
which can be used to averagely describe their
structures. One of most important properties, depen-
dent upon the surface-structure of nanocrystals, is
their cohesive energy being an important coupling
parameter for other physical-chemical properties,
such as the Debye temperature, the diffusion activa-
tion energy, and the vacancy formation energy, etc
(Yang and Li 2007). It has been recently proved that
the cohesive energy of a nanocrystal can be well
coupled with its average coordination number, which
is only an averaged structural parameter (Attarian
Shandiz et al. 2008; Mirjalili and Vahdati-Khaki
2008; Attarian Shandiz 2008). In this article, taking
into account of the averaged effects of the first-
nearest-neighbor (INN), second-nearest-neighbor
(2NN), and third-nearest-neighbor (3NN) interac-
tions, we present a model for the cohesive energy of
nanocrystals in terms of their energetic and structural
features. Then, considering some simplifying
assumptions, we develop a symmetrical proportion
between the cohesive energy of elemental nanocrys-
tals and their averaged 1-, 2-, and 3NN coordination
numbers and energetic properties. Thereupon, with
the use of the assumption that the energetic properties
of the nanocrystal surface are the same as that of its
volume and also by neglecting any likely size
dependency of the atomic binding energy of nano-
crystals, we obtain the recently developed, simple
direct proportion between the cohesive energy and
the INN-average coordination number of nanocrys-
tals, presented in (Attarian Shandiz et al. 2008;
Mirjalili and Vahdati-Khaki 2008; Attarian Shandiz
2008). This simple proportion, which has been based
only upon the structural properties of nanocrystals, is
the simplest approximation of the present model.
Based on the proportionality between the melting
point and cohesive energy (Yang and Li 2007), the
present model for cohesive energy is applied to the
melting point of elemental nanocrystals, and the
effectiveness of its simplest form, i.e. its simplest
approximation presented by Attarian Shandiz et al.
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(2008), Mirjalili and Vahdati-Khaki (2008), and
Attarian Shandiz (2008), is discussed for some
elemental nanoparticles. It has been found that this
approximation can only effectively predict the melt-
ing point variation of some restricted nanocrystals
such as Cu and Al nanoparticles. It has also been seen
that the molecular dynamic (MD) simulation results
of the melting point of Cu nanoclusters (Delogu
2005; Wang et al. 2003) and the experimental data of
Al nanoparticles (Lai et al. 1998; Sun and Simon
2007) are both higher than the predictions of some
theoretical models, such as the liquid-drop model
(LDM; Nanda et al. 2002), the model of the reference
(Safaei et al. 2008), the homogenous melting model
(HMM; Buffat and Borel 1976; Hanszen 1960;
Pawlow 1909), and the model developed by Jiang
et al. (2000, 2003). This discrepancy between the
experiment and the theories is attributed to the
significance of the effect of the structure and shape
on the melting point of Cu and Al nanoparticles. Also
with the use of the definition of a new parameter,
named as the surface-to-volume energy-contribution
ratio, the relative thermal stabilities of copper
nanoclusters and different-crystalline faces on their
surfaces are discussed, and the results are found to be
consistent with the recently published findings of
Daff et al. (2009). Also the higher prediction of the
simple model represented in the references (Attarian
Shandiz et al. 2008; Mirjalili and Vahdati-Khaki
2008; Attarian Shandiz 2008) for some elemental
nanoparticles, such as Au, has been attributed to the
neglected size dependency of the bonding energy of
the surface atoms of these nanoparticles.

As a next step, we introduce a new lattice-type-
sensitive formula for the size-dependent diffusion
coefficient of atoms into nanocrystals, taking into
account the effect of the volume (lattice) and surface
structure of nanocrystals. This formula has been
applied to the case of the mixing of Auorey~Ag(sheln
nanoparticles to calculate the diffusion coefficient
and time scale of their interdiffusion/alloying, which
are found to be in good agreement with the
corresponding experimental values reported by
Hodak et al. (2000). It has finally been suggested
that the faster-than-expected interdiffusion/alloying
of AU(corey—Agsheny Nanoparticles occurs in the solid
phase, and hence, it may be due to some structural
effects, such as the depression of the average
coordination number of nanoparticles, and is not
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due to the surface melting of nanoparticles as has
been stated by Hodak et al. (2000).

The model
The cohesive energy of nanocrystals

In Appendix 1, considering the effects of the first-
nearest-neighbor (1INN) and the second-nearest-
neighbor (2NN) atomic interactions, defining some
structural averaged quantities, and neglecting any
difference between the bond energies of volume
atoms of nanocrystals and also between the bond
energies of their surface atoms located at surface
faces, surface edges and surface corners, we have
found the below formula for the cohesive energy of
nanocrystals (E.,) as follows:

E, E E E
—°=—V<1—<1——S>’§), r=:s. (1)
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Equation 1 is a general relation for the size-depen-
dent cohesive energy of all types of crystalline nanos-
olids (nanocrystals), where I' is a new parameter, named
as the surface-to-volume energy-contribution ratio of
the nanocrystal, which is defined here for the first time in
this equation. Ey and Eg are, respectively, the average
contributions of each volume and surface atom of the
nanocrystal to its total cohesive energy, defined in
Appendix 1. For all other definitions in this equation
and in the coming equations, see Appendices 1-3. If we
also consider the contribution of the third-nearest-
neighbor (3NN) atoms to the cohesive energy of the
nanocrystal, then we can obtain again Eq. 1 with I’ =
(Zses + Zges + Zges) [ (Zvev + Zyey, + Ziey), where
7" and ¢ represent the corresponding parameters for
the 3NN interactions, defined similarly as those of the
1- and 2NN atomic interactions in Appendix 1.

The cohesive energy and average coordination
number of nanocrystals

Considering only the effect of the INN atoms, it has
recently been found that the 1NN-based average
coordination number of nanocrystals (Z,) is in direct
proportion with their cohesive energy (E.,), i.e.
Ecn/Eey = Z,/Zy (Attarian Shandiz et al. 2008;
Mirjalili and Vahdati-Khaki 2008; Attarian Shandiz
2008) where Z, is the average coordination number

of the bulk crystal according to the 1NN definition.

Here, we show that this proportion is an approxima-
tion of the present model. Considering the effects of
the INN and 2NN interactions, we have obtained the
following relation in Appendix 2:

o n (155 )m)
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Equation 2a shows a general relation between the
cohesive energy and the average coordination number
of nanocrystals, taking into account the effects of
both of the averaged structural and energetic prop-
erties of their surface and volume. With the use of the
assumptions ¢s & ¢y and &5 ~ ¢\, meaning that there
is no significant difference between the bond energies
of the surface and the volume atoms, we can write the
following first-order approximation of Eq. 2a:
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Interestingly enough, there is a well-formulated
symmetry in Eq. 2b. In addition to the effect of the
averaged structural properties of the nanocrystal,
Eq. 2b represents the effect of the energetic proper-
ties of volume atoms, &y and &, upon its cohesive
energy. The ratios of ey/ey, and & /ey, may have
significant effects on the cohesive energy of nano-
sized materials, due to the possible size dependency
of the binding energy (Chacko et al. 2005). Taking
into account the 3NN atoms, also leads to the similar
equation as follows:

va ! 7l 17
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(2¢)

Now, neglecting the effect of the interactions
between the 2NN and the 3NN atoms in Eq. 2c, i.e.
&y /ev =&y /ev = 0 and &y /evy = &4, /eve = 0, we
can find the second-order approximation of Eq. 2a as
follows:

Tmn Ecn 8VZin

= B _ W 2d
Ty Eo ey (24)

where T, and Ty, are the melting points of nanocrystal
and its bulk material, respectively. More importantly,
as it can be seen from Eq. 2d, both of the averaged
structural properties of nanocrystals and the energetic
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properties of their volume atoms directly influence their
cohesive energy and melting point. The importance of
the effect of the volume energetic property (ey) in
Eq. 2d can be well understood when we consider the
proportionality of E./E., = Ea/Eap = Eyn/Eyp, pro-
posed by Yang and Li (2007), where E,,, and E,, are the
diffusion activation energy and the vacancy formation
energy of nanocrystals, respectively, and E,, and Ey;,
are the corresponding parameters for their bulk mate-
rial. It is obvious that the diffusion activation and
vacancy formation energies are dependent upon the
strength of the atomic interactions (i.e. ey and &) as
well as the number of neighbors of atoms (i.e. Zy, Zs,
Z;, Z{, or averagely Z, and Z)). Considering Eq. 2d
and the above proportionality, it can be easily under-
stood that the lower the binding energy and the average
coordination number, the lower the diffusion activa-
tion and the vacancy formation energies.

