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ABSTRACT 
 
A brief review is being done on the pre-history and discovery of fullerenes that make the third, molecular, 
form of carbon and also on various properties of fullerites, i.e. of crystals composed of fullerene molecules. 
Particular attention is being given to the intermolecular forces, especially at orientationally disordered phases. 
The Girifalco potential is presented for eight fullerenes from C28 to C96 and its generalization is made for the 
interactions between the different fullerene molecules, Cm and Cn. 
 
The thermodynamic properties of the high-temperature modifications of a family of the fullerites, from C36 up 
to the C96, calculated in the equilibrium with their saturated vapors on the basis of the correlative method of 
the unsymmetrized self-consistent field that enable one to take in to account of the strong anharmonicity of 
the lattice vibrations, are discussed. The calculations were accomplished up to the temperature of loss of 
stability (spinodal point) Ts. We compare our results with available experimental data. The behavior of some 
characteristics is considered in their dependence on the number of atoms in the molecule. The saturated vapor 
pressures up to the spinodal points of the two-phase systems crystal – gas is approximated by the formula 

( ) ,log CTTBAPsat −−=  the last term being related to the anharmonic effects. The coefficient A practically 
has no dependence on the number of atoms in the molecule (varying only by 2.2%); B increases 
monotonically, while C decreases from the C36 to the C96 by approximately twice. The isothermal bulk 
modulus BT and the shear modulus C44 vanish at the spinodal points. Using the Lindemann’s melting criterion 
we estimate a possible melting curve of the C60 fullerite. 
 
Keywords: fullerenes and fullerites, the Girifalco potential, the correlative method of the unsymmetrized self-consistent 
field, the sublimation curves, thermodynamic properties. 
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RESUMEN 
 

Hacemos una breve revisión sobre la prehistoria y descubrimiento de los fullerenos que constituyen la tercera 
forma (molecular) del carbón y también sobre varias propiedades de las fulleritos, es decir, cristales 
compuestos por moléculas de fullereno. Particular atención es dada a las fuerzas intermoleculares, 
especialmente en fases orientadamente desordenadas. El potencial de Girifalco es presentado para ocho 
fullerenos entre C28 y C96 y su generalización es hecha para las interacciones entre las diferentes moléculas 
fullerenos, Cm y Cn. 
 
Las propiedades termodinámicas de las modificaciones de alta temperatura de una familia de las fulleritas, 
desde C36 hasta C96, calculada en el equilibrio con su vapor saturado sobre la base del método correlativo del 
campo autoconsistente asimétrico que permite tomar en cuenta la fuerte anarmonicidad de las vibraciones de 
red, son discutidas. Los cálculos fueron logrados hasta la temperatura de perdida de estabilidad Ts (punto 
espinodal). Comparamos nuestros resultados con datos experimentales disponibles. El comportamiento de 
algunas propiedades es considerado en su dependencia en el número de átomos en la molécula. La presión de 
vapor saturado hasta los puntos espinodales del sistema de dos fases cristal-gas es aproximado por la formula 
log Psat = A – (B/T) – CT, estando el último término relacionado a los efectos de anarmonicidad. El 
coeficiente A prácticamente no depende del número de átomos en la molécula (variando únicamente por 
2.2%); B aumenta monótonamente, mientras C disminuye (decrece) aproximadamente dos veces entre C36 y 
C96. Los módulos de elasticidad isotérmico BT y de cizallamiento C44 se anulan en los puntos espinodales. 
Usando el criterio de fusión de Lindemann estimamos la posible curva de fusión de la fullerito C60. 
 
