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Thermodynamics of C60 fullerene in the 0--340 K range 

B. V. Lebedev, a* K. B. Zho$ova, • T. A. Bykova, a B. S. Kaverin, b It. L. Karnatsevich, b and M. A. Lopatin b 

aScientific-Research Institute of Chemistry at N. L Lobachevsky Nizhnii Novgorod State University, 
Block 5, 23 prosp. Gagarina, 603600 Nizhnii Novgorod, Russian Federation. 

Fax: 007 (831 2) 35 6480 
bG. A. Razuvaev Institute of Organometallic Chemistry, Russian Academy of Sciences, 

49 uL Tropinina, 603600 Nizhnii Novgorod, Russian Federation. 
Fax: 007 (831 2) 66 8666 

The temperature dependence of the heat capacity of C60 fullerene in the range of 5 to 
340 K has been studied by calorimetry. The temperatures and enthalpies of physical 
transformations were measured. From the experimental results, the thermodynamic functions 
Ca °, H*(7) - H*(0), ,.9(7), and G*(7) - /-P(0) were calculated for the 0--340 K range. The 
zero entropy ~(0) and the contribution of configurationai entropy So* to it, which is due to 
the transformation of fullerene to a glassy modification at 86 K, were estimated. The 
thermoehemical parameters of formation of C60, viz., AfH*, At,P, AfG* and IogKf*, at 
298.15 K and at the standard pressure were calculated. 

Key words: C60 fullerene, heat capacity, thermophysical transformations; enthalpy, 
entropy, free Gibbs energy; adiabatic vacuum calorimeter. 

At present, C60 fullerene t -3  is the object of various 
investigations, in particular, of  calorimetric studies. Re- 
cently, studies on thermodynamic properties of fuller- 
enes have been surveyed in a review. 4 Although a large 
m~mber of calorimetric studies dealing with the tempera- 
ture dependence of heat capacity and with the tempera- 
tures and enthalpies of physical transformations of C60 
fuilerene between 1 and 560 K have been reported, s - l °  
neither the numerical  values for its heat capacity nor 
data on the thermodynamic  functions or standard ther- 
mochemical parameters of its formation can be found in 
the literature. 

The purpose of the present work is to study by 
calorimetry the temperature dependence of the heat 
capacity of C60 fullerene in the 5--340 K range, to 
measure the temperatures of its physical transformations 
and the enthalpy of its phase transition in the range 
from 180 to 260 K, and to use the experimental results 
for calculating the thermodynamic characteristics of 
physical transformations and the thermodynamic func- 
tions Cp °, H°( 73 - H°(0), S°(73, G-~(73 - H°(0) for the 
0--340 K range as well as the standard thermochemical  
parameters of the formation of C60, viz., the enthalpy 
(AfH°), the entropy (Af~),  the Gibbs free energy (AfG~), 
and the logarithm of the equilibrium constant (IogKf °) at 
298.15 K. 

metallic Chemistry of the RAS (Nizhnii Novgorod) il by a 
procedure similar to the Krtttsehmer--Huffman method) Rods 
of graphite of the "extra pure 7-3" grade were used as the initial 
carbon. Combustion of the graphite rods in an are discharge 
(the Kratschmer--Huffman process) was carried out in a spe- 
cially designed setup, which has been described previously, l/ 
The combustion proceeded in a quasi-steady-state regime. The 
resulting mixture of fullerenes was extracted with toluene in a 
steel Sohxlet apparatus. The C60 fullerene was isolated from 
the extract by preparative liquid flash-chromatography using a 
~1 m long glass column 4.5 cm in diameter. A mixture of 
activated carbon (Norit A) and silica gel (Merck 60 A, grade- 
60, 230--400 mesh) in 1 : 1 ratio (v/v) was used as the 
stationary phase, and toluene was used as the mobile phase. 
The sample was dried in vacuo at --400 K. The proportion of 
impurities was no more than 0.02%.* According to the data of 
X-ray diffraction analysis (a Dron-3 diffractometer), the C60 
sample obtained was a crystalline material at room tempera- 
ture. The molecules of fullerene form a face-centered cubic 
lattice with a 0 = 14.2 A,, which is in good agreement with 
literature data. 13 

The temperature dependence of the heat capacity and the 
temperatures and enthalpies of physical transformations were 
studied using a TAU-I thermal atttomatic setup, which is an 
adiabatic vacuum calorimeter designed and produced at the 
VNIlFTR! (Moscow). The design of the calorimeter and the 
procedure for its operation have been described previously. 14 
All the measurements were monitored by a measuring and 
computing set-up, which included a computer, analog-to- 
digital and digital-to-analog converters, and a voltage switch. 