The value of ¢y/ey, may have considerable effect
for very small nanoparticles where the quantum-size
effects may play an important role. However here, if
we neglect any possible size dependency of &y and
assume &y/ey, = 1, we can obtain the third-order
approximation of Eq. 2a as follows:
TIIHI . ECH _ Z_l’l
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Equation 2e is the simplest relation between the
cohesive energy (or melting point) of nanocrystals
and their 1NN-based average coordination number,
which has recently been derived in the references
(Attarian Shandiz et al. 2008; Mirjalili and Vahdati-
Khaki 2008; Attarian Shandiz 2008). The assump-
tions of eg/ey & 1 and ey/eyy, & 1, which have been
used to obtain Eq. 2e, may lead to some deviation in
it, especially for very small nanocrystal sizes where
the binding energies and bond lengths may be size-
dependent and may need to consider the electronic
structure effects (Chacko et al. 2005). In order to
evaluate its effect in Eq. 2d, we need to know about
the size dependency of &g and ey.

Another approximation of Eq. 2¢ can be obtained
through consideration of the effects of the 1-, 2-, and
3NN atoms as well as assuming ey = &, = &y, &vp ~
&, X &y, and ey/ey, = 1. Therefore, we can write
the other second-order approximation of Eq. 2a as:

(2e)
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(2f)
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Equation 2f only shows the effect of the averaged
structural properties of the nanocrystal on its
cohesive energy and melting point in a symmetrical
format.

The names of the above-mentioned approxima-
tions of Eq. 2a have only been chosen to indicate the
numbers and the types of the required assumptions to
obtain each approximation. For example, the third-
order approximation, i.e. Eq. 2e, is obtained through
using three types of assumptions: (i) the first
assumption of equality between the surface and the
volume energetic properties; (ii) the second assump-
tion of neglecting the 2- and 3NN atomic interac-
tions; and (iii) the third assumption of neglecting any
possible size dependency of the bonding energy (ev),
i.e. assuming that &y/ey, = 1. These three types of
assumptions are related to three different character-
istics of each atom of a nanocrystal. The first
assumption is related to the point that an atom
located at the surface of the crystal is different from
that located within its volume, and so gives different
properties to the solid. The second assumption is
related to the strength and the type of atomic bonds of
a solid, which shows how long the range of interac-
tion of an atom in a solid is. The third assumption is
about the point that the atomic interactions may also
be dependent upon the crystal’s size, as well as being
dependent upon the position of the atom in the solid
(i.e. the surface or volume atoms) and/or the type of
the solid (range of interactions).

According to the proportion given in the reference
(Yang and Li 2007), other properties of nanocrystals
such as their melting point, diffusion activation
energy, vacancy formation energy, etc., similarly
follow Eqgs. 2a—d. In continuation, we first discuss
about the accuracy of the prediction of Eq. 2e and the
significance of the value of eg/ey (in Eq. 2a), for
some elemental nanoparticles, e.g., Au, Cu, and Al
nanoparticles. After that we apply our model to study
diffusion and rapid alloying at the nanoscale.

Results and discussion

The significance of energetic effects on melting
point of nanoparticles

As it has been discussed, through neglecting any
likely size dependency of the atomic bonding energy
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in Eq. 2d, we can obtain Eq. 2e which has recently
been introduced in the references (Attarian Shandiz
et al. 2008; Mirjalili and Vahdati-Khaki 2008;
Attarian Shandiz 2008). Equation 2e simply demon-
strates only the effect of the nanocrystal’s geometry
on its cohesive energy and, consequently, on its
melting point (or its other physical properties). Here,
we use Eq. 2e for the prediction of melting point of
nanoparticles (T,p). The size-dependent geometrical
characteristics of nanoclusters and especially their
INN-average coordination number (denoted by Z,)
have been presented by Montejano-Carrizales et al.
(1997) as a function of the cluster order (v—the
number of crusts forming the cluster). Assuming that
relatively large nanoparticles (with diameters larger
than 6 nm) can be considered as spheres (Wautelet
1998) and approximately equivalent to the nanoclus-
ters described by Montejano-Carrizales et al. (1997),
one can use their obtained 1NN-average coordination
number (Z,) as an approximation for the nanopar-
ticles average coordination number in Eq. 2e. There-
fore, Mirjalili and Vahdati-Khaki (2008) have
recently used Eq. 2e with the size-dependent func-
tions of Z,, reported in the reference (Montejano-
Carrizales et al. 1997), to predict the melting point
variations of some simple-cubic (SC), body-centered
cubic (BCC), and face-centered cubic (FCC) nano-
particles. If we plot Eq. 2e by assuming Z, ~ Z,, i.e.
Tp/Tob = Zew/Zy, and using Z, functions of each
structure from the reference (Montejano-Carrizales
et al. 1997), then we can find that the predictions of
Eq. 2e is generally higher than the experimental data
of the melting points of Au, Pb, In, Sn, and Bi
nanoparticles, especially for small nanoparticles. This
can also be understood if we see the graphs of Au, Pb,
In, Sn, and Bi nanoparticles, plotted by Mirjalili and
Vahdati-Khaki (2008). For brevity, we do not plot
these graphs here, which are found in Mirjalili and
Vahdati-Khaki (2008). This result motivates us to
ask, for which elements and shapes, Eq. 2e (using
Z, = Z) is applicable. The reason for this discrep-
ancy between the prediction of Eq.2e and the
experimental data for these nanoparticles is not
obvious, but there are some likely tentative explana-
tions. It is possible that the shapes of Au, Pb, In, Sn,
and Bi nanoparticles at their corresponding experi-
mental conditions could not be completely consid-
ered as the nanoclusters described by Montejano-
Carrizales et al. (1997), and therefore Z, ~ Z, may

not be actually accurate. The other possible explana-
tion is that, for these particles ¢y in Eq. 2d may be
size dependent, especially for small particles, and
therefore assuming ey/eyy, = 1 in Eq. 2e may cause
this deviation from the experimental data. Also it is
worthy to note that the size dependency of the ratio of
es/ey in Eq. 2a may have significant effect on the
cohesive energy of nanocrystals; therefore, the
assumption of es/ey =~ 1 in Eq. 2a, may be another
possible reason for the deviation of Eq. 2e from the
experimental data. We shall discuss about the case of
Au nanoparticles.

Au nanoparticles

Here, we discuss about the case of Au nanoparticles.
Solliard and Flueli (1985) investigated the effect of
the surface stress and size on the lattice parameter
of small gold particles. They found that the surface of
the gold particles was in a state of tension, and
therefore interatomic distances at the surface was
greater than the distances characterizing an infinite
(111) plane of gold at equilibrium; i.e. a 5% dilatation
had occurred in the surface faces of the icosahedron
gold clusters (Solliard and Flueli 1985). This means
that the bond length of the surface atoms of small
gold particles is longer than that of the surface of the
bulk gold. It has also been found that the lattice
constant of gold particles decreases with decreasing
their size (Solliard and Flueli 1985); meaning that, in
general, the average interatomic spacing in the gold
particles decreases with decreasing their size (Sol-
liard and Flueli 1985). This finding also means that
on average the bond length of the gold particles is
shorter than the average bond length of the bulk gold.
These findings implicitly mean that the bond length
of the surface atoms of gold nanoparticles is longer
than that of their volume atoms; meaning that the
surface bonds are weaker than the volume bonds of
the gold particles; i.e. es/ey < 1.

We have plotted Eqgs. 2a and 2e for gold nanopar-
ticles in Fig. 1, compared with the experimental data
of the reference (Buffat and Borel 1976). The lattice
structure of gold is FCC, and hence in order to plot
Eq. 2e, we assumed that FCC nanoparticles are
approximately equivalent to the cubo-octahedral
(CO) and/or the icosahedral (ICO) clusters described
by Montejano-Carrizales et al. (1997). The average
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Fig. 1 The dependence of

Au Nanoclusters

the melting point of Au T T
nanoparticles on their size. 1+
Equations 2a and 2e are
compared to the
experimental data (Buffat
and Borel 1976). For bulk
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coordination number of the CO (Z5°) and the ICO
(ZKO) clusters have been calculated as follows
(Montejano-Carrizales et al. 1997): Z§0 = 24v
(5v* 4+ 3v +1)/(10v + 15v> + 11v + 3) and ZIC0 =
6v(20v* + 15v + 7)/(10v® + 15v> +11v + 3). There-
fore, the melting point of FCC nanoparticles can be
obtained from Eq. 2a and 2e with the use of Z, ~
Z50 andlor Z, ~ ZKO, and Z, = 12. Using these
values and v = (D/d — 1)/2, we have plotted Egs. 2a
and 2e in terms of the nanoparticles diameter (D).
As shown in Fig. 1, the use of ICO structure gives
higher prediction than using CO structure; therefore,
we now assume that Au nanoparticles, investigated
by Buffat and Borel (1976), are nearly CO nanocl-
usters. It can be seen from the figure that the
prediction of Eq. 2e is higher than the melting point
experimental data of gold nanoparticles. However,
plotting Eq. 2a with the value of &s/ey = 0.9, and
without considering the 2NN interactions, gives good
consistency with the melting point experimental data
of gold nanoparticles having diameters approximately
larger than 10 nm. However, for smaller particles a
larger reduction of the ratio of eg/ey is expected; and
the value of eg/ey = 0.6 is nearly suitable for this
range of sizes. Our finding, that eg/ey <1, is
qualitatively consistent with the finding of Solliard
and Flueli (1985) that the bond length of the surface
atoms is longer than the volume atoms; however,
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Eq. 2a requires a larger decrease of the ratio of eg/ey
with decreasing gold nanoparticles size. Quantita-
tively, we can refer to the amount of the dilation (5%)
within the surface of Au (Solliard and Flueli 1985).
Considering this value, one can conclude that
adfier /qbetore ~ 1.05 where aif'and a$*™® " are the aver-
aged interatomic distances within the surface of Au
nanoparticles after and before their surface dilation,
respectively. Assuming that the bond energy is in
inverse proportion to the interatomic distance, we can
find edfter /ebefore ~~ (.95, where &3 and €5 are the
average bond energies of surface atoms after and
before the dilation within the surface faces, respec-
tively. Here, if we assume that the bond energy of
surface atoms before dilation is approximately equal to
that of the volume atoms, then we can have: g'g‘f‘er Jev =
0.95, which is fairly in agreement with the value of
es/ley =~ 0.90, used by us, for Au nanoparticles larger
than 10 nm; however, for smaller particles, we expect
a larger depression of the ratio of eg/ey.