Palabras claves: Fullerenos y fulleritos, el potencial de Girifalco, método correlativo del campo autoconsistente 
asimétrico, las curvas de la sublimacion, propiedades termodinamicas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.revista-nanociencia.ece.buap.mx 
________________________________________________________________________________________ 



 252

V.I.Zubov 
Internet Electronic Journal Nanociencia et Moletrónica 2004, 2(2), 249-273 

 
1.-Pre-history and Discovery 
 
Carbon is one of most abundant elements at the universe. It has been believed for a long 
time that there exist two its polymorph forms: very soft graphite that has a layered structure 
and extra-hard diamond possessing the A4 cubic lattice. The first is absolutely stable, 
whereas the second is metastable because has the less cohesive energy although the 
difference is very small (0.02 eV per atom). Here we are concerned with fullerenes, which 
constitute the third, molecular, form of carbon. 
 
In the mid-1960s it has been discovered in the absorption spectrum of the interstellar dust 

the ultraviolet line of 2175 
o
A 1. Jones in 19662 have considered the possibility of forming 

new type molecules with carbon atoms. Osawa in 19703 (in Japanese) and Yoshida and 
Osawa in 19714 (again in Japanese) have investigated theoretically the distortion of a 
plane graphite layer and the formation  of closed shells containing the 60 atoms owing  to 
the  replacement  of  some  hexagons by pentagons.  They  have  conjectured that such a 
molecule would be stable. It consists of  20  hexagons  and  12  pentagons. A little later, in 
1973,  Bonchvar and Gal’pern published a Hückel calculation on 60C

5  and in 1980 
Davidson applied general theoretical group techniques to highly symmetric 
molecules, one of which was 60C

6 .  One can find more recent and detailed 
results in  7 ,  8 .  
 
In 1985, Kroto et al.9 for the first time identified such molecules obtained in their 
laboratory during spontaneous gas-phase nucleation of atoms evaporated from graphite by 
laser irradiation. They received the name the buckminsterfullerenes, or fullerenes after the 
designer-inventor of the geodesic domes Buckminster Fuller. Sometimes they are termed 
also the buckyballs. By the early 1990s, it has been elaborated effective technologies for the 
production, separation and purification of fullerenes in quantities enough for growing 
crystals of macroscopic sizes, named fullerites,* e.g.1012. In Fig.1 it is demonstrated a 
schematic sketch of an experimental setup for producing and analyzing the fullerenes. 
 

 

Fig. 1.  A scheme of the setup used by Krätschmer et al. for producing and analyzing fullerenes. 
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2.  A Family of Fullerenes 
 
During the process of production, the mixtures of various fullerene molecules Cm are 
formed. Here m = 20 + 6n, n being a positive integer number. So, one can consider a family 
of fullerenes. Such a mixture can be separated using mass-spectrometers and organic 
solvents. The C60 molecule occupies an important place in the family of fullerenes. It 
exhibits the highest symmetry, has the highest cohesive energy per atom and, consequently, 
is the most abundant. It looks like a football that is close the sphere of radius 

83.55 10a cm−≈ × .  Fig. 2 shows the relations between the energies of the three forms of 
carbon. The fullerene molecules are less thermodynamically stable that the diamond. True, 
the Van der Waals intermolecular bonds in fullerites reduce this difference. 
 

 
Fig. 2.  Relations between the energies (per atom) of the three forms of carbon: graphite, diamond and C60 
fullerene. 
 
The next to C60 in stability and hence in abundance is the C70 fullerene. Its form is similar to 
an oblong  uniaxial ellipsoid with semi-axes  a(1) = a(2) ≅ 3.61⋅10–8 cm and a(3) ≅ 4.26⋅10–8 

cm.  These molecules are shown in Fig. 3. 
 

 
                                                   a  b 

 
Fig. 3.  The C60 (a) and C70 (b) fullerene molecules. 
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They and the corresponding fullerites have been most completely studied. The forms of 
molecules of the other fullerenes are more complicated. The Cm molecules with m > 70 are 
called the higher fullerenes and with m < 60 the smaller ones. When the number of atoms 
comprises some hundreds we deal with giant fullerenes. Fig. 4 shows the C76 molecule in 
the three projections and Fig. 5 the molecules of some smaller and giant fullerenes.  
 