Experimental 

A sample of C60 fullerene containing no less than 99.98% 
w/w major substance was prepared at the Institute of Organo- 

* Impurities in the C60 sample obtained were analyzed using 
HPLC by A. M. Davydov (M. V. Lomonosov Moscow State 
University). 
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A thin-wall stainless-steel vessel with a volume of 1.5" 10 .-6 m 3 
and weighing 2.06.10 -3 kg was used as the calorimetric 
ampule. The temperature was measured with an iron-rhodium 
resistance thermometer (R0 ,, 100 ta). The temperature differ- 
ence between the ampule and the adiabatic shell was moni- 
tored by a copper to iron-chromel four-component then'no- 
couple. The sensitivity of the thermometric scheme was 
I • 10 -3 K, that of the analog-to-digital converter was 0.1 ttV; 
the speed of response of the measuring and computing system 
amounted to 10 s - t .  The calorimeter was calibrated with 
electric current. The heat capacity of the empty calorimetric 
ampule (Ca) varied from 0.0038 J K -I  (5 K) to !.275 J K -I  
(340 K). The root-mean square deviation of experimental Cp ° 
points from the averaging C a = f(7) curve did not exceed 
±0.16%. The reliability of the operation of the calorimeter was 
verified by measuring the heat capacities of copper of the 
"extra pure 11-4" grade, standard synthetic sapphire, and 
standard K-2 benzoic acid in the 5--340 K temperature range. 
Analysis of the data obtained indicates that the error of the 
measurements of the heat capacities of substances at tempera- 
tures close to that of liquid helium does not exceed ±2%. 
When the temperature increases to 40 K, the error decreases to 
0.5%, and in the 40--340 K range, it is as low as 0.2%. 

The heat capacity of  C60 fullerene was measured in the 
4.97--339.08 K temperature range. The weight of the sample 
under study placed into the calorimetric ampule was 0.7009 g. 
The ampule containing the substance was filled with a heat- 
exchange gas (He) up to a pressure of 1.3.103 Pa at room 
temperature, in 13 series of measurements, we obtained 150 
experimental values of Cp °. The heat capacities of the fullerene 
sample studied (with respect to the overall heat capacity of the 
calorimetric ampule with the substance) at 5, 15, 30, 100, 200, 
and 340 K amounted to 33, 40, 27, 19, 19, and 17%, respec- 
tively. The root-mean square deviation of the experimental Cp ° 
points from the average Cp ° =)~7) curve (Fig. 1) in the range 
between 5 and 100 K varied from +0.5 to ±0.4%, and that in 
the 100--340 K range was no more than ±0.2%. 

R e s u l t s  u d  D i s c u s s i o n  

Our  exper iments  showed that  in the tempera ture  
range studied,  C6o fullerene exists in three physical 
states: in a glassy crystal l ine state C - i l  ' ,  in the  crystal-  
l ine s ta te  C - l l ,  and  as p las t ic  crys ta ls  C - I .  The  
C - I l l '  ~--- C - I I  and C - l l  ~ C- I  interconversions are 
clearly manifested on the heat  capaci ty  curve (Figs. l 
and 2). The  C - I  crystals have a face-centered  cubic 
lat t ice ( F C C ) ,  in the nodes of  which spherical  C60 
molecules  execute virtually free rotat ion,  Is i.e., there 
exists or ienta t ional  molecular  disorder  typical  of  plastic 
crystals.16 When  the C- !  crystals are cooled to T < 7 ~ 
(C- I !  -+ C - l ) ,  the FCC-pack ing  rearranges to a s imple 
cubic latt ice (SC) and,  s imultaneously,  or ientat ional  
ordering of  the C60 molecules  in the nodes o f  the SC 
latt ice occurs, t0A7 According to published data,  17,is in 
the C - l l  crystals,  the C60 mo lecu l e s 'may  occur  in two 
energet ical ly  nonequivalent  or ientat ional  states, which 
are separa ted  by a relatively low energy barr ier  of  
1.12+_0.01 kJ tool - I .  The populat ions  of  these states 
depend  on the temperature .  It has been shown is,19 that  
in the  t empera tu re  range between 5 and 90 K, the 
propor t ion  o f  molecules  with the more  energetical ly 
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Fig. I. Temperature dependence of the heat capacity of C60 
fullerene in various states: ABC, for the C-II" glassy crystal; 
CDHI, for the C-II crystals; IFG, for the C-I crystals, HEF, 
the apparent heat capacity in the range of the C-II ~ C-I 
transition; BD, that in the range of the C-II" ~ C-II transition 
to the glassy state; TG ° is the temperature of the transforma- 
tion to the glassy state; 7~(C-II -~ C-l)  is the temperature of 
the C-l l  -~ C-I transition of crystals. 

