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Abstract 
The heat capacity of nanoclusters was investigated using thermodynamics of surfaces, taking into ac-

count the surface enthalpy introduced by E. Guggenhein. It is shown that the cluster heat capacity  
should be greater than the heat capacity ( ) of the corresponding bulk phase. However, the ( ) /

( ) ratio should not exceed 50% up to very small clusters containing 100 atoms. Theoretical estimations 
agree with molecular dynamics results. So, experimental data on metallic nanoclusters and nanostructures 
demonstrating that  exceeds ( ) in 2-5 times should be incorrect. 

 
 
 
Introduction 

 
Current advances in new constructional and 

functional materials are associated, first of all, with 
the development of compacted nanomaterials. In 
particular, the practical application of 
nanocrystalline metals and their various compounds 
has been causing intensively studies of their me-
chanical, thermal, electrical, magnetic and other 
properties. The heat capacity, being one the main 
thermophysical properties of nanomaterials, must 
be considered in view of preparation and applica-
tions of such materials. However, up to the present 
time, the behavior of the specific heat capacity of 
nanoparticles (nanoclusters) and nanostructured 
materials is an important and not solved problem. 
With enough confidence one can only talk about 
the case of very low temperatures. Theoretical es-
timates show that at temperatures T  0 K,  be-
cause of quantum effects, the cluster heat capacity 
decreases faster than the heat capacity of the corre-
sponding conventional bulk material. As a rule, it is 
believed that just below Einstein and Debye’s char-
acteristic temperatures [1, 2], noticeable quantum 
effects of the heat capacity reduction will take 
place. However, these characteristic temperatures, 
being  for  most  bulkmetals in the temperature range 

 
 

200-300 K, should be rather interpreted as the 
temperatures for which quantum effects in question 
only begin to be developed. Indeed, the temperature 
range in which the lattice vibrations must be con-
sidered on the basis of quantum concepts are de-
fined not by Debye’s temperature [3], but by the 
degeneracy temperature of order of 10 K [1, 2]. 
When temperatures are higher than the degeneracy 
one, the heat capacity of the cluster begins to ex-
ceed the thermal capacity of the bulk material up to 
Debye’s temperature, and effect in question is con-
firmed experimentally [4-7]. Measurements of the 
heat capacity of lead nanoparticles of 2.2, 3.7 and 
6.6 nm in diameter as well of indium nanoparticles 
have  shown  that  at  low  temperatures  it  is  by  25-
75% higher than the heat capacity of the same bulk 
metals [4, 5]. In [6] the results are presented on the 
specific heat capacity of Pd nanoparticles of 3.0 and 
6.6 nm in diameter, obtained by the condensation of 
vapor. According to this paper, the doubled increas-
ing in the heat capacity of Pd nanoparticles (D = 3.0 
nm) was observed compared to the bulk palladium 
at temperatures up to 30 K. Even more significant 
increase in the heat capacity (3-10 times in compar-
ison with tabulated values) was found in [7] for 
gold (D = 4, 6, 18 nm) and silver (D = 10 nm) na-
noparticles. However, the most general theoretical 
considerations (see below) show that the excess 
specific (and molar) heat capacity of ensembles of 
free nanoparticles and of compacted nanomaterials 
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should be commensurated with the magnitude of 
the heat capacity of the corresponding bulk sample. 

Not better things are with estimations of the 
specific heat capacity for clusters and nanostruc-
tured materials at high temperatures. Thus, accord-
ing to [8], the heat capacity of coarse-grained cop-
per clusters of about 50 nm in size is higher than 
the normal heat capacity of the bulk copper in 1.2-
2.0 times at temperatures from 200 K to 450 K. In 
[9] similar results were obtained for nickel nanopar-
ticles of 22 nm in diameter: their heat capacity was 
twice higher than that of the bulk nickel at tempera-
tures 300-800 K. A study of the heat capacity of 
nanostructures consisting of nickel clusters with of 
10 nm in diameter by the fast neutron scattering 
method [10] also demonstrates the increase in the 
heat capacity in 1.5-2.0 times compared to that for 
conventional materials. However, according to 
[11], for nanocrystalline palladium (D = 6 nm) and 
copper  (D = 8 nm) in the temperature range 150-
300 K, the heat capacity increasing effect should be 
much smaller 29-53% and 9-11%, respectively, 
compared to conventional polycrystalline values for 
Pd and Cu). 