3.  A Brief Survey of Experimental Data for Fullerites and Fullerides 

 
As indicated above, hitherto the C60 and C70 fullerites have been most completely studied.  
Let us take a brief look at some of their properties. 
 
Aside the fullerenes, there exist also carbon onion structures,  e.g.13 and nanotubes14. 
 

 
Fig.4. The molecule of a higher fullerene – C76. 

 
 

 
 

 
 
 
 
 
 
 
 

Fig. 5.  Some smaller and giant fullerenes. 
 

 
3.1.  Structure and Phase Transitions 
 
In both fullerites at low temperatures, the molecules are orientationally ordered, while at 
high temperatures they rotate rather freely forming the socalled plastic crystals with the 
FCC lattice.  
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However, in the C60 both ordered and disordered structures have cubic symmetry and the 
phase transition between them (orientational melting) is clearly observed at 261.4 K15 16, 
while the ordered phase of C70 has monoclinic lattice, and between it and the disordered 
phase there exist several intermediate states1718. Any way, at T > 340 K in C70 the FCC 
lattice is realized, possibly with a little mixture of the HCP phase17 that is energetically very 
close to the former. Similar behavior is to be expected also for other (higher and smaller) 
fullerites. 
 
It has also been observed the transformation of  C60 fullerite to new extrahard phases at 
high pressure and temperature19–22 and the polymeri-zation of fullerites at high pressures23. 

 
3.2. Magnetic Properties and Superconductivity  
 
The fullerites with admixtures of some orga-nic molecules provide ferromagnetism with 
sufficiently low Curie temperatures TC. In particular, for C60 with an admixtures of tetrakis-
dimethylamino-ethylene, TC = 16.1 K. The tempe-rature dependence of the magnetization 
below Tc does not follow the behavior expected for a conventional ferromagnetic (a soft 
organic ferro-magnetism)24.  
 
Electrical properties of fullerites may vary over a broad range from a good insulator to a 
superconductor, depending on an admixture and environmental conditions. For instance, 
the pure C60 is a good insulator, whereas the compounds A3  C60, A is an interstitial alkali 
atom (alkali metal fullerides) possess a considerable conductivity, i.e. constitutes an organic 
conductors (organic metals). At temperatures about 20 – 30 K (depen ding on lattice 
constant and alkali-ion identity), they transform into superconducting state owing the 
Cooper paring of electrons25. Note that at the mid-1990s, it has been published some 
reviews on fullerenes, e.g.26 –29. 
 
The above-listed properties of fullerites and fullerides open up the prospects for using these 
materials in various magnetic, electric and optic devices.  

 
4.  Statistical Thermodynamics of Fullerites 

 
4.1. Intermolecular Forces 
                                                                                                               

It is well known that at the core of theoretical investigations of thermodynamic properties 
of materials, along with calculation techniques, are interaction potentials. For molecular 
crystals, very profitable is the atom-atom potentials approach.  
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In this case, intermolecular potentials are expressed in terms of interaction potentials 
between atoms included into the neighboring molecules and, if it is necessary, between 
charges located at the atomic nuclei and at the covalent bonds. The carbon atoms are 
retained in the fullerene molecule by covalent bonds and interact with atoms of other 
molecules through Van der Waals forces. They are described adequately by the Lennard-
Jones potential 

 

( ) ( )6 12 12 6( ) 4LJ r A r B r r rε σ σ Φ = − + = −  ,        (1) 

and the potential between two C60 molecules30−31 is 
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m n m n

r r r r

q q
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,           (2) 

where r1i, 2j are the coordinates of carbon atoms, b1m, 2n are those of bond centers, and qm,n 
are the effective bond charges. For orientationally disor-dered (gaseous, high-temperature 
crystalline and hypothetical liquid) phases, the Coulombic parts disappear by virtue of the 
electro-neutrality of molecules. 
 