For other elements, such as Pb, In, Sn, and Bi, the
higher prediction of Eq.2e compared with the
experimental data (see Mirjalili and Vahdati-Khaki
2008), also indicates that the bond energy of the
surface atoms of these nanoparticles may be smaller
than that of the volume atoms, i.e. &g/ey < 1, and
also may decrease with decreasing their size.
However, this is in direct contradiction to the results
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previously obtained for the bond length of surface
atoms. In general, it has been found that, owing to
the lower coordination number of atoms, the
preferred bond length within the plane of a metal
surface is shorter than the bond length in the bulk
(Mansfield and Needs 1991; Needs and Mansfield
1989; Salomons et al. 1988). All of these investi-
gations are for a surface of a bulk crystal and the
bond length has been compared with that of the
volume of the bulk crystal. Therefore, the size
dependency of the ratio of &g/ey for nanocrystals of
these elements is still unknown. Hence, it requires
further investigation to clarify this point that, for
which elements, the surface atomic bonds are
weaker and/or stronger than the volume atomic
bonds in nanoscale.

Now, we do not have any appropriate size-
dependent function for &g/ey to evaluate its effect
on melting point of nanoparticles; we only represent
two cases of nanoparticles (Al and Cu with FCC
lattice) whose melting point variations are fully
consistent with the consideration of only geometrical

effects, i.e. with the prediction of Eq. 2e when we use
Zn ~ chu-

The significance of geometrical effects on melting
point of nanoparticles

Cu nanoparticles

As shown in Fig. 2, the prediction of the model of
Jiang et al. (2000, 2003), LDM (Nanda et al. 2002),
and our previous model (Safaei et al. 2008) are all
lower than the MDs results of the melting point of Cu
nanoparticles (Delogu 2005; Wang et al. 2003). Now
the reason for this deviation is not clear to us.
However, using the average coordination number of
the CO and ICO clusters, it is found that the
prediction of Eq. 2e is fully consistent with these
MD results. As shown in Fig. 2, using Z, ~ Z5°
gives the better consistency with the MD results of
the references (Delogu 2005; Wang et al. 2003) than
using Z, ~ ZCO. This implies that the Cu nanopar-

clu

ticles investigated by Delogu (2005) and also by

Cu Nanoclusters

0.9

T Tony CKK)
o
=

0.6

- = = Eq. (2e) with ICO structure, in Eq. (2a):s$/ev=1.0
—— Eq. (2e) with CO structure, in Eq. (2a):sslsv=1.0
— - - LDM (Nanda et al. 2002)
Jiang et al. (Jiang et al. 2000, 2003)

O MD results of the reference (Delogu 2005)

A MD results of the reference (Wang et al. 2003)
- —The model of the reference (Safaei et al. 2008) N

1 1 1 1 1

0.5

Fig. 2 The size-dependence of the melting point of Cu
nanoclusters: Eq. 2e is compared to the LDM (Nanda et al.
2002); Jiang et al. (2000, 2003) and the model of (Safaei et al.
2008) as well as the MD results (Delogu 2005; Wang et al.
2003). The melting point data of the reference (Delogu 2005;
denoted by circles) has been divided by the value of 75 =
1250 K which has been obtained by the bulk simulation of Cu

12 14 16 18 20 22

D (nm)

crystals by Delogu (2005). Also the data of the reference
(Wang et al. 2003; shown by triangles) has been divided by
TS = 1360 K which has been obtained through extrapolat-
ing the obtained data for the bulk Cu crystal by Wang et al.
(2003). The atomic radius of Cu is r = 0.1413 nm deduced
from its atomic volume (Nanda et al. 2002)
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Wang et al. (2003) may have had the CO structure
rather than the ICO structure. This can be verified
from the way in which Delogu built the Cu nanopar-
ticles. Considering one of the atoms in the central
region of the Cu bulk crystal as the center of a sphere
of diameter D, Delogu (2005) individuated approx-
imately spherical crystalline portions of the bulk Cu
with FCC structure. Therefore, the nanosized crys-
talline particles, investigated by Delogu (2005),
consisted of the atoms positioned within the sphere
of diameter D with the FCC arrangement. As we
know, the geometry obtained by the FCC arrange-
ment of atoms in a sphere, with an atom located at the
center of the sphere, is a CO cluster having the non-
compacted crystalline faces as well as the closest-
packed faces [(111) faces]. For more information
about the ICO and CO clusters, see Montejano-
Carrizales et al. (1997) to find that the ICO clusters
have only triangular faces (closest-packed faces) on
their surfaces and the CO clusters have both the
closest-packed and non-closest-packed faces on their
surfaces. Therefore, the Cu nanoparticles, built and

investigated by Delogu (2005), had the CO geometry,
which is fully consistent with the better prediction of
Eq. 2e using Z, ~ ZS° rather than using Z, ~ ZCO.
This clearly implies the importance of the effects of
the geometrical arrangement of atoms in nanoclus-
ters, and especially at their surface, upon their

melting point and thermal stability.
Al nanoparticles

Shown in Fig. 3 are the graphs of Jiang et al. model
(2000, 2003), LDM (Nanda et al. 2002), HMM
(Buffat and Borel 1976; Hanszen 1960; Pawlow
1909), and our previous model (Safaei et al. 2008) as
well as the experimental data obtained by Lai et al.
(1998) and by Sun and Simon (2007). As it can be
seen, all the theoretical models underestimate both
sets of the experimental data. Now, we conjecture the
possible reasons of this contradiction between the
experiment and the theory. The first reason coming to
mind is that the investigated Al nanoparticles were
coated by an oxide layer. However, this idea can be

Al Nanoclusters
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Fig. 3 The size-dependence of the melting point of Al
nanoclusters: Eq. 2e compared to the LDM (Nanda et al.
2002), the model of (Safaei et al. 2008), HMM (Buffat and
Borel 1976; Hanszen 1960; Pawlow 1909) and Jiang et al.
(2000, 2003). The experimental data are from the references
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(Lai et al. 1998; Sun and Simon 2007). For Bulk Al:
Top = 93347 K (Lide 2005) and its atomic radius is
r=0.1583 nm deduced from its atomic volume (Nanda
et al. 2002)
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rejected by looking through the experiments per-
formed by Lai et al. (1998) and by Sun and Simon
(2007). Lai et al. (1998) investigated the discontin-
uous Al films, including the collection of individual
Al nanoparticles, deposited on the Siz;N, membrane.
They have reported that no oxide layer was formed
on the surface of the Al nanoparticles.

Sun and Simon (2007) examined the melting
behavior of aluminum nanoparticles having an oxide
passivation layer. They reported that the effect of the
oxide layer on the particles is to apply a compressive
force to the aluminum core, thus increasing the
observed melting point. However, they corrected
their measured melting points taking into account for
the effects of the oxide layer. Here, in Fig. 3, we have
plotted their corrected melting point data which are
close to the data obtained by Lai et al. (1998) and,
hence, one can conclude that the oxide shell effects
on the melting point were accurately eliminated by
Sun and Simon (2007). Therefore, we conclude that
the discrepancy between the experimental results and
the theoretical predictions may be due to other
reasons such as the geometrical effects as the case
of Cu nanoparticles and/or some other things.

Here, we provide a likely explanation for the
deviation between the experiment and the theoretical
models for the melting point of Al nanoparticles. It is
possible that the geometry of Al nanoparticles
investigated by Lai et al. (1998) and by Sun and
Simon (2007) could not be considered as what we
assumed, for plotting the above-mentioned theoreti-
cal models, to be spherical particles with no signif-
icant numbers of the surface edges and surface
corners. If we plot Eq. 2e, using Z, ~ ZX° and Z, ~
759, we can find that the melting point experimental
data can be well fitted by Z, ~ ZI$° much better than
by Z,~Z0 (see Fig.3). This means that the
geometrical shape of the Al nanoparticles in their
experimental conditions may have been the ICO
clusters rather than the CO clusters and also not that
geometry (a spherical particle with no surface edges
and surface corners) assumed for plotting the LDM
(Nanda et al. 2002), the model of Jiang et al. (2000,
2003), and our previous model (Safaei et al. 2008).
Therefore, we think, the main reason for the deviation
between the theory and the experiments is the
difference between the theoretically assumed geo-
metrical shape of the Al nanoparticles (i.e. spheres)
and their actual shape in the experimental conditions.