Taking into account the mysterious behavior of 
the specific heat capacity of nanoclusters and 
nanostructured materials, in [12] we studied the 
heat capacity of the metal nanoclusters (nickel and 
copper) using molecular dynamics computer exper-
iment and the tight-binding potential [13] proposed 
to describe the interatomic interactions in transition 
metals. In these computer simulations we really 
observed the increasing of the heat capacity com-
pared to that of corresponding bulk phases, but not 
so significant as in most of the above mentioned 
experimental works. Thus, for nickel nanoclusters 
of 2 nm in diameter the increase in the heat capaci-
ty was only 14% compared to the tabulated value 
for the specific heat capacity of polycrystalline Ni, 
and increasing the cluster size to 6 nm the effect 
was reduced to 10%. 

In [14] the behavior of the specific heat capacity 
of metal nanoclusters (gold, copper and aluminum) 
was  investigated  on  the  basis  of  Monte  Carlo,  i.e.  
an alternative method of simulation, and using an-
other many-body potential (Gupta’s one). When the 
nanocluster size was of the order of 1.0 nm, the ef-
fect of the specific heat capacity increasing was 30-
40% that is in a qualitative agreement with the re-
sults of our molecular dynamics experiments. [12] 
It  should  be,  however,  noted  that  in  [14]  the  tem-
perature range corresponds to a vicinity of the melt-
ing point. 

A Thermodynamic Approach to the Problem of 
the Heat Capacity of the Nnanocluster Ensemble 

 
First of all we should note that talking about the 

heat capacity of free clusters we, of cause, mean the 
heat capacity of an ensemble of nanoparticles. As 
was discussed in [15] an ensemble is always sup-
posed when thermodynamics is applied to small 
object not only when Hill’s ensemble method [16] 
is used but also when Gibb’s method [17] is ex-
tended to nanoparticles. 

In [12] we put forward a hypothesis that the sig-
nificant experimentally observed increase in the 
heat capacity of nanostructured metals (in 1.5-5 
times) can be caused by some agglomeration of 
clusters. To the present time, however, this expla-
nation seems us to be physically inadequate [18]. 
Indeed, the specific (per atom) isochoric heat ca-
pacity of the ideal gas and of the crystal, in the 
high-temperature approximation, can be written as 
follows: 

 
=                             (1) 

 
where k is Boltzmann’s constant, and i is the effec-
tive number of degrees of freedom of atoms. For 
the monatomic ideal gas i = 3 and, respectively, cv = 
(3/2)k. For the crystal = 6 and = 3  (Dulong 
and Petit’s low), i.e. the heat capacities of the crys-
tal and of the ideal gas differ in about two times. 
From this point of view the heat capacity of liquids 
and dispersed systems cannot differ from that of 
crystalline phase in 2-5 times and more. In other 
words, there are no physical reasons and mecha-
nisms to increase the heat capacity in several times 
when the same mass of the same substance is trans-
formed into a dispersed state. 

Below a more detailed thermodynamic analysis 
of the size dependence of the specific heat capacity 
is presented for the high-temperature region when 
quantum effects can be neglected. In what follows 
we consider the isobaric heat capacity Cp of nano-
particles, since the condition of the constant pres-
sure (p = constant) seems to be more adequate to 
real nanoparticles and nanosystems. However, it 
should be noted that under low pressures (  105 Pa) 
the difference between isochoric and isobaric heat 
capacities can be also neglected for both nanoparti-
cles and corresponding bulk condensed phases.  

That the heat capacity Cp of a body can be found 
differentiating the enthalpy H with respect to the 
temperature T [2]: 
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=       (2) 

 
Applying (2) to nanoclusters one should take into 
account that the enthalpy  includes not only the 
bulk term Hb but also the surface enthalpy Hs first 
introduced by E. Guggenheim [19]: 
 

= +                             (3) 
 

It  is  noteworthy  that  in  30-th  as  well  K.  Adam 
introduced into consideration the concept of the 
surface heat capacity [20]. 