favorable or ienta t ion is 0.833; as the  t empera tu re  in- 
creases from 90 to 260 K it decreases to  0.630, and after 
the  C - I I  ~ C - I  t ransformation,  this p ropor t ion  amounts  
to 0.500. The  fact that  the popula t ions  o f  the  or ienta-  
t ional  states are constant  at T < 90 K is due  to the  fact 
that  these states are frozen during the  t ransformat ion  to 
the  glassy modif icat ion,  i.e., during the G - t y p e  t ransi-  
t ion z° (see Fig. 2). The C - I I '  -+ C - I I  t ransformat ion  of  
crystals occurs  in the 81.0--88.5 K t empera tu re  range; 
this is matched  by the section BD in the  Cp ° = ] ( 7 )  plot. 
The tempera ture  o f  the TG ° t ransformat ion is 86 K (the 
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Fig. 2. Temperature dependence of the heat capacity of C60 
fullerene over the range of the transformation to the glassy 
state: ABK, for the C-ll" crystals, CDH, for the C-II crystals; 
KC, AC.* for the range of the C-II" -¢ C-II  transition at T = 
TG*; B~, for the range of the C-II" ~ C-II  transition. 



Thermodynamics o f  C60 fullerene at 0--340 K Russ. Chem. Buli., Vol. 45, No. 9, September, 1996 2115 

temperature at which the increase in the heat capacity 
during the C- l i "  -~ C-I I  transition is half the numerical 
value of ACt,°(TG °) is taken as TG °, as in the definition 
of glass transition temperaturesZt); the increase in the 
heat capacity at the transition temperature ACt,° (TG °) = 
4.5 J tool - t  K -I (see Fig. 2, section KC). The TG ° and 
ACt,°(TG °) values obtained are close to published data. s 
The nature of the C-I I "  - ,  C- l l  transition has been 
confirmed by previously reported s results of calorimetric 
studies of relaxation characteristics of C- I I '  crystals. 

The relatively rapid increase in the heat capacity in 
section HE of the curve (see Fig. !) is apparently due to 
the contribution to the Ct, ° value of the energy of the 
transition of molecules from the lower-energy orienta- 
tional state to the higher-energy state, it has been 
shown s,9 that the variation of the fraction of molecules 
that have passed from one orientational state to the 
other as a function of the temperature is adequately 
described by the van't Hoff equation. The correspond- 
ing contribution to the heat capacity (the difference 
between the heat capacities represented by the curves 
HEand H l a t  the corresponding temperatures, see Fig. 1) 
also varies adequately. 

The C- I !  --, C- I  transformation occurs in the 185-- 
275 K temperature range. The temperature 7b(C-ll  --+ 
C- l )  = 260.7 K, at which the apparent heat capacity is 
the greatest (C*~max) = 34747 J mol - t  K - t )  over the 
range of  transition, was taken as the temperature o f  
transition. The enthalpy of  transition AHe(C-II ~ C-I)  = 
7.46+0.15 kJ mol - I  was measured by calorimetry using 
the known technique o f  the continuous introduction o f  
energy, zl The average result over four experiments is 
presented together with the arithmetic mean deviation. 
The  en t ropy  o f  t rans i t ion  AS°(C-I I  --+ C - l ) =  
28.6+0.6 J mol - t  K - t  was calculated from the enthalpy 
and the temperature o f  the transition. 