The relative thermal stabilities of nanoclusters
and of their surface faces

Now, we discuss about the usefulness of our defined
new factor, named as the surface-to-volume energy-
contribution ratio (I'), while comparing the thermal
stability of different shapes of clusters. The higher
thermal stability of the ICO clusters compared to the
CO clusters (shown in Figs. 1, 2, 3) can be predicted
by comparing the I' factors of these two structures
from Eq. 22 or Eq. 1. For FCC nanoparticles, using
Eq. 22 with the only INN interactions, i.e. [ =
Zses/Zyey, assuming Zy = 12 and &5 = gy, and
using the surface-average coordination numbers of
the ICO and CO clusters proposed in the reference
(Montejano-Carrizales et al. 1997) for Zs, we
can find: I'"© = 30v2/(12(5v* + 1)) > I'© = 2442/
(12(5v2 +1)). Therefore, if there is no other stabilizer
forces, then the ICO cluster is more stable than the
CO cluster. This higher thermal stability of the ICO
cluster compared with the CO cluster of the same
number of atoms can be attributed to the type of the
surface-crystalline faces. The ICO cluster has only
the closest-packed faces on its surface, while the CO
cluster has also noncompacted crystalline faces as
well as the closest-packed faces (Montejano-Carriz-
ales et al. 1997). As shown in Fig. 3, the experimen-
tally investigated Al nanoparticles (Lai et al. 1998;
Sun and Simon 2007) may have had the ICO
geometry, while the Cu nanoparticles investigated
by MD methods (Delogu 2005; Wang et al. 2003)
were close to the CO geometry, because they were
built by intentionally arranging, and not by self-
derived arranging, the atoms in FCC sites within a
sphere of diameter D (Delogu 2005). Hence, much
more importantly, it is expected that the self-assem-
bled FCC nanoparticles have approximately the ICO
geometry rather than the CO. This is in agreement
with the findings of Daff et al. (2009), that the most
stable shapes of copper nanoclusters are those having
a combination of (111) and (100) surface faces with a
greater proportion of (111) faces at their surfaces.
Besides being a useful factor to compare the
relative thermal stabilities of different nanocrystals,
the new factor I has another important usefulness in
comparing the relative thermal stabilities of different
crystalline faces located at the nanocrystal surface.
Taking into account the effects of the 1-, 2-, and 3NN
atomic interactions, we have calculated the values of
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I for the (111), (100), (110), and (210) faces of a FCC
lattice structure in Appendix 3. Considering Eq. 31,
we can conclude that F(ll]) > F(]OO), F(lll) > F(llO)
and I'¢j10) > I'(210)- Also with the use of Eq. 31, we
have I'(100) — I'(110) = 2(e — &')/(12¢ + 22¢'). Since
the strength of the 1NN interactions is more than that
of the 2NN interactions, i.e. ¢ > &, we can conclude
that F(IOO) — F(llO) > 0, and, ﬁnally, we have
Ly > T'aooy > oy > 210y

Due to its definition (in Eq. 22), I' is a factor
representing the average contribution of each surface-
crystalline face to the cohesive energy of the
nanocrystal. Hence, this factor is a criterion for the
relative thermal stability of a surface-crystalline face
of a nanocrystal. In other words, the more the value
of I' for a surface face, the more the thermal stability
of that face. Therefore, we can conclude that the
thermal stabilities of the low index surface faces of a
FCC nanocrystal is in the order of (111) > (100) >
(110) > (210). More interestingly, this is exactly the
same conclusion made by Daff et al. (2009) in their
newly published article. They have recently con-
ducted a theoretical research on the effect of atomic
structure and coordination number on the stabilities
and melting behavior of copper surfaces and nanocl-
usters (Daff et al. 2009). The two important conclu-
sion, they have made thorough their MD simulations,
are: (I) the surface melting was observed to occur
below the bulk melting point, at increasingly lower
temperatures from the (111), (100), and (110) faces
down to the (210) face, confirming their order of
decreasing stability; and (II) the ordering of the
stabilities of these surface faces does not vary with
temperature, and their relative values remain the
same. These two conclusions are well consistent with
our ﬁndings that: F(]]]) > F(]oo) > F(l]O) > F(z[o)
(we assume that this order of I'-factors for these
faces is temperature independent).

The investigation of Daff et al. (2009) has also
yielded the result that melting begins at the location
of low-coordinated atoms in the surface, such as the
atoms located at the surface steps, and especially
those steps with lower coordination numbers. This
conclusion can also be achieved through calculating
I' for different surface-crystalline edges and compar-
ing them to each other.

Here, we discuss about the significance of the
effect of another structural feature upon the stability
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of crystals, which is the atomic packing arrangement
and is averagely defined here for the first time as

PS — Pf .x?rea + Pe .xzeirea + PC A xirea7 (3)

where Ps is the average packing factor of the surface of
the nanocrystal, P; is the average face-packing factor
of the surface faces of the nanocrystal, P, is the
average-edge-packing fraction of the edges of the
nanocrystal surface, and P, is the corner-packing
fraction (P, = 1). These packing fractions are defined
as the ratios of the filled areas of the surface faces,
surface edges, and surface corners by atoms to the total
area of the nanocrystal surface corresponding to these
surface  sites, i.e. Pr=ntA,/A;, Pe=n.A,/
((Le/d) - A,) and P, = (n.A,)/(n.A,) = 1.0, where
A, = nd®/4 is the cross-sectional area of a surface
atom with the nanocrystal surface. n¢, n. and n. are
respectively the total number of atoms located at all the
surface-crystalline faces, surface-edges and surface-
corners. Ay, (L.J/d) - A,, and n A, are the total areas of
the surface faces, surface edges, and surface corners,
respectively, which are the portions of the total surface
area of the crystal (As) which can be potentially
occupied by the face-, edge-, and corner-atoms,
respectively. The area fraction (x*%) of each type of
surface sites (faces, edges, or corners) is defined as the
ratio of the area amount of the crystal surface
associated with that surface site, being occupied or
unoccupied by atoms, to the total area of the crystal
surface (Ag). Hence, x™** = Ay /Ag is the area fraction
of the surface faces, x2™* = (L /d) - A,/As is the area
fraction of the surface edges, and x2™** = (n.A,)/As is
the area fraction of the surface corners (note that
Xt 4 X3¢ 4 x2% = 1). Considering these defini-
tions, we can find the following relations:

ng _Pf area e _Pe Krea
— ==X — ==X
ns Ps _ ns Ps (4)
ne P,
and — = = - X2
ns  Ps

Now merging Eq. 4 with Eq. 19, we can rewrite
the 1NN, surface average coordination number as:
ZS _ ﬁf .xzt}reaz_f + ﬁe . x_greaz_e + PC .xgreaz‘c (5)

Ps
Interestingly enough, Egs. 3 and 5 present a well-

formulated, new, size-dependent definition of the
surface average-packing factor and surface average
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coordination number of the nanocrystal, including the
effects of the average atomic arrangement of the
surface faces, surface edges, and surface corners. For
the bulk crystal (xg“*‘ — 0, xi — O) st — 1,
and therefore Pg, = Py, and Zsy, = Zg,, implying that
the only important factor for the bulk crystal is its
averaged surface face atomic arrangement.

Equation 5 can be written in the following well-
arranged form:
PsZs = (PiZs) - X + (PoZe) - X + (PoZ,) -

C
=Y (BZ) x5 (6)
J=f;ec
Equations 5 and 6 are also true for 2- and 3NN
coordination numbers. In Eq. 6, PsZs is a well-
formulated quantity that is composed of three compo-
nents: the face component (P;Z;), the edge component
(PeZ.), and the corner component (P.Z.). The crystal
surfaces with highly packed atomic arrangement, i.e.
having the larger values of Pg and Zg, are more stable
than the others. Therefore, the combined effects of both
of the structural features of the surface, i.e. the atomic
packing factors and coordination numbers, are inter-
estingly represented in parameter PgZs. In addition to
these structural features, the energetic features of the
surface of a crystal are also of great importance while
determining its thermal stability. Hence, we define a
new parameter, named as the averaged surface energy
density (SED) of a crystal as follows:

(SED) = PsZsés (7)

where &g is the average bonding energy of the crystal
surface. It can be inferred from Eq. 7 that the

physical dimension of average SED is 75?0“1
bonds energy unit area

atom * bond (i.e. energy-per-unit area). Therefore, it
can be defined as

(SED) = ffAs EDx,y,7) -dA
As ’

2
ED _ dE(x,y,z) _ 0 E(X:)',z)
R T oxdy ’

(8)

where ED,,, . and E,, ., are the local energy density
and the local cohesive energy at each point (i.e. each
atom) (x, y, z) of the crystal, respectively.