Since the pressure p does not belong to parame-
ters of Gibbs’ non-autonomous surface phase [17], 
the surface enthalpy Hs is equal to the excess total 
surface energy: 

 
=    (4) 

 
where  is  the  specific  per  unit  area  total  surface  
energy,  is the surface area of the particle. In what 
follows  it  is  assumed  that  the  particle  radius   is 
interpreted as the radius of the equimolecular divid-
ing surface [17, 21], i.e. the surface for which the 
excess number of atoms is zero. Taking into ac-
count (3) and (4), the equation (2) can be rewritten 
as: 
 

= ( ) + ( ) = ( ) + ( )   (5) 
 
where ( ) is  the  specific  (per  atom)  heat  capacity  
of the bulk phase. The dividing surface area  can 
be expressed in terms of the number of atoms  
and the number of atoms density n: 
 

= 4 = (4 )                (6) 
 
Correspondingly, the expression for the surface 
enthalpy and its temperature derivative can be writ-
ten as follows: 
 

= (4 ) 3 =
(4 ) 3 ( ) , (7) 
 

,
= (4 ) 3 ( ) +

23 231
(8) 

 
where v = n–1 is the specific volume. 

The first term in square brackets is negative and 
the second positive. However, as it is noted in [22], 
the specific total surface energy slightly decreases 
with increasing temperature, and a sharp fall occurs 
only in the vicinity of the critical point, while the 
specific excess free energy  coinciding for the 
equimolecular dividing surface with the surface 
tension y decreases with the increasing of  the tem-
perature  following  to  the  linear  law,  at  least  as  a  
first approximation. Respectively, in the first ap-
proximation, the term  can be neglect-
ed. So, we obtain the next expression for the rela-
tive surface heat capacity: 

 
( )

( ) = (4 ) 3 ( ) , (9) 

 
The final expression for the relative surface (ex-
cess) heat capacity of the cluster ( ) = ( ) ( ) 
becomes 
 

( ) = 2
4
3 ( )

1
= 

= 2 ( ) ,              (10) 

 
where = ( )  is  the  isobaric  thermal  
expansion coefficient, ( ) is the molar heat capaci-
ty of the bulk phase, M is the molar mass,  is  the 
density of the nanoparticle material and NA is Avo-
gadro's number.  

The relative heat capacity of the cluster =
( ) can be written as: 

 
= ( ) + ( ) ( ) = 1 + ( )  

 
The results of evaluations of the relative heat 

capacity of nickel nanoclusters (temperature T = 
200 K) are presented in Table 1. The coefficient of 
the thermal expansion  was evaluated using usual 
formula = 3 ( ) that is exactly fulfilled for iso-
tropic materials ( ( ) is the linear coefficient of the 
thermal expansion). Parameters  and ( ), neces-
sary for evaluations, were taken from [23, 24]. The 
values of the specific total surface energy  were 
recalculated using tabulated values of the specific 
surface free energy (surface tension)  and its tem-
perature derivative /dT using the thermodynamic 
Gibbs-Helmholtz equation  = w = T /dT. 
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Experimental values of  and d /dT for metals in 
the solid state, including nickel at 1070 K were tak-
en from [25] and [26]. It is also necessary to note 
that the experimental data on the surface tension of 
solids, including metals in the solid state, are scanty 
enough. It is also noteworthy that in the both last 
sources the same value 1820 mJ/m2 of the surface 
tension  for macroscopic flat surface of solid Ni is 
given whereas the values of the temperature deriva-
tive /dT figuring in [25] and [26] are significantly 
different: – 0.5 mJ/m2 K and – 1.1 mJ/m2K , respec-
tively.  For  this  reason,  a  range  of   values  is  pre-
sented in the table, and the boundaries of this inter-
val correspond to the above two values of the tem-
perature derivative of the surface tension. We be-

lieve, however, that the value – 1.1 mJ/m2K given 
in [26] is more reliable, since for the nickel melt, 
i.e. the system which is much more convenient for 
measurements than the solid phase, /dT = 0,98 
mJ/m2 K. In the same table the values of  are pre-
sented calculated from the results of our molecular 
dynamics experiments [12]. As one can see, ther-
modynamic estimations are in a good agreement 
with molecular dynamics results. The table also 
presents values of the reduced radius R* = R/d of 
the cluster where d is the effective atomic diameter. 
It was assumed that the parameter  can be found 
as the doubled Ni atomic radius equal to 0.124 nm 
[27].  