The theoretical study of the thermodynamics of the high-temperature modifications of the 
fullerites was initiated by Girifalco32. Considering that the form of the C60 molecule is 
almost spherical and averaging the Lennard-Jones atom-atom potentials of a pair of 
molecules over all their orientations, he has deduced for the orientationally disordered 
phases the intermolecu-lar potential 
 

        

3 3 4
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1 1 2( )
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s s s s s

s s s s s
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Here s r a= 2 , r is the distance between the centers of the molecules; a = 3.55·10–8 cm the 
radius of their hard core,  
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( )
( )

62

122

12 2 ,

90 2

n A a

n B a

α

β

=

=
,                                                                                                   (4) 

 

А and В are the coefficients at the attractive and repulsive terms of the atom-atom Lennard-
Jones potential (1), while n = 60 are the number of atoms in the molecule. The parameters 
А and В were fitted in25 with experimental data for the lattice constant and heat of 
sublimation: 
 

                 
59 6

104 12

3.200 10 . ,

5.577 10 . .

A erg cm

B erg cm

−

−

= ×

= ×
                                                                                               (5) 

 

Noticing that the C70 molecule can be separated in five groups of 10 or 20 atoms, each one  
lying  in a spherical shell of a certain radius Ri (1 ≤ i ≤ 5), and generalizing the procedure of 
Girifalco, Verheijen et al.33 have obtained the intermolecular potential for its orientationally 
disordered phases 
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∑

∑

                                                                    (6) 

To calculate its parameters it is necessary a more detailed information on the shape of the 
molecule. 

Kniaz′, Girifalco and Fischer34, and independent-ly, Abramo and Caccamo35 utilized the 
Girifalco potential (3) for C70. This corresponds to approxi-mate the form of the molecule 
to a sphere whose radius is determined by fitting in the calculated with this potential lattice 
constant with its experimental value. The use of the same values of the parameters A and B 
for various fullerenes reflects the generality of Van der Waals atom-atom interactions in 
carbon. But the necessity of fitting the effective radius of the sphere to the experimental 
lattice parameter renders this method unsuitable in the case of fullerenes for which there are 
hitherto no experimental data.  

Recently it has been proposed the method 36 for the calculation of the coefficients of the 
Girifalco potential (3) for various fullerenes starting from their magnitudes for the C60 and 
using simple topological considerations, without additional fitting parameters.  
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Since the atoms of the fullerene molecules are situated on their surfaces, i.e. on two-
dimensional manifolds one can concede that the ratio of its effective radii 
 

  n ma a n m= .                               (7) 

 
Note that early, the idea of a spherical approximation for some higher fullerenes with radius 
related to the number of atoms in the molecule was used by Saito et al.37 and by Molchanov 
et al.38 but regardless to the interaction potentials. 
Using the known value of am for one fullerene, for instance for C60, it is easy to obtain the 
effective radius for any other fullerene. Substituting it into (4) gives the coefficients α and 
β in (3) for the Cn fullerene. Generalizing the procedure mentioned above gives the 
potential of interactions between different fullerene molecules Cm and Cn

39 

 

    ( )
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3 3 3 3
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( ) ( )1 1
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( ) ( )1 1

mn r
s s ss s
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δ δ
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 + + − −
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         (8) 

 

Here ( ),, nmmnmn aaDDrs +==  am and an are their effective radii, 
( ) ( )nmnm aaaa +−=δ , and the coefficients α and β are defined by the formulae 

 

( ) ( )4 10,
48 360m n m n m n m n

mnA mnB
a a a a a a a a

α β= =
+ +

      . (9) 

 