a,9(C-II -+ C-l) = A/P(C-II --) C-I)//~(C-ll  ~ C-l) (1) 

Thermodynamic characteristics of  this transition, rela- 
tively close to our results, have been reported in a series 
of  papers, s,¢--t° The nature of  the phase transition has 
been interpreted fairly comprehensively previously, s,t3A7 
Note only that this transition can be in principle re- 
garded as a combinat ion o f  two transformations: a sec- 
ond-order  transition o f  the "order--disorder" type and a 
first-order phase transition. The former corresponds to 
disordering of  the molecules in the crystal lattice, and 
the latter corresponds to SC to FCC rearrangement 
during the C- I I  --, C- !  transformation. 

From the experimental data obtained, we calculated 
the thermodynamic  functions of  C60 (Table 1). The 
extrapolation o f  the heat capacity to 0 K was ac- 
complished using the Debye heat capacity function 

Cp* = nD(Oo//), (2) 

where D is the Debye heat capacity function, and n and 
0D are specially selected parameters. When n = 10 and 

0 o = 58.82 K, Eq. (2) describes the experimental values 
o f  Ct, ° in the 8- -  12 K temperature range with an error of  
+0.796. The functions were calculated with the assump- 
tion that in the 0--8 K temperature range, the error o f  
the determination o f  heat capacity from this equation is 
approximately the same. It was also assumed that in the 
temperature range of  the C- I I  --+ C-I  phase transition, 
the normal values o f  heat capacity are represented by 
the dashed line HIF (see Fig. !). This Ca° = f iT)  de- 
pendence was chosen in a way similar to that described 
for adamantane,  zz which exhibits a very similar Ct, ° = 
f iT)  dependence in the same temperature range. The 
Cp°(7 ") values presented in Table I correspond to the 
data of  the Ct, ° = 3~ 7) dependence shown in Fig. 1 (the 
ABCDHIFG curve). The enthalpy /-P(/) - H°(0), the 
entropy SO(T), and the Gibbs function 6P( / )  - He(0) 
were calculated from Eqs. (3)--(5) 

T 
/P(1) - H*(O) = fCp*(T)dT + A/P(C-ll -)  C-l), (3) 

o 

T 
,.~(T) = ,~'(0) + ICp*(T)d lnT  + AS~(C-ll  --) C - l ) ,  (4) 

o 

G*(/) - / P ( 0 )  = I /P( / )  - /P(0)I - TS*(7), (5) 

where Cp*(/) corresponds to the ABCDHIFG curve in 
Fig. 1. The procedure for the calculation o f  the func- 
tions was described in detail in our previous study, z3 

The 3"(7) value was calculated taking into account  
the zero entropy SO(0) o f  fullerene, Le., the residual 
entropy at 0 K. This is the sum of  two terms: ASc °, 
which is the eonfigurational entropy associated with 
freezing of  the fullerene structure during the G-transi-  
tion, and Soma, which is the entropy of  mixing of  the 
various orientational positions o f  the molecules, their 
ratio being constant at T < TG*. 

S'(0) = ASe* + A,~'mi x (6) 

The ASc ° term was calculated from the equation 24 

ASc* = ACp*(TG*)-In 1.29, (7) 

and ASOmi x w a s  found from the Schottki--Wagner  for- 
mula zs 

A.gmix = -R(NIIn N I + N21n N2), (8) 

where N t and N 2 are the mole fractions of  molecular 
orientations in positions 1 and 2 frozen at T < TG °. By 
substituting the corresponding values ACp°(TG)= 4.5 
J moi -I  K -I, N! = 0.835, and N 2 = 0.165 into Eqs. (7) and 
(8), 8,19 we obtained ASc ° = 1.15 J mol - t  K - I ,  ASOmi x = 
3.72 J mol -I  K - I ,  and S°(0) = 4.9+0.5 J moi -I  K -I .  The 
SO(0) value found by us is in good agreement with pub- 
lished data: z6 SO(0) = 4.7+0.5 J mol -I  K -I .  

