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Thermodynamic properties of some polymeric forms of fullerite C60 
at temperatures ranging from 0 to 32t) K 
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The temperature dependences of the heat capacity C~p of fullerites C60 were studied at 
temperatures ranging from 5 to 320 K in an adiabatic vacuum calorimeter with an accuracy of 
0.4--0.2%. The fitllerite Cs0 samples were prepared by treating the starting fullerite C60 under 
8 GPa at 920 and 1270 K and "quenched" by a sharp decrease in pressure to -105 Pa and in 
temperature to ~300 K. Fullerite C~,0(8 GPa, 920 K), a crystalline polymer with layered 
structure formed by polymerized fullerene C~0 molecules, was obtained at 920 K and 3 GPa. 
Fulicrite C60f8 GPa, 1270 K), a three-dimensional polymer with a graphite-like structure 
formed by fragments of decomposed C60 molecules and containing many C(spS)--C(sp 3) 
bonds, was obtained at 1270 K and 8 GPa. Both polymers are metastable polymeric phases. 
The anomalous character of the temperature dependence of the heat capacity was revealed in 
the 4'9--66 K range for the polymer forlned at 1270 K. The thermodynamic functions of the 
substances under study were calculated for the 0--320 K region along with entropies of their 
formation from graphite. The entropies of transformation of the starting fullerite C~, 0 into 
metastable phases and that of intertransformation of phases were estimated. 

Key words: fllllerites Cs0(S GPa. 920 K) and C~,08 GPa, 1270 KI; calorimetry., he:it 
capacity: thermodynamic functions; entropies of intertransformation of phases. 

When fullerite C60 is t reated under  high pressure and 
then both the pressure and temperature  are sharply 
decreased, this "que~ching"  results in the format ion o f  
phases the rmodynamica l ly  metastabte under  s tandard 
conditions,  l - s  Trans format ions  of  fifllerite C60 afford 
the following impor tan t  products: molecu la r  cry'stals 
with in te rmotecular  dis tances  shorter than those in the 
starting fullerite; po lymer ic  products,  in particular,  those 
with C(sp3)- -C(sp  3) bonds between the C60 molecules ;  
turbostrate fullerite consis t ing of  residual C60 molecu les  
linked by a network o f  hexahedrons  of  C a toms that  
were formed by the decompos i t ion  of  some fullerene 
molecules:  amorphous  d iamond  of  nanosize d i m e n -  
sions; and superhard fulleri te consisting of  carbon films 
in the sp 3- and sp2-valent  states (in a ratio of  4 : 1) that  
were fo rmed  by the comple t e  d e c 0 n i p 0 s i t [ o n o f t h e  C~ti 
molecules.  6 C o m b i n e d  spectral ,  X-ray structural ,  and 
calorimetric tools have been used to study the properties 
and condit ions o f  mter t ransformations of the phases. 7-13 
However.  differential  scanning calorimeters ,  which are 
most often used in the calor imetr ic  study of  fullerites,  
give only a qual i ta t ive picture of  tempera ture  d e p e n -  
dences of  the heat  capacity.  14 High-precis ion adiabat ic  
vacuum calor imeters  have been applied only in two 

works t l , iz  on the temperature dependences  of  the heat 
capacities o f  tilllerites in the 6 - -350  K region. 

In this work,  we used ca lor imetr ic  methods  to study 
graphite-l ike fullerite C60 obtained by treating C60 un-  
der 8 G P a  and 1270 K. 