One can readily see that when m = n, the potential (8) transforms to the Girifalco potential 
(3) for the two Cn fullerene molecules36. 
We have calculated the effective radii (7) for a family of smaller and higher fullerenes, 
from C28 to C96 Substituting it together with (5) into (4) and (9) obtained the coefficients α 
and β of the intermolecular potentials (3) for them and (8) for interactions of the C60 
molecule with the molecules of some higher fullerenes from C70 to C96 and with the smaller 
one, C36. Their characteristics are given in Table 1. It is interesting that the coefficients α 
and β of the Girifalco potential (3) decrease with increasing number of atoms in the 
molecule, although the minimum point of the potential and the depth of its well of course 
increase. The Girifalco potentials for the eight fullerenes are shown in Fig. 6. One can see 
that their minimum points lie on a nearly straight line. Potential curves for interactions of 
C60 with some higher and smaller fullerenes are demonstrated in Figs. 7 and 8. It is 
apparent that the effective diameter of the hard core of the potential (8) Dmn is defined as 
the arithmetic  mean  between  those  of  Cm – Cm  and Cn – Cn 
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Fig. 6.  The  Girifalco  potential  for  eight  fullerenes: C28 (1), C36 (2), C50 (3), C60 (4)32, C70 (5), C76 (6), C84(7), 
C96 (8). 
 

Table I. Characteristics of the potentials(3) and(8) for various fullerenes (Dmn,  σ and R0 in 10–8 cm) 
 

M,n Dmn δ a(10-14erg) ß(10-17erg) σ R0 -ε/KB(K) 

60,60a 7.100 - 7.494 13.595 9.599 10.056 3218 
28,28b 4.850 - 16.058 286.64 7.358 7.080 1775 
36,36b 5.500 - 12.49 104.90 8.000 8.460 2182 
50,50b 6.481 - 8.980 28.19 8.976 9.443 2813 
70,70b 7.669 - 6.424 8.338 10.161 10.622 3594 
76,76b 7.991 - 5.916 5.281 10.480 10.946 3807 
84,84b 8.401 - 5.353 3.539 10.880 11.358 4080 
96,96b  8.981 - 4.684 2.074 11.468 11.936 4468 
60,36c 6.300 0.127 9.365 34.813 8.800 9.260 2639 
60,70c 7.384 0.0385 6.918 9.914 9.880 10.340 3400 
60,76c 7.545 0.059 6.612 8.326 10.035 10.502 3497 
60,840 7.750 0.084 6.245 6.695 10.239 10.705 3616 
60,96c 8.040 0.117 5.764 4.957 10.530 10.999 3777 

 
aGirifalco 32 
bThe work36 
cThe Work 39 
and it is used for the calculations of the coefficients α and β (9). Formulae for the distance 
r0  where  Φmn (r0) = 0,   for  the  minimum  point σ  and  for  the depth of  the potential 
well ε are not  available.  It can be seen from Table 1 that the r0 and σ coincide with the 
corresponding arithmetic means  within  hundredths of percent while ε with the geometric 
mean nnmmmn εεε =  within tenths of percent. 
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Fig. 7. Intermolecular potentials for C60 - C60 (1), C96  – C96 (2) and C60 – C96 (3). 
 
the r0 and σ coincide with the corresponding arithmetic means  within  hundredths of 
percent while ε with the geometric mean nnmmmn εεε =  within tenths of percent. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Intermolecular potentials for C60 - C60 (1), C36 - C36 (2) and C60 - C36 (3). 
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4.2.  Brief Sketch of the Statistical-Mechanical   Method  
 
In our investigations we use the correlative method of the unsymmetrized self-consistent 
field (CUSF), see e.g.40 - 45, that enables one to consider the strong anharmonicity of the 
lattice vibrations occurring temperatures higher than about one-half of the melting 
temperature. Its zeroth approxima-tion includes the strong anharmonicity up to the fourth 
order, and taking into account the rotational and intramolecular degrees of freedom, the free 
Helmholtz energy and the equations of state of a cubic crystal at temperature Θ = kT under 
pressure Р are of the form 
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Here N is the quantity of molecules (the Avogadro’s number), m the mass of the molecule, 
I1, I2 and I3 are the moments of inertia (for molecules of the spherical form, I1 = I2 = I2), ωj 
and gj are the frequencies and degeneracies of the intramolecular vibrations, a is the 
distance between the nearest neighbors, v (a) = V/N the volume of the unit cell, and 
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where Dν  are the parabolic cylinder functions, 
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+ ∑ ,             (14) 