More importantly, the averaged SED has the
combination of the effects of the averaged structural
and energetic features of the surface and is also a
temperature-dependent quantity. Therefore, we

conjecture that it can be used as a criterion for the
thermal stability of a nanocrystals surface, and
particularly, that its abrupt change near the melting
point can be used as a signature for the onset
temperature of surface melting. Hence, an important
subject about the stability of nanoclusters, that can be
an interesting topic for further investigation and
particularly for computer simulation studies, is the
question of finding the numbers of and/or the area
fractions of each type of surface faces and surface
edges to precisely calculate the values of Zg (Eq. 5)
and Ps (Eq. 3) and then accurately calculate PsZg
and/or SED. Similar to Eq. 7, an averaged quantity
can also be defined for a nanocrystal which can be
used as an indicator of its thermal stability and the
beginning of its melting.

We now discuss about the implications of the size-
dependent cohesive energy to the diffusion coefficient
of atoms in the nanocrystals, especially to the size-depen-
dent alloying of core—shell bimetallic nanoparticles.

Size-dependent diffusivity

We assume that a well-known Arrhenius dependence
for diffusion coefficient, DCx ), is also applicable
for nanocrystals as

—En(X)

DCx,r) = DCy(x) exp (T)a )
where X is the reciprocal size of the nanocrystal,
DCyxyis the pre-exponential constant (temperature-
independent factor) for nanocrystals, R is the ideal
gas constant, T is the absolute temperature, and E,, is
the diffusion activation energy of the nanocrystal.
Considering the proportionality of E,/E., = T/
Tmpy (Yang and Li 2007), and assuming that the
diffusion coefficient at the melting point of a
nanocrystal is size independent, ie. DCyr )=
DCyr,,) and also that the diffusion activation energy
is temperature independent (Dick et al. 2002), we can
conclude from Eq. 9: DCy(x, = DCgp, where DCy, is
the pre-exponential constant of Eq. 9 for the bulk
crystal. Therefore, hereafter for simplicity, we use the
notation of DCy as the abbreviation of DCyx) and
DCy,. Thus, we can write:

*Eab Tmn
DCx 1y = DCo exp( RT Tmb)7 (10)
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where E, is the diffusion activation energy for the
bulk crystal. If we substitute our previously obtained
formula for the melting point of nanocrystals (Safaei
et al. 2007, 2008) in Eq. 10, then we can find a
lattice-type-sensitive formula for the size and tem-
perature dependency of the diffusion coefficient of
nanocrystals. Equation 10 can also be rewritten in the
following form:

Tmn

DC(X,T) _ (ch(T)>Tmb

(11)
DCy DCy

Using Eq. 2d, the above equation can be written in
terms of the average coordination number of the
nanocrystal and its binding energy as follows:

DC(X,T)_ DC[,(T) :\\/1772,;
DCy  \ DG, ’

(12)

Equation 12 clearly shows the effects of the averaged
energetic and structural feature on the diffusivity of
atoms in nanocrystals. Assuming that ¢y = &vy,, We
can simply write:

Zn

DC(X,T): DCb(T) %, (13)
DC, DC,

In order to obtain Eq. 10 and so Eq. 13, it has been
assumed that the diffusion coefficient at melting point
is size independent. Considering this assumption, we
can find from Eq. 13 that Z,x 1, (x)) = Zp(1,,)- Here,
this importantly implies that the average coordination
number of nanocrystals at their melting point is a
size-independent quantity. It can be conjectured that
this conclusion may also be true for a droplet of a
liquid, and that its diffusion coefficient may be
independent from its size.

Now, we discuss about the alloy formation in the
nanoscale. Hodak et al. (2000) synthesized bimetallic
gold-silver nanoparticles with a core—shell structure
by irradiation chemistry. They investigated the laser-
induced interdiffusion in Au—Ag core—shell nanopar-
ticles and found that the transformation from the abrupt
metal-metal junction into a homogeneous alloyed
nanoparticle reached completion after many laser
pulses (Hodak et al. 2000). They reported that for the
Aucorey—Ag(sheiry Nanoparticles with the Au-core diam-
eter of 20 nm and Ag-shell thickness of 2.91 nm (with
the concentrations ratio of [Au]:[Ag] = 1:0.5), signif-
icant alloying started when the absorbed energies were
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about 0.35 mJ/pulse, and therefore, the temperature of
the sample was about 691 K (Hodak et al. 2000). They
also found that the time scale of mixing at 7 = 691 K
was at the range of seconds (Hodak et al. 2000).
Because the self-diffusion coefficients of Ag and Au
are identical, the interdiffusion coefficient of Au/Ag
mixture can be taken to be the same as the self-
diffusion coefficients (Hodak et al. 2000). Hence, using
our previous model for the melting point of nanopar-
ticles (Safaei et al. 2008), the value of T},,p/Tpy, for the
20-nm-diameter Au nanoparticle is calculated as
Tinp /Tp = 0.9584. Here with the use of the values
of E;, = 169.52 kJ/mol and DC, = 0.04 cm?/s (Ho-
dak et al. 2000) in Eq. 10, for the Au-core of 20 nm
diameter, we have calculated the interdiffusion coef-
ficient of Ag atoms into the Au-core at 7 = 690 K as
DC@%:;?GQO ) = 2.0063 x 10~ cm?/s.  Therefore,
using ¢t = x°/(6 x DC), with x being the diffusion
distance, i.e. x = D/2 = 10 nm (the Au-core radius),
we have calculated the time scale for mixing Ag atoms
into the Au-core as tr—goox = 8.311s which is well
consistent with the experimentally obtained time scale
(Hodak et al. 2000). Hodak et al. (2000) have also
experimentally found that the interdiffusion coefficient
of Ag atoms into the Au-core of D = 20 nm for
absorbed energy of about 1.16 mJ/pulse (and there-
fore, for the sample temperature of 7 = 1100 K) was
about ~107'° cmz/s, and the time scale needed for
alloying of Au/Ag core—shell particles in this condition
(T = 1100 K) was estimated to be in the range of
microseconds. If we use the above parameters and
T = 1100 K in Eq. 10 for the diameter of 20 nm, then
we can find Dcégojrﬁ,unoox) =7.70 x 1071%cm?/s
and, therefore, fr—_jjoox = 216.37 us, which are in
agreement with the experimentally obtained values by
Hodak et al. (2000) for the diffusion coefficient and the
time scale of alloying at temperature 1100 K.

Based on this high value of the diffusion coeffi-
cient, ie. ~107'%cm®s, Hodak et al. (2000)
concluded that their investigated particles were
partially melted and the diffusion coefficients
obtained by them were an average over the solid
and the liquid portions of the nanoparticles. There-
fore, they reported that the surface melting was the
important phenomenon for the observed very fast,
laser-induced interdiffusion/alloying of Au/Ag core—
shell nanoparticles (Hodak et al. 2000). However,
here, we suggest that the main mechanism for this
faster-than-expected interdiffusion/alloying may not
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be only the surface melting of the nanoparticles.
Since the sample temperatures of 690 and 1100 K are
well below the expected melting point of the 20-nm
diameter Au-core [i.e. 1281.7 K estimated from our
previous model (Safaei et al. 2008)] and also because
our calculated values of the diffusion coefficients are
for the solid-phase particles (nanocrystals), we can
conclude that these interdiffusion coefficients are for
the solid-phase diffusion and therefore Au/Ag alloy-
ing started and also, more importantly and interest-
ingly enough, finished within the solid phases. Even
if we assume that, at the experimental conditions of
the reference (Hodak et al. 2000), the surface of the
Au/Ag core—shell nanoparticles was melted, it is
obvious that the Au-core of 20-nm diameter was not
melted, and therefore, the Ag atoms diffused into the
solid-core of Au. Assuming a liquid shell on the
particle surface, one can conclude that the diffusion
of Au atoms into the melted Ag-shell is much faster
than the diffusion of Ag atoms into the solid Au-core.
Hence, the timescale of this alloying, which is much
faster than the usual bulk alloying, is equal to the
timescale of its slower stage, i.e. the timescale needed
for the Ag atoms to diffuse into the solid Au-core
which is very slower than the diffusion of Au atoms
into the melted Ag-shell. In other words, the rate of
alloying of Au—Ag core—shell nanoparticles is depen-
dent upon the rate of the diffusion of Ag atoms from
the melted Ag-shell into the solid Au-core of the
nanoparticles. Therefore, any mechanism describing
this faster-than-expected alloying should focus on the
diffusion of Ag atoms from the shell into the solid
Au-core, namely should involve the solid-phase
diffusion and not the surface melting phenomenon.
Therefore, importantly, we suggest that this very fast
alloying may be caused by some other reasons and
not by the surface melting of the particles. According
to Eq. 12, one can conclude that the size-dependent
energetic and structural properties of nanoparticles
directly influence their diffusion coefficients. There-
fore, we may expect that the reduced average
coordination number of nanoparticles and especially
their reduced surface coordination number can give a
possible explanation for this very fast interdiffusion/
alloying. It is very important to notice that the
volume structure and the binding energy of nanopar-
ticles may be also size dependent, and therefore may
have some effects on the diffusion process of Ag
atoms into the solid Au-core. However, here, we have

neglected any possible size dependency of these
volume properties of the nanoparticles.