Experimental 

Starting fullerite C60 was prepared in the Institute of Orga- 
nometallic Chemistry, of the Russian Academy of Sciences 
(Nizhnii Novgorod). Fullerite C60 was treated in the Scientific 
Technical Center "Superhard Materials" (Troitsk, Moscow Re- 
gion) in a toroidal chamber under g GPa; one sample. 
C60(8 GPa, 920 K), was obtained at 920 K, and another 
sample, C60(8 G Pa, 1270 K). was obtained at 1270 K. The 
procedure has been described previously, ls After treatment, 
both fuilerite samples were quenched to yield ski-nples that were 
thermodynamically metastable phases under standard condi- 
tions. X-ray diffraction analysis was carried out on a Kord-6 
diffractometer with a planar proportional chamber on fast delay 
lines. The accuracy of measurement of the angle was 0.02 ~ . 
(Cu-Kct) radiation and a graphite monochromator were used. 
Diffraction patterns were obtained from regions of 250--300 izm. 
According to the published data, 8,t6 an increase in the tem- 
perature transforms crystalline fidlerite C60 (face centered cubic 
lattice) tinder the pressure of 8 G Pa into orthorhombic, tet- 
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ragonal, and finally into rhombohedra[ phases. At temperatures 
< 1000--1100 K. the C~0 cavities were retained, whereas the C60 
molecules polymerized to form one- and two-dimensional struc- 
tures. In the rhombohedral phase, the polymerization resulted 
in the shortening of the bonds between molecules from -2.9 A, 
in the starting C~0 to 164--1.68 ,,~ The diffraction patterns of 
the cry, sralline and amorphous phases of the fullcrites obtained 
at different temperatures are shown in Fig. l. Indexing in the 
hexagonal structure of  the rhombohedral cell of  the 
C60(8 GPa, 920 K) sample resulted in the following unit cell 
constants: a = 9.272(6) A. e = 24.24(4) A. The density of this 
sample found by the X-ray diffraction method was equal to 
l.q~ gem -3, and that obtained by weighing in a liquid was 
1.96+_0,02 gcm -3. The rhombohedral structure was composed 
of layers of polymerized C60 molecules oriented perpendicular 
to the diagonal plane of the cubic unit ceil. 

l h e  diffraction pattern of the sample obtained at 1270 K 
(see Fig. I, cu~'e 3) was similar to that for graphite (see Fig. I, 
curve 4), differing in a la~er  width of peaks and a shorter, as 
compared to the turbostrate graphite, interplanar distance d002 
(see Fig. I, curve 41. In addition, the maxima from planes 
(f00) and (101) were not resolved on the X-ray pattern. Taking 
into account that the samples with a disordered structure had a 
high hardness (It >:" 30 Gea 3) with interplanar distance shorter 
than that tbr graphite, we assumed that the structure of  the 
sample synthesized at 1270 K contained a larger fraction of sp 3 
bonds than the graphite sample. The density of the sample 
measured by weighing in the liquid was 2.18k0.02 g cm -3. 

A TAU-I adiabatic vacuum cgdorimeter designed and cre- 
ated in VNI1FTRI (Moscow) was used for measuring the 
temperature dependence of tile heat capacity of tile synthesized 
fuller~tes. 17 The calorimetric trade was a thin-walled vessel of 
stainless steel with a volume of 1.5. 10 - ~ m  3 and a weight of 
2.06. 10 -3 kg. The temperature was measured by an iron- 
rhodium resistance thermometer  (R 0 = 100 O h m )  The 

�9 heat cap'~city of an empty calorimetric tube changed from 
0.0038 J mot -f  K -~ (5 K) to ~.275 Jmo1-1 K -I (340 KJ. 
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Fig. I. Diffraction patterns of the starting fullerite C6~ ~ (I),  
fidlerite C6,~(8 GPa, 920 K) {2), fullerite C60(8 GPa, 1270 K) 
(3), and graphite (4). 

The heat capacity of fullerite Ce0(8 GPa, 920 K) was mea- 
sured between 5 and 320 K. and that of fidlerite C60(g .GPa, 1270 K) 
was measured between 5 and 307 K. The bodies of the samples 
under study loaded in a calorimetric tube were 0.4535 �9 10 -~ and 
0.4577 - 10 -~ kg, respectively. In 7 and I l series of measurements 
reflecting the sequence of experiments, 125 and 115 experimental 
values of C~ were obtained. The root-mean-square deviation of 
the COp p~inm from the corresponding averaging cueees C"p = )( ;q 
in the 5--90 K range was equal to +__0.06%, and in tile 90--320 K 
range, it was +0.07%. For both samples of the fullerites under 
study, tile heat capacib' with respect to the cumulative heat 
capacity of the calorimetric tube with the substance gradually 
increased from 2,6% at 5 K to 13% at 300 K, 