 
F2, FH, P2, E2 and EH are the corrections of the perturbation theory that contain, in 
particular, the anharmonicity of higher orders.  
It is seen from (11) that the rotational and intra-molecular degrees of freedom have no 
influence on the thermal equation of state and on the properties related to it, the thermal 
expansion and the isothermal elastic moduli. But they give a significant contribution to the 
equation of energy (12) and the main contribution to the specific heats of the fullerites 
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 ′+ = 
 

∑ h hh              (15) 

 
that  increases  with temperature reaching about 80 – 90 % and making the difference 
between the isobaric and isochoric heats and between the isothermal and adiabatic elastic 
moduli very small.  
We study thermodynamic properties of orientatio-nally disordered crystalline phases of 
various fullerites depending on the temperature and pressure, including their equilibrium 
with vapor. In the last case, one has to add to the equation of state (11) the condition of 
phase equilibrium (equality of the chemical potentials) and the equation of state of the 
gaseous phase. For the latter one can use the virial expansion. Taking into account the 
second virial terms this reduces to  
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      (16) 

where 
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2

0

( )( ) 2 exp 1rB r drπ
∞  Φ  Θ = − − −  Θ  
∫              (17) 

 
is the second virial coefficient, f i = Fi/N, i = 2, H. The set of equations (11) and (16) 
together with (13) determine the temperature dependence of the saturated vapor pressure 
Psat(T) and of the distance between the nearest neighbors in the crystal a(T) along the 
sublimation curve.  
 
4.3. Some Results 
 
We have calculated the properties of C60

44– 46, C70
47−48, C76 and C84

49. Here are presented 
some results 50 for a family of fullerites from C36 to C96. 
 
4.3.1. Sublimation Curves 
 
The  intermolecular  distances  in  С36,  С50, С60, С76 and С96 together with the experimental 
data available for С60

51, 52 and С76
53 are depicted in Fig. 9. The  upper  branches a2(T) of 

these curves corres-pond to the absolute unstable thermodynamic states, since on them the 
isothermal bulk modulus of the crystal ВТ is negative. At the temperature TS, where both 
branches coalesce ВТ vanishes. From here it is seen the good agreement for the lower 
branches a1(T) with experiment. It is interesting that the points a(TS) lie practically on a 
straight line. 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. The intermolecular distances for fullerites along their sublimation curves: C36 (1), 
C50 (2), C60 (3), C76 (4), C96 (5). The vertical lines show the temperatures TS. 

Experimental data for C60 are taken from works by Mathews et al.51 (g), Fischer and 

Heiney (+)52, and for C76 from work by Kawada et al.53. 
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Fig. 10.  Saturated vapors pressures. Experimental data are taken from 54–57. 
 

To avoid encumbrance, the dependence of the logarithm of the saturated vapor pressures on 
the inverse of temperature is demonstrated in Fig. 10 only for С36, С60 and С96. For the 
lower branch this is in good agreement with available results of measurements  for  С60

47−50  

(and  also  for С70,  С76 and С84). Their temperature is dependence described by the 
equation 
 

                     log ,sat
BP A CT
T

= − −                      (18) 

 
the last term being due to the anharmonicity of lattice vibrations. The constant term A 
depends almost not at all on the number of atoms in the molecule, varying only by 2.2%. 
The coefficient В grows monotonically, while С decreases from the C36 to the C96, by about 
twice. Such a behavior agrees with experimental estimations of A and B available for C60, 
C70, C76 and C84 

57−62.  
 