Conclusion

We modeled the cohesive energy of nanocrystals in
terms of the averaged structural and energetic features
of their surface and volume. The simple direct
proportion between the cohesive energy and the
average coordination number of nanocrystals, derived
in recent studies (Attarian Shandiz et al. 2008; Mirjalili
and Vahdati-Khaki 2008; Attarian Shandiz 2008), has
been obtained as a third-order approximation of the
present model. We also demonstrated that such a
simple proportion is an approximation that can be only
applicable for a restricted number of elements, such as
Al and Cu nanoparticles whose melting point reduction
can be truly predicted by this simple proportion. Its
consistency for Al and Cu nanoparticles implies the
importance of the geometrical effects upon the cohe-
sive energy. The failure of this simple direct proportion
for some elements, particularly for Au nanoparticles,
has been attributed to the size dependency of the ratio
of &g/ey, which should be taken into account to
correctly predict the size-dependent depression of
cohesive energy of some elements. Also defining a new
parameter, named as the surface-to-volume energy-
contribution ratio, we have predicted the order of
thermal stability of different surface faces of Cu
nanoclusters in fully agreement with the MD results of
the reference (Daff et al. 2009). Finally, we introduced
a lattice-type-sensitive model for the size-dependent
diffusion coefficient of atoms into nanocrystals,
including the averaged structural and energetic fea-
tures of the nanocrystals. We applied our model to the
case of the mixing of Auorey—Ag(shenry Nanoparticles
and found that our prediction is fully consistent with
the experimentally obtained diffusion coefficient of Ag
atoms into the Au core and with the experimental
timescale of their interdiffusion/alloying. We interest-
ingly suggest that any mechanism describing this
faster-than-expected  interdiffusion/alloying  of
Aucorey~Agsheny Nanoparticles should take into
account the solid-phase diffusion and not the surface
melting phenomenon. According to our model, this
faster-than-expected interdiffusion/alloying is due to
some structural effects, such as the depression of the
average coordination number of nanoparticles and

@ Springer



772

J Nanopart Res (2010) 12:759-776

especially that of their surface. We think that a
complete understanding of the mechanism of interdif-
fusion and alloying in nanoscaled crystals requires
further investigation on their averaged structural and
energetic features.

Appendix 1: Cohesive energy of nanocrystals

We assume that the total cohesion energy of each
volume or surface atom of a nanocrystal is the sum of
the contributions from both the first-nearest-neighbor
(INN) and the second-nearest-neighbor (2NN) atoms.
Therefore, the total cohesive energy of a nanocrystal
(E.,) with n, total atoms is:

ny

Lioa) G i i

i=1
NGy G 100) (i
+;§(z§>sg>+zs“ss“) (14)

where ny and ng are the numbers of atoms located at the
volume and the surface of the nanocrystal, respec-
tively, and its total number of atoms is n, = ny + ns -
Zg) and Z{Ei> are the coordination numbers of volume
atom 7 according to the 1NN and the 2NN definitions,
respectively. ?8 and 8/\§i> are respectively the bond
energies of volume atom i of the nanocrystal associated
with the INN and 2NN atoms. Similar to the defined
parameters of volume atoms, Zgl) and Zé(l) are the INN
and 2NN coordination numbers of surface atom i of the
nanocrystal, respectively. Note that Zg is the number of
the bonds of each surface atom without considering
bonds to interior atoms. This definition of Zg is due to
its function in counting only the total number of the
surface bonds of the crystal. Also, F(S and PS are the
bond energies between surface atom i and its 1NN and
2NN atoms, respectively.

If we assume that the outer surface of the nanocrys-
tal is composed of the number of N; different crystal-
line faces, N, different edges, and N, corner sites on the
surface, then we can rewrite Eq. 14 as follows:

Ecn:ZnV];( 206 4 710, <))
+ZNf M (ZO & +Z;(’>sl(]))
+Zk ]26 ( el 4 7/ <>)

NC 1 m m m m m
—|—Zm:l§n£ )(ZC( Jgm) 4 z/(m) g/l )> (15)
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where n¢’ is the number of atoms located at each
surface face j of the nanocrystal (j =1, 2, ..., Ng),
(k)

ne ~ is the number of atoms located at each surface edge
k(k=1,2,...,N.), and nﬁm)is the number of atoms
located at each corner site m of the nanocrystal surface
(m = 1,2,...,N,). The total number of atoms located at
all the surface-crystalline faces is ny = Zf’ i n?), the
total number of atoms located at all the surface edges is
= ZkN;I ngk), and that located at all the surface
cornersisn, = Z%“ n < ) . Therefore, the total number
of the surface atoms of the nanocrystal is equal to
ns = ny + n. + n.. Here, me, ;(’), s?), and s/(’)
the previously defined parameters, but assoc1ated Wlth
the atoms located at surface-crystalline face j; simi-
larly, Ze(k), Zé(k), sék) and s’e(k> are those parameters for
the atoms located at surface edge k and zm | Zlm) - pm)
and .sé(m) are for the atom of surface corner m. Here, we
neglect any possible difference between the bond
energies of atoms located at different surface faces,

surface edges, and surface corners of the nanocrystal

and assume that eg) = sék) = eﬁm) = &g, and 8;(]) =
s/e(k) = s/c(m) = &g. Making this assumption also for all
the volume atoms of the nanocrystal as 58) = ¢y and
sco = ¢, we can rewrite Eq. 15 as follows:
ny 1
Ea =Y 5(&ov +2%,)
i=1
N q o . .
+ Zin? (Zf(’)ss + Z;(’)s’s)
1
+ Zg ng (Zék)gs + Zé(k)8é)
Ml
25 n{™ (20 es + 7{™e ) (16)

Denoting the 1NN-based average coordination
number of atoms located at the surface faces as Z,
at the surface edges as Z,, and at the surface corners
as Z., we can write:

- ZJ ! ") Z(/) - ZNE n(k) Z(k)

= -—-- Z = 7]{:1 c ©
Zf ne I e Tle ’ (17)
5 _ Taanz"”

C e .

The 2NN-based definitions are also similar to Eq. 17
only with the corresponding notations, i.e. Z{, Z., and
Z!. Using the above definitions, Eq. 16 can be
rewritten as
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i i 1 = =,
(Z\(,)SV + Z{E )89) + El’lf (Zf8s + Z;S/S)

ne(Zees + Zes) + %nc (Zees + Zleg)
(18)

Here, we denote the average coordination numbers of
the volume and surface atoms of the nanocrystal based
on the INN (or 2NN) definition with Zy(or Z\,) and Zs
(or Zg), respectively, and define them as follows:

qyZm& oy ThA
ny ’ ny ’

g niZs + neZe + nZ. 7 neZi + neZ, + n.Z,

S — ’ S — ’

ns ns
ng = ng + ne + ne. (19)

Using the above definitions, we can rewrite Eq. 18 as:

1 _ - 1 - _
Ecn = inV (ZVSV + Z{/‘p;/) + Ens (ZSSS + Zé‘c,S)
= nyEy + ngEs, (20)

where Ey = (Zyey +Zy&y)/2 and Eg = (Zses+
Zgeg)/2 are the average contributions of each volume
and surface atom of the nanocrystal to its total cohesive
energy, respectively. From Eq. 20, the cohesive energy
of the bulk crystal (E.;,) can be obtained as

Ecy = nvpEvp + nspEsp (21)

Here and hereafter in this article, the subscript b
indicates the corresponding parameters for the bulk
material, e.g., nyp and ng, are the numbers of atoms
located at the volume and the surface of a bulk
crystal, respectively, having the total number of n,
atoms. One may conclude that for a bulk crystal with
n, total atoms: ng, &~ 0 and ny, =~ n,. Therefore,
using Egs. 20 and 21, we can write:

Eew _ nvEv +nsEs  nyEy +nsEs

Es  nyoEvp + nspEsy nEvy
E E
=V(1-(1-=2 ”—S) (22)
Evy Ev)n
E
r==2
Ey

Appendix 2: Cohesive energy and average
coordination number of nanocrystals

Considering the definitions of the volume and the
surface average-coordination numbers, given in

Eq. 19, we can define the 1NN- and 2NN-average
coordination numbers of nanocrystals, denoted by Z,
and Z| respectively, as follows:

Z—:nvzv+nszszz— 1 — ]_é ns
" ny + ng v ZV n;

Z;,:MZZ’V 1— _%;é s\
ny + ng Zy ) ny

Equation 23 defines the average coordination
numbers of a nanocrystal and can be used for
nanoparticles, nanowires, nanofilms, and any other
shape of nanocrystals with the appropriate value of
the surface-to-volume atomic ratio (ng/n). In this
equation, the effects of the surface face, surface edge,
and surface corner atoms have been taken into
account. Now using Eq. 23 for adequately large and
close-to-bulk nanocrystals (ns/n, — 0), we have

(23)

Zb = lim Zn = lim ZV = ZVb, and

ns/n—0 ns /n—0
7= lim Z = lim Z, =Z,, (24)
ns/n—0 ns /n—0

where Zy, = lim,/,_0Z, gives a well-formulated
definition for the 1NN average coordination number
of the bulk crystal, which includes the effects of both
of its surface and volume atoms and is equal to its
volume (lattice) average coordination number, i.e.
Zy, = Zyy, e.g., for a BCC lattice Z, = Zyp, = 8.
Similarly Z; is the bulk average coordination number,
based on the 2NN definition. From Egs. 23 and 24,
we have:

e (1-(-2)%)
Zb 7Vb ZV nt
Li_A (B
zZ,  Zy, Zy) m .