Results and Discussion 

The heat capacity of fullerites C~0(8 G Pa, 920 K) and 
C60(8 GPa,  1270 K) increa.ses smoothly as the tempera- 
ture increases (Fig. 21, but within the 49--66 K tempera- 
ture range, an anomalo,s  dependence  o f  C~; oll Y is 
observed for the sample obtained at 1270 K. Tile positive 
deviation of  the heat capacity from the standard depen- 
dence on T was recorded for this interval (Fig. 3, dotted 
line in cu~'e 2), The maximum excessive value of  the heat 
capacity ,~C'p = 9.38 J m o l  - I  K -I  eorresponcks to the 
temperature "/"rr = 61 K. The excessive enthatpy calculated 
for the indicated anomaly ,xtt~ = 107.7 J tool -1, and 
en t ropy  ASt ir  ~- ,~H~rr//'l~rr = 1.8 J m o t  - I  K -1.  Based  on 

tl~e thermodynamic  parameters and reproducibility of the 
anomaly on heating a~d cooling of  the sample,  we may 
a~%ttme that it corresponds to a relaxation transition of the 
"order*disorder"  type related to the excitation of  motion 
of atomic groups on heating of the fullerite and freezi ,g of 

their mot ion  on cooling. 
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Fig. 2. Temperature dependences of the heat capacities of 
fullerite C60(8 GPa, 920 K) (1), fullerite C~,(j(8 GPa, 1270 K~ 
(~,  and fullerite C~0 {,5'). zz 
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Both fullerites have no transibrmations of the first 
order and G type, which appear for the starting fullerite 
C60 within the 185--275 K inte~'al and at 86 K. respec- 
tively (see Fig. 2, cu~e  1). Disordering corresponds to 
the first transformation: transition to free rotation of 
C60 molecules in the points of the c~'stalline lattice and 
rearrangement of a simple cubic lattice into a l:ace 
centered cubic lattice. The second transformation is 
related to the "freezing" of transition of the fullerene 
molecules from the orientation state with a high energy 
to tile orientation state with a lower energy upon cool- 
ing and "thawing out" upon heating.IS Similar transfor- 
mations are absent in the fullerites under study due to 
the structural and physicochemical changes accompany- 
ing their preparation from futlerite C60 affected by the 
action of p and T. Since on treating C60 at 920 K and 
specified pressure, the two-dimensional polymerization 
of the fullerene molecules occurs, the oscillating mo- 
lecular framework gains strength, and the heat capacity 
of the sample decreases. Evidently, this is the reason 
why the heat capacity C~ of fi~llerite C60(8 GPa, 920 K) 
is lower than that of the starting fidlerite C60 (see Fig. 2, 
curves 1 and 3, respectively). 

For the sample of fullerite Cb0(8 G Pa, 1270 K), the 
C~ values within the 70- - t80  K interval are higher, and 
at T > 180 K they are lower than those of the starting 
fullerite C60. However, the differences in the heat ca- 
pacities over this temperature range are low and do not 
exceed 2% at 300 K. In the low-temperature range (at T 
< 70 K, Fig. 3), the shapes of C~p = fiT) functions for 
fullerites are similar, and the C~ values at T < 30 K are 
similar even if they strongly differ from the heat capaci- 
ties for the starting fullerite C60. For example, the 
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Fig. 3. Low-temperature heat capacities of fullerite C60(8 G Pa, 
920 K) (/), fidlerite C60(8 GPa, 1270 K) (~. and fullerite C6o 
(3): dotted line on the C'~p =J~T) ptot (curve 2) is the standard 
run of the heat capacity of fullerite C60(8 GPa, 1270 K) in the 
interval of the anomalous dependence of C'p on 7". 