 
Table 1 

Evaluation of the relative excess heat capacity of Ni nanoclusters 
 

 

N 
 

R, nm 
 

 

R* 

 
= ( ), % 

Theory Molecular dynamics [12] 
100 0.7 2.8 9-12 17 
256 1.0 3.9 6-9 14 
1000 1.6 6.3 4-5 13 

 
When N  100 the application of formula (10) 

becomes incorrect because of the size dependence 
of the surface energy. However, according to our 
theoretical estimations [28, 29] and molecular dy-
namics results [30], a sharp decrease in the specific 
surface free energy  should be at R*  2,5 i.e. N  
100.   
 
Computer experiments 

 
In our previous paper [12] the heat capacity be-

havior of free nickel and copper nanoparticles of 
different diameters (or rather, as was mentioned 
above, of corresponding ensembles of nanoparti-
cles) was investigated in the temperature range 
from 200 to 800 K using isothermal molecular dy-
namics and the tight-binding many-body potential 
[13]. This potential was proposed just to describe 
interatomic interactions in transition metals. As can 
be seen from the table and Fig. 1, at T = 200 K the 
excess specific heat capacity of nickel nanoclusters 
of D =  1,6  nm  in  diameter  is  17%  relative  to  the  
bulk nickel phase, and 13% for nickel clusters of 6 
nm in diameter. The results obtained using molecu-
lar dynamics are in a fairy good agreement with 
theoretical estimations presented in the same table. 
For copper nanoclusters (D = 6 nm) the excess in 
the heat capacity is only 10% that also agrees with 
experimental data [11]. 

 
Fig. 1. Size dependence of the heat capacity (per atom) 
for  an  ensemble  of  Ni  nanoclusters  at  T  =  200  K  ob-
tained using results of our molecular dynamics experi-
ments. Dashed line corresponds to the bulk phase of Ni 
[21].   

 
In [11] the results for the nanocrystalline palla-

dium (D =  6  nm)  are  presented  in  the  temperature  
range 150-300 K. These results show that the spe-
cific heat capacity is by 29-53% higher than the 
conventional value for the polycrystalline Pd. The 
authors of [11] suggested that the more noticeable 
size-effect (compared to that for copper nanoparti-
cles) is due to an agglomeration effect, i.e. to a pe-
culiar structure of the interface between individual 
nanoparticles. Up to the present time, this explana-
tion seems us improbable as it is already estab-
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lished that the structure of grain boundaries in 
compacted nanomaterials slightly enough differs 
from that of corresponding crystallites. 

In view of mentioned above, the size depend-
ence of the specific heat capacity of palladium 
nanoclusters was investigated using computer mo-
lecular dynamics experiments. For this purpose we 
used the program MDNTP developed by R. Meyer 
(Universität Duisburg, Germany). The calculations 
were performed on the SunFire 4150 server based 
on two 4 – core 64 – bit Intel Xeon processor with 
the clock frequency 3.2 GHz (the operating mediun 
was Linux SuSE version 11.2). Simulation results 
for palladium nanoclusters of D = 6 nm in diameter 
are shown in Fig. 2. As one can see from Fig. 2, the 
values of the heat capacity of ensembles of free 
palladium nanoclusters investigated in our molecu-
lar dynamics experiments, really exceed the usual 
heat capacity, i.e. that of the coarse-grained Pd, but 
not more than by 11% and this result is entirely 
consistent with the above theoretical treatment 
based on thermodynamic analysis of the problem 
under investigation. 
 

 
Fig. 2. Comparison of our molecular dynamics results 
for the temperature dependence of the heat capacity of 
Pd nanoclasters (D =  6  nm)  with  experimental  data  for  
coarse-grained Pd. 
 
Discussion 

 
Earlier [12] in our computer experiments on Ni 

and Cu nanoclusters we have established that their 
heat capacity cannot exceed corresponding bulk 
values  in  several  times.  In  this  paper  our  former  
conclusion was confirmed by molecular dynamics 
results on Pd nanoclusters. The difference between 
experimental data for nanocrystaline and coarse-
grained  Pd,  presented  in  Fig.  2,  reaches  53%.  We  
believe that even such an increase in the heat capac-
ity compared to its ordinary value is inadequately 
large. 