The above equations, which have similar form as
Eq. 22, represent the INN/2NN-based average coor-
dination number of nanocrystals in terms of their size.

Now using Eqs. 20 and 23 and with a little
algebra, the cohesive energy of nanocrystals can be
obtained in terms of the crystal average coordination
numbers as follows:

1 - Zs &s ns
Ep=-mevZ,| 1 +=|——1]—
(2 ()

1 = Zé ‘CIS ns
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(25)
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As it can be seen from Eq. 26, if we neglect the
difference between the bond energies of the surface
and volume atoms, i.e. assume &y = ¢5 = ¢ and &, =
&g = ¢, then we can write: Eqy = neZ,/2 +né Z) /2
which can be easily obtained by counting the
numbers of INN and 2NN atomic bonds and
multiplying them by their corresponding bonding
energies. Considering only 1NN atomic interactions,
we can obtain E, = n&Z,/2 which is exactly the
previously developed equation in the reference (At-
tarian Shandiz et al. 2008). Now, from Eq. 26, for the
bulk crystal (ns/n; — 0), we have:

. : 1 7 ! 4
B fim o= Jim, (et + 307
1 — l / v
= - mevblo + 5 MéypZ, (27)

2 2
Referring to Eq. 24, i.e. Z, = Zyy and Z| = Zyy,, it
can be understood that Eq. (27) is similar to Eq. 21.
Here, using Eqgs. 26 and 27, leads to

Een :¢<1 +é<g_s_ 1)11_5)
Ey  evpdy + &4, Z, \&v m

I 7 7! /
pvE (4S5 q)I8) (og)
SVbe + SVbe Z,lq &y ny

Appendix 3: Calculation of I' for crystalline planes
of FCC lattice

Here, we calculate the values of I' for common
crystalline faces of an FCC lattice, and in order to do
this, we need the values of the 1-, 2-, and 3NN
coordination numbers in each face.

The lattice unit cell of an FCC crystal is shown in
Fig. 4. The position of each of the atoms in the lattice
can be obtained with a vector, e.g., the position vector
A = a(1/2,0,1/2) which represents the atom A, where
aisthe lattice constant of FCC. The atom O is located at
the position (0, 0, 0) of the Cartesian coordinates in
which each position is defined by
the position vector (x, y, z). The distance between the
atom A and all its nearest neighbors located at
the corners of the cube agd also at the centeri of
the lateral faces, e.g., B =a(0,0,1) and C =

a(1,1/2,1/2), is equal to ‘E‘Z‘A_c":a/\/i

= d(d is the atomic diameter). Therefore, atom A has
Zy = 12 INN with the bond length of Lyonq = d and
the bond energy of €. The 2NN atoms of the atom A, are

@ Springer
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Fig. 4 A schematic illustration of the FCC lattice structure of
Cu showing the first-order bonds (Lyoq = d) between the INN
atoms like as A-B and A-C, the second-order bonds
(Liona = dV/2) between the 2NN atoms like as A-E and A-
D, and the third-order bonds (L{J/md = d\/g) between the 3NN
atoms like as A-F and A-G

atoms like E (E =a(—1/2,0,1/2)) and D

(B:a(1/2,1,1/2)) located at the center of the
adjacent and opposite faces of the A’s face, respec-
tively. Therefore, there are the number of Z{, = 6 2NN

atoms for the atom A with the bond length of L]  , =

a=dv2 and the bond energy of ¢ (note
that L{ 4 = ’A_E)‘ = ‘A—D)’) As it can be seen from

. . -
Fig. 4, the distance between atom F (F = a(0, 1, 1))
—_—
and A is ‘AF‘:\a(1/2,0,1/2)—a(0,1,1)|:

a\/3/2 = d\/3. There are eight atoms such as F in
FCC lattice whose distances from atom A is d \/§ . One
set of these atoms is {a(0,1,1),a(l,1,1),a(1,1,0),
a(0,1,0)} and the other set can be obtained by
transferring this set of atoms through the vector a(0,
—2,0), which is as follows: {a(0,—1,1), a(1,—1,1),
a(1,—1,0), a(0,—1,0)}. Besides these sets of atoms,
there are also another eight atoms, such as G, which are
collected in the set {a(—1/2,1/2,1), a(—1/2,1/2,0),
a(—1/2,—1/2,0), a(—1/2,—1/2,1)}, and the set {a(3/
2,1/2,1), a(3/2,1/2,0), a(3/2,—1/2,0), a(3/2,—1/2,1)}
obtained by transferring the first set through the vector
a(2,0,0). The distance of all these atoms from atom A is
equal to d+/3 and, therefore, the 3NN atoms of atom A
are the above mentioned 16 atoms (Z{ = 16) with the

bond length of LY, = dV/3 = ay/3/2 and the bond



J Nanopart Res (2010) 12:759-776

775

Table 1 The face and volume (lattice) coordination numbers (Z; and Zy) for different surface faces and lattice structures according

to the 1-, 2-, and 3NN definitions

Lattice structure Surface coordination numbers

Volume coordination numbers

INN 2NN 3NN INN 2NN 3NN
nb Z  onb Zb onb" 7' Zv Lhem Z Lhoa zZh L

SC

(100) 1 4 4 4 - 0 6 a=d 12 a2 0 -

(110) 2 2 5 4 - 0

BCC

(110) 2 4 2 2 5 2 8 av/3/2=d 6 a=116d 12 av2=1.63d

(100 4 0 4 4

a1 0 3 3 6

FCC

(111) 3 6 3 0 4 6 12 av2/2=d 6 a=dv?2 16  ay/3/2=dV3

(100) 4 4 1 4 16 0

(110) 5 2 2 2 4

(210 6 0 2 2 4

Also for each crystalline-face the number of its 1-, 2-, and 3NN broken bonds are shown which are respectively defined as
nb = (Zy — Z) /2, nb' = (Zy, — Z{)/2 and nb" = (Z§ — Z{') /2. Lvond; Linq and Ly, 4 are the bond lengths between the 1-, 2-, and
3NN atoms, respectively. a and d are the lattice constant and the atomic diameter, respectively

energy of ¢’. The numbers of these 1-, 2-, and 3NN
atoms for each atom located at the (111), (100), (110),
and (210) faces of the FCC lattice can also be obtained
in the same way and are collected in Table 1.
Considering the definition of I', from Eq. 22, we can
write the definition for each surface face (hkl) as
follows:

(hkl) (hkl)

7/ o (hkl) 1(hki) 1(hkl) 11(hkl)

+ Z; & + Z; &
Zyey + Zey + Z4e

Iy = (29)

Now if we assume that the bond energies of atoms
located in the volume and also at each type of surface
faces are equal, i.e. sﬁhkl) JURKT) & =¢
and 8;/(th) =¢, =¢", and if we use the values
tabulated in Table 1, then we can calculate the factor

I for each of these faces as below:

=&y = ¢, &

6c+0x & + 68" 4e4+4¢ +0x ¢

F = -
D = 12e 166 + 16~ 10 = 12¢ 66 + 168"
2e+2¢ +4¢"
Fio = 12¢ + 6¢/ + 16¢"’ and (30)
r _O><£+23’+48”
10 = 12: 1 66 + 16¢"

Since, in FCC lattice, the bond lengths of the 2NN
and 3NN atoms are approximately equal, i.e. Li_,, =
d\/2 =~ L{)’md = d\/g, we can assume that their bond
energies are also approximately identical, i.e. & = &”.
Therefore, we can finally write from Eq. 30

r N 6¢ + 6¢' N 4¢ + 4¢'
(D) = 12e 1 22¢7 " 100 = 0 100"
2¢ + 6¢' 6¢
oy & —— 2 d T &~ — o
(10) = Toe o0 " (210 = Top ¥ 20¢
(31)
References

Attarian Shandiz M (2008) Effective coordination number
model for the size dependency of physical properties of
nanocrystals. J Phys Condens Matter 20:325237-325245.
doi:10.1088/0953-8984/20/32/325237

Attarian Shandiz M, Safaei A, Sanjabi S, Barber ZH (2008)
Modeling the cohesive energy and melting point of
nanoparticles by their average coordination number. Solid
State  Commun 145:432-437. doi:10.1016/j.ss¢.2007.
12.021

Buffat P, Borel J-P (1976) Size effect on the melting temper-
ature of gold particles. Phys Rev A 13:2287-2298. doi:
10.1103/PhysRevA.13.2287

@ Springer


http://dx.doi.org/10.1088/0953-8984/20/32/325237
http://dx.doi.org/10.1016/j.ssc.2007.12.021
http://dx.doi.org/10.1016/j.ssc.2007.12.021
http://dx.doi.org/10.1103/PhysRevA.13.2287