differences in heat capacities of C60 and fullerites C~(8 
GPa, 920 K) and C60(8 GPa, 1270 K) at 25 K amount to 
80%, at 40 K they are 60%, and at higher temperatures 
the differences decrease. For cry. stalline C60 and C0o(8 
GPa. 920 K), the experimental data on C~ are well 
described by the Debye function of ttle heat capacity 

C~ = nD(OD/Tt, (1) 

where D is a function of the Debye heat capacity, and n 
and 0 D are empirical parameters (for C60, n = 10 and 0 D 
= 58.82 K, for fullerite, n = I and 0 o = 75). Equation 
(1) with these parameters reproduces the corresponding 
experimental C~ values within tile 5--8 K interval with 
an accuracy of • and +-0.2%, respectively. For fullerite 
C60(8 GPa, 1270 K), we t:ailed to select the Debye 
function of the heat capacity but found that the experi- 
mental C~ values can satisfactorily be described by a 
third-power polynomial, which is characteristic, as a 
whole, of an amorphous substance. 

C~p = 0.00097T 3 - 0.0107T 2 + 0.11883T+ 0.00049. (2) 

In the 5--9 K temperature range, the differences 
between the experimental C~p values and those calculated 
by Eq. (2) do not exceed +0.09,% (C~p/J tool - l  K-I).  

The values of fractal dimensionalities of D suggest 
the heterodynamic character of solids) 9-z l  The D value 
can be obtained from the lnCv-- lnT function t9,21 de- 
rived from the equation 

C,. = 3/ND+ 1)k-N4D+ I ) -~(D+ l)(T/0,,,a• ~ (3) 

where k is the Boltzmann constant, N is the number of 
atoms in the molecule, 7(D + I) is the "t function, ?,(D + 1 ) 
is the Rienmnnian ~, function, and 0ma x is the maximum 
characteristic temperature. For the specific solid, A = 
3D(D + I)k- Nu + 1)" ~,(D + I), where A is constant, 
Eq. (3) can be written in the form 

InC~ = InA + Din( "/'/0ma 0. (4) 

Wi thou t  v io la t ing  accuracy it can be assumed that  at 
T < 60 K for  measured ful ler i tes C~p = C v and then,  
using the corresponding experimental data on the heat 
capacity within the 20--55 K range, we obtain for 
C60(8 GPa, 920 K) D = 1.48 and for C60(8 GPa, 
1270 K) D =. 2-24- Since solids with the laYered struc- 
ture are characterized by ihe value of D = 2 and the 
three-dimensional solids are characterized by D = 3, it 
can be deduced that the fullerite C60(8 GPa,  920 K) 
shows a layered chain structure, whereas the fu[lerite 
C60(8 GPa.  1270 K) exhibits structure that is interme- 
diate between a layered and a three-dimensional  topol- 
ogy. 

Equations (I) and (2) were used lbr the extrapola- 
tion of C'p of fidlerites from 5 to 0 K, assuming that 
they reproduce the heat capacity in the specified tem- 
perature interval with the same accuracy as in the 
5--8 K interval. The extrapolation of C~p was necessary 
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for the calculation of  enthalpies,  entropies, and Gibbs 
f imctions of  fullerites in the 0 - -320  K region (Table 1). 
For 298.15 K and p = 101.325 kPa, the values of  the 
flmctions of  the fullerites under  study mid starting fullerite 
C60 are presented in Table 2. The  calculation procedure 
of  the functions has previously been published, zz Tile 
zero entropy S% = 35 J tool -I K-J of  fifllerite C~0(8 GPa,  
1270 K) was estimated from the known data, z3 and S% 
t'or crystal l ine fidlerite C60(8 GPa ,  920 K) was accepted 
to be zero. 

T h e  changes in entropies  during hypothetical  trans- 
format ions  of  fullerite C60 into the fullerites hereby 
desc r ibed  and i n t e r t r ans fo rma t ions  o f  futlerites at 
298.15 K and standard pressure (see Table I) are pre- 
sented in the following scheme.  