In Fig. 11 we show the temperature dependence  of   the  enthalpies  of  sublimation  of 
fullerites. We compare them with the experimental data for С60 and С70

63, С76
58−59 and 

С84
61−62. One can see the agreement within the limits of experimental error, with the 

exception of the result for С76
57 whose difference from our calculations is slightly beyond 

these limits. Note also that our results show an excellent agreement with  recent computer 
simulations by  Fernandes et  al.64  presented  at  700 K (in kJ/mol): 170 ± 12 for  C60, 191 
± 13 for C70, 198 ± 14 for C76 and 212 ± 15 for C84. 
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Fig. 11. Enthalpies of sublimation. Experimental data for C60 (1) and C70 (2) are taken from work by 

Markov et al.63 (the values recommended), for C76 from works by Brunetti et al.58 (3), Boltalina et al.59 

(4), and for C84 from works by Piacente et al.61 and Boltalina et al.60. 

4.3.2. Thermodynamic properties 
 
Along the lower branches we have calculated the properties of the fullerites that are due to 
the lattice vibrations. All the elastic moduli decrease monotonically as the temperature 
increases. For heavy fullerites they are greater than for the light ones. The thermal 
expansion coefficient exhibits an opposite dependence on the temperature and on the 
number of the atoms in molecules. 

 

 

 

 

 

 

 

 

 

 
Fig. 12. Isothermal bulk moduli BT (odd numbers) and shear coefficients C44 (even numbers) of  the fullerites: 
C36 (1, 2), C60 (3, 4), C76 (5, 6), C96 (7, 8). 
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Two of the coefficients of thermodynamic stability, the bulk modulus BT and the shear 
modulus C44, vanish at T = TS, both as (TS – T)1/2, 
 
Fig. 12.  Therefore, TS is the spinodal point (the point of the loss of the thermodynamic 
stability), in the present case for the two-phase system crystal – vapor. Other stability 
coefficients, TC11 , TT CC 1211 −  and T/CV, remain finite and positive up to and including this 
temperature. Note that recently, great interest has been expressed in the loss of the 
thermodynamic stability of crystals, see e.g. 65, 66. 
 
The spectra of intra-molecular vibrations ωj and gj that give the prevalent contribution to 
the specific heats of the fullerites are known for С60 and С70 fullerenes67–69. That’s why, we 
have calculated the thermal properties only for these two fullerites. Their isobaric specific 
heats are shown in Fig. 13. Their molar values are considerably greater than those of the 
majority of other substances. Besides for С70 it is higher than for С60 because of the greater 
number of its intra-molecular degrees of freedom. At the same time, the gram atom specific 
heats of both fullerites are very close to each other (except for the small vicinity of the 
points TS, where the contribution of the lattice vibrations grows sharply). This is an 
indication of the proximity of the integral characteristics of their intramolecular vibrations. 
The agreement with experimental results available for C60 fullerite63, 66–71 is quite 
satisfactory.  
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Isobaric heat capacities for C60 and C70. Experimental data are taken from works by Y. Jin  et al.70 
(g), Matsuo et al.71 (+), Fischer et al.72 (♦), Lebedev et al.73 (    ), and Markov et al.63 ( ). 
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5. On a Possible Melting Curve of C60 Fullerite 

Shortly after the growth of macroscopic crystals C60 it has been started investigations on the 
possibility of its melting. Although the liquid phase of fullerites has yet been observed, 
discussions about its possible existence has persisted for years. 