776

J Nanopart Res (2010) 12:759-776

Chacko S, Kanhere DG, Blundell SA (2005) First principles
calculations of melting temperature for free Na clusters.
Phys Rev B 71:155407-155412. doi:10.1103/PhysRevB.
71.155407

Daff TD, Saadoune I, Lisiecki I, de Leeuw NH (2009) Com-
puter simulations of the effect of atomic structure and
coordination on the stabilities and melting behaviour of
copper surfaces and nano-particles. Surf Sci 603:445-454.
doi:10.1016/j.susc.2008.11.031

Delogu F (2005) Structural and energetic properties of
unsupported Cu nanoparticles from room temperature to
the melting point: molecular dynamics simulations. Phys
Rev B 72:205418-205426. doi:10.1103/PhysRevB.72.
205418

DiCenzo SB, Berry SD, Hartford EH (1988) Photoelectron
spectroscopy of single-size Au clusters collected on a
substrate. Phys Rev B 38:8465-8468. doi:10.1103/Phys
RevB.38.8465

Dick K, Dhanasekaran T, Zhang Z, Meisel D (2002) Size-
dependent melting of silica-encapsulated gold nanoparti-
cles. ] Am Chem Soc 124:2312-2317. doi:10.1021/ja01
7281a

Hanszen K-J (1960) Theoretische untersuchungen uber den
schmelzpunkt kleiner kugelchen-ein beitrag zurthermo-
dynamic der grenzflachen. Z Phys 157:523-553

Hodak JH, Henglein A, Giersig M, Hartland GV (2000) Laser-
induced inter-diffusion in AuAg core-shell nanoparticles.
J Phys Chem B 104:11708-11718

Jiang Q, Zhang Z, Wang YW (2000) Thermal stability of low
dimensional crystals. Mater Sci Eng A 286:139-143. doi:
10.1016/50921-5093(00)00718-8

Jiang Q, Zhang S, Zhao M (2003) Size-dependent melting
point of noble metals. Mater Chem Phys 82:225-227. doi:
10.1016/S0254-0584(03)00201-3

Lai SL, Carlsson JRA, Allen LH (1998) Melting point
depression of Al clusters generated during the early stages
of film growth: nanocalorimetry measurements. Appl
Phys Lett 72:1098-1100. doi:10.1063/1.120946

Lide DR (ed) (2005) CRC Handbook of chemistry and physics.
Internet Version 2005 http://www.hbcpnetbase.com.
Thermal and physical properties of pure metals. CRC
Press, Boca Raton, pp 12-219-12-220

Lopez N, Janssens TVW, Clausen BS, Xu Y, Mavrikakis M,
Bligaard T, Ngrskov JK (2004) On the origin of the cat-
alytic activity of gold nanoparticles for low-temperature
CO oxidation. J Catal 223:232-235. doi:10.1016/j.jcat.
2004.01.001

Mansfield M, Needs RJ (1991) Surface energy and stress of
lead (111) and (110) surfaces. Phys Rev B 43:8829-8833.
doi:10.1103/PhysRevB.43.8829

Mirjalili M, Vahdati-Khaki J (2008) Prediction of nanoparti-
cles’ size-dependent melting temperature using mean

@ Springer

coordination number concept. J Phys Chem Solids
69:2116-2123. doi:10.1016/j.jpcs.2008.03.014

Montejano-Carrizales JM, Aguilera-Granja F, Moran-Lopez JL
(1997) Direct enumeration of the geometrical character-
istics of clusters. Nanostruct Mater 8:269-287. doi:
10.1016/S0965-9773(97)00168-2

Nanda KK, Sahu SN, Behera SN (2002) Liquid-drop model for
the size-dependent melting of low-dimensional systems.
Phys Rev A 66:013208-013215. doi:10.1103/PhysRevA.
66.013208

Needs RJ, Mansfield M (1989) Calculations of the surface
stress tensor and surface energy of the (111) surfaces of
iridium, platinum and gold. J Phys Condens Matter
1:7555-7563. doi:10.1088/0953-8984/1/41/006

Pawlow P (1909) Uber die abhingigkeit des schmelzpunktes
von der oberflichenenergie eines festen korpers. Z Phys
Chem 65:545-548

Rao CNR, Kulkarni GU, Thomas PJ, Edwards PP (2002) Size-
dependent chemistry: properties of nanoparticles. Chem
Eur J 8:28-35. doi:10.1002/1521-3765(20020104)8:1<28:
AID-CHEM28>3.0.CO;2-B

Safaei A, Attarian Shandiz M, Sanjabi S, Barber ZH (2007)
Modelling the size effect on the melting temperature of
nanoparticles, nanowires and nanofilms. J Phys Condens
Matter 19:216216-216224. doi:10.1088/0953-8984/19/
21/216216

Safaei A, Attarian Shandiz M, Sanjabi S, Barber ZH (2008)
Modeling the melting temperature of nanoparticles by an
analytical approach. J Phys Chem C 112:99-105. doi:
10.1021/jp0744681

Salomons E, Griessen R, de Groot DG, Magerl A (1988)
Surface tension and subsurface sites of metallic nano-
crystals determined from H-absorption. Europhys Lett
5:449-454. doi:10.1088/0305-4608/16/12/009

Solliard C, Flueli M (1985) Surface stress and size effect on the
lattice parameter in small particles of gold and platinum.
Surf Sci 156:487-494. doi:10.1016/0039-6028(85)90610-7

Sun J, Simon SL (2007) The melting behavior of aluminum
nanoparticles. Thermochim Acta 463:32-40. doi:
10.1016/j.tca.2007.07.007

Wang L, Zhang Y, Bian X, Chen Y (2003) Melting of Cu
nanoclusters by molecular dynamics simulation. Phys Lett
A 310:197-202. doi:10.1016/S0375-9601(03)00263-9

Wautelet M (1998) On the shape dependence of the melting
temperature of small particles. Phys Lett A 246:341-342.
doi:10.1016/S0375-9601(98)00538-6

Yang CC, Li S (2007) Investigation of cohesive energy effects
on size-dependent physical and chemical properties of
nanocrystals. Phys Rev B 75:165413-165417. doi:
10.1103/PhysRevB.75.165413 (and references therein)


http://dx.doi.org/10.1103/PhysRevB.71.155407
http://dx.doi.org/10.1103/PhysRevB.71.155407
http://dx.doi.org/10.1016/j.susc.2008.11.031
http://dx.doi.org/10.1103/PhysRevB.72.205418
http://dx.doi.org/10.1103/PhysRevB.72.205418
http://dx.doi.org/10.1103/PhysRevB.38.8465
http://dx.doi.org/10.1103/PhysRevB.38.8465
http://dx.doi.org/10.1021/ja017281a
http://dx.doi.org/10.1021/ja017281a
http://dx.doi.org/10.1016/S0921-5093(00)00718-8
http://dx.doi.org/10.1016/S0254-0584(03)00201-3
http://dx.doi.org/10.1063/1.120946
http://www.hbcpnetbase.com
http://dx.doi.org/10.1016/j.jcat.2004.01.001
http://dx.doi.org/10.1016/j.jcat.2004.01.001
http://dx.doi.org/10.1103/PhysRevB.43.8829
http://dx.doi.org/10.1016/j.jpcs.2008.03.014
http://dx.doi.org/10.1016/S0965-9773(97)00168-2
http://dx.doi.org/10.1103/PhysRevA.66.013208
http://dx.doi.org/10.1103/PhysRevA.66.013208
http://dx.doi.org/10.1088/0953-8984/1/41/006
http://dx.doi.org/10.1002/1521-3765(20020104)8:1%3c28:AID-CHEM28%3e3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3765(20020104)8:1%3c28:AID-CHEM28%3e3.0.CO;2-B
http://dx.doi.org/10.1088/0953-8984/19/21/216216
http://dx.doi.org/10.1088/0953-8984/19/21/216216
http://dx.doi.org/10.1021/jp0744681
http://dx.doi.org/10.1088/0305-4608/16/12/009
http://dx.doi.org/10.1016/0039-6028(85)90610-7
http://dx.doi.org/10.1016/j.tca.2007.07.007
http://dx.doi.org/10.1016/S0375-9601(03)00263-9
http://dx.doi.org/10.1016/S0375-9601(98)00538-6
http://dx.doi.org/10.1103/PhysRevB.75.165413

	The effect of the averaged structural and energetic features on the cohesive energy of nanocrystals
	Abstract
	Introduction
	The model
	The cohesive energy of nanocrystals
	The cohesive energy and average coordination number of nanocrystals

	Results and discussion
	The significance of energetic effects on melting point of nanoparticles
	Au nanoparticles

	The significance of geometrical effects on melting point of nanoparticles
	Cu nanoparticles
	Al nanoparticles

	The relative thermal stabilities of nanoclusters and of their surface faces

	Size-dependent diffusivity
	Conclusion
	Appendix 1: Cohesive energy of nanocrystals
	Appendix 2: Cohesive energy and average  coordination number of nanocrystals
	Appendix 3: Calculation of  Gamma  for crystalline planes of FCC lattice
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