Table 1. Themlodynamic flmctions of futlerites under study 
calculated per mole of C60 (M = 72066 g tool -I) 

T/K C'~,(T) 5"(1) - 3"(0) ft~ - H~176 - fP(0)] 

J mol -! K -I kJ tool -I 

C 125_t_a IJjJ)e C o 0 .(~_ G P__a~9_2_0__K_ ! 
5 0.20 0.069 0.00(}26 0.000l 
10 1.41 0.518 0.00386 0.0013 
15 3.25 1.412 0.01529 0.0060 
20 5.67 2.676 0.03744 0.0161 
25 8.49 4237 0.07268 00332 
30 I 1.62 6.058 0.1229 0.0589 
40 18.04 I0.280 0.2713 0.140r 
50 24.23 14970 0.4827 0.2661 
100 75.39 45.680 2.847 1.721 
150 165.50 92.680 8.794 5.108 
200 264.30 153.20 19.42 tl .2l 
250 338.80 225.20 35.69 20.62 
300 519.0 308.20 58.54 33.92 

A_m_o~hou~_C,0 8~_C, P__~J 220 Ki 
5 0.45 0.44 0.00119 0.00103 
l 0 1.10 0.92 0.00482 0.00440 
15 2.43 1.60 0.0134 0.0106 
20 4.65 2.58 0.0306 0.0209 
25 8.15 3.97 0.0621 0.0370 
30 12.74 5 84 0.1140 0.0613 
50 35.10 17.24 0.5785 0.2837 
100 t01.30 62.47 4.01 2.237 
150 202.40 121.90 11.51 6.771 
200 292.90 [92.60 23.90 14.61 
250 396.20 269.20 41.16 26.13 
300 499.60 350.30 63.48 41.60 

Table 2. Thermodynamic functions of fullerite C6o 21 and 
fuHerites at 298.15 K and standard pressure 

Fullerene C~p 5~(T) H'(7) - - [ ~ ( T )  - 
(8 GPa, - H~ - H~'(0)I 

920 K} J tool - ]  K -I kJ tool -I 

C60 524.8 4265 72.44 54.72 
C60(8 GPa. 920 K) 5148 304.7 57.51 33.30 
C60(8 GPa, 1270 K) 495.5 382 62.49 51.40 

Ceo(8GPa. 920K) I ~*'S~(III) ~, [ C~(8 GPa, 1270K) i 

&9'(I) = -122 J tool -I K -I ,  
AS"~(II) = -45 J mol -I K - l ,  
AS~(l[ l)  = 77 J mol - j  K - i  

It can be seen that dur ing the two-dimens iona l  
polymerizat ion of fldlerene molecu le s  the entropy de- 
creases. This loss is related, on tile one hand, to the loss 
of  entropy of  free rotation o f  the fullerene molecules  
and. oq the other  hand. to the  appearance  of  a poly- 
meric framework with a more  rigid configurat ion than 
tile crystalline lattice of  ful leri te  C60. In process II, the 
entropy decrease is much lower  than that in process I. 
In this process, fullerite C60 is graphitized,  and its 
molecules  are decomposed.  This  results in an increase 
in tile entropy with tile s imul t aneous  cross-l inking of  
carbon hexagons formed dur ing the  decompos i t ion  of  
C60 by carbon atoms in the sp3-valent  state. This cross- 
linking is accompanied by a decrease  in the entropy that 
overlaps the entropy increase due  to tile decomposi t ion  
of  the C60 molecules and subsequen t  combina t ion  o f  the 
fragments formed. In process III ,  the  entropy increases 
because the increase in en t ropy  dur ing amorphiza t ion  of  
fullerite C60(8 G Pa, 920 K) is not  compensa ted  by a 
decrease m the entropy dur ing cross-l inking of  frag- 
ments of  the fidterene mo lecu l e s  in the synthesis of  
C6o(8 GPa ,  1270 K) from ful ler i te  Coo. 

The authors thank G. A. Dubitsky lot  help in tile 
work and N. P. Sereb~ 'anaya  for X-ray analysis of  
fullerites. 
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