 
Hagen et al.74 based on Monte Carlo simulations have reasoned that the liquid phase of C60 
has no the region of absolute stability and hence cannot exist. However other authors 
basing on various methods, e.g.75–79, have drawn the possibility of its liquid phase, although 
in a narrow phase diagram range. The estimations of its melting temperature (triple point) 
vary from 1400 to 1800 K. In our opinion, upper values are closer to the spinodal point of 
the solid phase, see Fig. 9, rather than to the melting temperature. Note that Stetzer et al.80 
have reported that C60 crystals heated at 1260 K for more than 10 min decomposed into 
amorphous carbon. However, this result has not been reproduced in other institutions, 
whereas the molecular dynamics estimation for the decomposition temperature of a single 
C60 molecule  comprises  yields  about 4000 K81. Thus, the investigations of the possibility 
of the liquid phase for fullerites are hitherto being continued79, 82–84. 
 
Owing to the lack of an unified rigorous microscopic theory for crystals and liquids, semi-
empirical criteria for melting are of frequent use which  are  stated  as  a  constancy  of  one 
or other characteristic of the solid phase on the melting curve (a peculiar kind of “integrals 
of movement along the melting curve”). They are: the Lindemann’s criterion, e.g.85, the 
Ross’ criterion86, the entropy87 and energy88 rules. The value of such a characteristic 
computed at a single melting point P, Tm(P), a(P, Tm) that is considered to be known, can 
de utilized for calculations of the melting curve. For instance, the first implies that on the 
melting curve 

                        2 ,q a constδ = =
r

                   (19) 
 

where 22 3 αqq =
r  is the mean-square displacement of a molecule from its lattice points points 

and a the nearest-neighbor distance. 
 
Calculating the mean-square displacements by the correlative method of unsymmetrized 
self-consistent field for strongly anharmonic crystals89−90 and utylizing the Lindemann’s 
criterion (19) we have estimated a possible melting curve Tm(P), VS(T) of the C60 fullerite91. 
As mentioned above, the liquid phase of fullerites has yet been observed while the 
theoretical estimates of the triple point of C60 lie between 1400  and 1800 K.  We have used 
our estimation T0 = 1500 K44 and calculated the Lindemann’s parameter (19) at this point 
a(T0) = 10.255x10-8 cm:  δ  ≅ 0.04190.    
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Note  that  this  value  is  less than in simple Van der Waals crystale by a factor 1.9 − 2.4. 
Such a distinction is caused by the presence of the finite-size hard core in the Girifalco 
potential. Then, we solved the equation of state (11) at various fixed pressures up to 

temperature Tm(P) at which 041.02 =aqr and calculated the molar volume at this 
melting point VS = V(P, Tm)  We have restricted ourselves to the temperature about 4000 K 
(and the pressure about 15 kbar) since at such temperature the C60 molecule is 
decomposed79. 
 
 

Fig. 14. The possible melting curve Pm = Pm(T), Vs = Vs(T) of the C60 fullerite. 
 
The results are shown in Fig. 14. The temperature dependence of the melting pressure is 
described very well by the Simon equation 

 

    
( )

0

( ) / bar 1
c

mP T T
b T

−  
=  

 
                   (20) 

 
Originally,  this  equation  has  been  proposed  for  the  melting  curve  of  Ar (see, e.g.87). 
For C60 fullerite  we  find  T0  =  1500 K,   b = 6643.8, c = 1.209. The temperature 
dependence of the molar volume along the melting curve is approximated by the formula 
 
 

( )0 0( ) ( ) 29.20lns sV T V T T T= −              (21) 

 
Note that this regularity is valid for many materials.  At first the logarithmic dependence of 
the molar volume on the melting temperature has been established for solidified noble 
gases from thermodynamic considerations92 and then has been confirmed experimentally93. 
It holds also for alkali metals (sodium)94.  
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Thus, we are finishing our review on the fullerenes and fullerites that has no pretensions on 
completeness. It may be pointed out that the knowledge of the thermal and elastic 
properties of fullerites is important in respect to their uses at various temperature and 
pressure conditions. One can utilize our intermolecular potential (8) with parameters listed 
in Table 1 in calculations of thermodynamic properties for the C60 fullerite mixed with 
higher and smaller ones. Interest has been expressed recently in investigations of mixtures 
of the fullerites95 - 96. 
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