In what follows two important aspects of our 
work will be also discussed concerning the possibil-
ity of its further development and refinement. The 
first of them corresponds to taking into account the 
size dependence of surface characteristics, i.e. the 
dependence of  and  on the particle radius R. For 
very small radii  A.I. Rusanov [21] proposed the 
linear formula 

 
= (11) 

 
where K is the proportionality coefficient depend-
ing on the temperature and pressure. In our previ-
ous studies, formula (11) was confirmed by theoret-
ical analysis [28, 29] and on the basis of computer 
simulations [30, 31]. However, one should take into 
account that the surface tension  and the specific 
total excess energy w are characterized by different 
values of the proportionality coefficient K. In addi-
tion, there are very scanty experimental data on the 
K parameter. We know only one experimental work 
[32]  on  this  topic.  Besides,  clusters  of  the  same  
metal can have different structures and, respective-
ly, different values of the coefficient K. In [33] we 
showed that Ni clusters containing N  300 atoms 
can have both fcc and icosahedral («onion like») 
structure. Thus, the estimation of the  parameter is 
not a trivial problem. However, the last structure is 
much less probable and can be observe in a vicinity 
of the melting point only. At the same time, as was 
shown in [28-31], we can use the macroscopic val-
ue of ,  at  least  as  a  first  approximation,  for  clus-
ters containing N  100 atoms. 

The second problem, related to the first one too, 
is an unusual behavior of some "bulk" properties of 
nanoclusters. Thus, an anomalous behavior of the 
thermal expansion coefficient  is reported in 
some papers. On the one hand, according to [34] 
this coefficient can significantly exceed the value 
typical for the corresponding bulk material. On the 
other hand, the negativity of the coefficient in ques-
tion was also reported [35, 36]. In accordance with 
the derivation of formula (10),  should be inter-
preted  just  as  the  value  attributed  to  the  cluster  it-
self rather than to the corresponding bulk phase. So, 
at  the  first  sight,  in  the  case  of  the  anomalous  be-
havior of  one should only substitute its value 
into formula (10). But in fact, that cannot be done 
without a special justification. Indeed, the anomaly 
in question should be caused by an anomaly in the 
nanocluster structure. The structure, in turn, can 
affect the value of the surface energy. In [15] we 
noted that the extension of Gibbs’ surface phases 
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method to nanoparticles is associated with the 
choice of the phase of comparison, i.e. of the bulk 
phase, the excess surface energy and the other ex-
cesses to be determined just relative to it. If the 
conventional bulk phase is chosen as the compari-
son phase and the cluster has some principally dif-
ferent structure, the using of tabulated experimental 
values of the surface tension  will be incorrect. 
When a virtual comparison phase is chosen corre-
sponding to a peculiar asymptotic structure of the 
cluster (at high values of its radius, i.e. at R  ), 
one should first describe the properties of such a 
virtual  bulk  phase.  It  is  quite  possible,  that  for  the  
phase in question the surface tension will noticea-
bly differ from the conventional tabulated value for 
the flat interface.  

However, at least for single component metallic 
nanoclusters an anomalous behavior of  was  not  
reported. At the same time, the usual, i.e. the most 
probable structure of metallic nanoclusters investi-
gated in mentioned above direct and computer ex-
periments corresponds to the fcc-lattice, i.e. to the 
structure typical for the same bulk metals. Besides, 
a further development of this work in the above 
directions (accounting for size effects of the surface 
energy and of the thermal expansion coefficient) is 
certainly of interest, but should not give some un-
expected and interesting results for the size depend-
ence of the heat capacity, principally differing from 
those obtained in the present paper. Really, the 
above simple considerations demonstrated that an 
atom in any dispersed matter cannot have much 
more degrees of freedom than in any bulk phases of 
the same substance.  
 
Conclusions 

 
So our main result is that the specific heat ca-

pacity of clusters cannot exceed the corresponding 
bulk value in several times. This result seems to be 
quite reasonable and hardly can be confuted by any 
further theoretical and experimental investigations. 
The transfer from the specific heat capacity of free 
nanoclusters to the heat capacity of nanostructured 
materials must obviously be based on some perco-
lation model that should also give intermediate val-
ues between the heat capacities of an ensemble of 
free nanoparticles and of the corresponding bulk 
phase. From this point of view, the results of exper-
imental studies [8-10] predicting a manifold in-
crease in the heat capacity for nanoclusters and 
nanostructured materials, should be revised. 

The work was performed under financial sup-
port of Ministry for Education and Science of Rus-
sian Federation, program "Scientific and pedagogi-
cal staff of the innovation Russia" (2009-2013), as 
well as under support of Russian Foundation for 
Basic Research (grants No. 11-02-98003-r_sibir_a 
and 13-02-98006-r_sibir_a). 
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