The enthaipies of  combustion (AeHe/kJ moi - l )  and of  
formation (AfHe) of  C60 fullerene at 298.15 K and at 



2116 Russ.Chera.Bull., Vol. 45, No. 9, September, 1996 Lebedev et al. 

TaMe !. Thermodynamic functions of C60 fullerene for the 0--340 K range 

T/K C °* tP( T) - /P(0) ~ (7 )  - [ 6 * ( 7 ) -  /-P(0)] 
/kJ mo~ -I K -I /kJ mol -I /J 11101 -I !( -I /kJ mol -I 

C-iI" crystals 
0 0 0 4.9 0 
5 2.368 0.00296 5.7 0.02554 
10 13.78 0.04061 I 0.4n 0.06339 
15 24.99 0.1394 18.3 0.1351 
20 33.18 0.2867 26.7 0.2473 
25 39.00 0.4677 34.7 0.3998 
30 41.82 0.6717 42.2 0.5943 
35 43.62 0.8850 48.7 0.8189 
40 45.66 I.108 54.7 1.080 
50 49.71 1.585 65.3 1.680 
60 53.76 2.102 74.7 2.380 
70 59.88 2.668 83.4 3.170 
80 68.70 3.309 92.0 4.051 
86.0 76.62 3.743 97.2 4.616 

C-il crystals 

86.0 76.62 3.743 97.2 4.616 
90 84.30 4.066 100.9 5.015 
100 96.60 4.970 110.4 6.070 
110 111.9 6.008 120.2 7.214 
120 128.7 7.205 130.6 8.467 
130 145.6 8.574 141.6 9.834 
140 164.4 10.12 153.1 11.31 
150 185.5 11.87 165.1 12.90 
160 206.7 13.82 177.7 14.61 
170 231.0 16.01 191.0 16.46 
180 255.3 18.44 204.8 18.42 
190 (279.3) 21.11 219.3 20.56 
200 (303.3) 24.03 234.2 22.79 
210 (327.2) 27.18 249.6 25.24 
220 (351.2) 30.57 265.4 27.82 
230 (375.1) 34.20 281.5 30.55 
240 (399.0) 38.07 298.0 33.45 
250 (422.9) 42.18 314.8 36.52 
260 (445.9) 46.53 331.8 39.74 
260.7 (449.4) 46.89 333.2 39.96 

C-i crystals 

260.7 (449.4) 54.35 361.8 39.96 
270 (467.4) 58.47 377.3 43.40 
280 487.8 63.25 394.7 47.27 
290 508.5 68.23 412.1 51.28 
298.15 524.8 72.44 426.5 54.72 
300 528.8 73.42 429.7 55.49 
310 551.5 78.82 447.4 59.87 
320 574.0 84.45 465.3 64.45 
330 595.5 90.29 483.3 69.20 
340 615.9 96.35 501.7 74.23 

* The Coo values obtained by interpolating the temperature dependence of Cp ° in the 
185--275 K range (see Fig. 1, the HIFcurve) are given in parentheses. 

standard pressure (see Ref. 27), as well as the entropy 
(~fS~/J mol -I K-t) ,  the Gibbs energy (ArG~/kJ mol-I) ,  
and the logarithm of the equilibrium constant (IogKf °) for 
the formation of C60 fullerene from graphite under the 
same conditions are given below. 

Ac/P ~rH ° ~rS ~ at6* IogKr* 

-25937+1617 2327+17 z7 420.85:1.2 2202+17 -0.386 

The procedure for the calculation of these values is 
similar to that reported previously, z3 It can be seen that 
ArG-" is a large positive value, which means that the 
spontaneous process 60 C(gr) ~ C60(cryst) (where C(gr) 
and C(cryst) are carbon as graphite and as crystals, 
respectively) is completely forbidden from the thermody- 
namic standpoint.  Only a non-spontaneous  process is 
possible, which is in full agreement with experimental  



Thermodynamics  of  C60 fuilerene at 0--340 K Russ. Chem. BulL , VoL 45, No. 9, September, 1996 2117 

data. 3 Note that spontaneous reactions are impossible 
when AfG ° is larger than 40 kJ tool - !  (see Ref. 24). 
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of  the Russian Foundation for Basic Research (Projects 
Nos. 95-03-10795 and 93-03-18368) and within the 
framework of the lnterbranch Scientific and Technical 
Program "Fullerenes and atomic clusters" (Project 
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