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Polythermal study of C60 solubility in tetralin
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The polythermal analysis of C60 fullerene in tetralin has been carried out by means of solubility and differential scanning
calorimetry methods in a wide temperature range.

Fullerenes are the only carbon species soluble in organic
solvents.1 Studies of fullerene solubility in various solvents
were mainly performed at 298.15 K.2–8 In this context, the poly-
thermal studies of C60 solutions are very important for calculating
the thermodynamic parameters of dissolution and better under-
standing the interactions in fullerenes solutions. We accurately
measured the solubility of C60 in pure tetralin (1,2,3,4-tetra-
hydronaphthalene) in a wide temperature range and calculated
the thermodynamic parameters of C60 solutions from the
solubility data. The formation of a solid solvate of C60 fullerene
with tetralin is also an important finding.

The samples of C60 fullerene (99.9% purity) were collected
from Fullerenes Technologies Ltd. (St. Petersburg, Russia).
Tetralin (99% purity) was obtained from Sigma-Aldrich and
used without further purification.

The saturation was carried out using 1 ml glass ampoules
fixed in a thermostat at an angle of 45° and rotated at 10 rpm.
The temperature was kept to within ±0.05 K. According to
our preliminary experiments, the saturation requires about 48 h
to complete. After mixing, the ampoules were kept at the
experiment temperature for 15 h. The fullerene concentrations
were measured to within 5% by liquid chromatography using
the Multichrom 1.5 program package.

The thermoanalysis of C60–tetralin samples was performed
using a DCS 204 F1 Phoenix differential scanning calorimeter
(Netzsch). Each sample was scanned several times within the
temperature range 188–373 K. The scanning rate was 10 K min–1.
Before DSC measurements, one set of samples was kept at
260±2 K during a period of several days to a month. The other
set of samples was stored at 293 K. The detailed technique of
crystallosolvate detection was described elsewhere.9–11

The measured solubilities of C60 in tetralin are collected
in Table 1. The solubility of C60 increases monotonously at
298–338 K, reaching a maximum solubility at 341 K. The
solubility data for temperatures up to 328 K are in good agree-
ment with results obtained previously12 (a maximum solubility
of C60 in tetralin at 329 K, which is 12 K lower than our value).
According to published data,2,11,13–15 the anomalous behaviour
of saturated fullerene solutions is due to the formation and

decomposition of solid solvates (crystallosolvates) of fullerenes
with solvent molecules. After crystallosolvate decomposes, the
properties of the saturated solution change dramatically because
of a change in bottom phase composition, which is in equilibrium
with the saturated solution. The change of the heat of solution
from endothermic to exothermic will result in the appearance of
a maximum in the temperature dependence of solubility.

The enthalpy of fullerene solution can be calculated using
the temperature dependence of solubility and the equation

The thermodynamic functions of fullerene sublimation and
those obtained from equation (1) allowed us to calculate the
thermodynamic characteristics of fullerene solvation. 

Let us discuss the DSC investigation of the C60–tetralin
system. The DSC curves allowed us to determine the tempe-
rature, enthalpy and entropy of incongruent melting and the
composition of solid solvates.16 A typical DSC curve for the
test system is shown in Figure 1. The first peak in the curve
corresponds to excess solvent melting, whereas the second
endothermic peak corresponds to the decomposition of fullerene
crystallosolvate. The temperature when the crystallosolvate
starts to decompose (348 K) corresponds to a maximum in the
C60 solubility. To verify this we scanned all of the samples
and obtained nearly the same results. Therefore, we suppose
that the crystallosolvate in the C60–tetralin system is stable, and
it has a short formation time (~1 h). The stoichiometric ratio

Table 1 Solubility of C60 fullerene in tetralin at different temperatures. 

T/K Solubility/mg cm–3 T/K Solubility/mg cm–3

298 12.23 343 39.47
308 15.19 345 31.35
318 17.06 348 29.12
328 22.61 353 27.62
338 25.52 358 24.68
340 30.19 363 19.75
341 40.37 368 17.52

dln X
dT

= .
∆solH0

RT2
(1)

Figure 1 DSC curve of the C60–tetralin system.
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Table 2 Thermodynamic characteristics of the C60 crystallosolvate observed
in tetralin. 

Timp/K ∆rH/kJ mol–1 ∆rS/J mol–1 s–1 Composition, 
Nf:Ntrl

347.7±0.3 29±1 (30)a 84±3 (86)

aThe values estimated from solubility data are given in parentheses.

1:(2.0±0.1)
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fullerene:solvent in the crystallosolvate was found using the
equation16

Here, m(C60) and m(S) are the fullerene and solvent masses
(mg) in the sample, respectively; M(C60) and M(S) are the
fullerene and solvent molecular weights (g mol–1), respectively;
∆Hexc is the heat of excess solvent melting (J); ∆fusH is the
melting enthalpy (J mol–1) of pure solvent. The thermodynamic
parameters (temperature Timp, enthalpy ∆rH and entropy ∆rS) of
incongruent melting and the composition of the crystallosolvate
are summarised in Table 2.

According to DSC data, a crystallosolvate, which has an
incongruent melting temperature of about 348 K, occurs in the
test system. Crystallosolvate melting produces pure fullerene
and the solvent:

The thermodynamic parameters of C60 solution and solvation
in tetralin can be derived from the temperature dependence of
solubility. Since there is a crystallosolvate in the C60–tetralin
system, the standard thermodynamic functions were calculated
using the solubility values xhyp, which represent the hypothetic
solubility of C60, i.e., considering the fact that solid phase is
composed of pure C60 rather than the C60 crystallosolvate.11,17–19

Note that xhyp = xexp after a maximum. The thermodynamic
functions were calculated using the following equations:11

where ∆rG
0 = ∆rH

0(1 – T/Timp) is the Gibbs free energy of
the crystallosolvate formation reaction (C60(s) + 2C10H12(liq) ®
® C60·2C10H12), ∆rH

0 and Timp are the enthalpy and temperature
of incongruent melting of the crystallosolvate, respectively.

The entropy of incongruent melting can be calculated
considering this process as a phase transition ∆rS = ∆rH/Timp
and that the ∆rH and ∆rS are temperature independent. The
thermodynamic parameters of C60 in the form of an ideal gas20

were used in the calculations of C60 solvation parameters (Table
3). The enthalpy of C60 solution in tetralin was estimated
according to equation (1) using hypothetical (xhyp) and experi-
mental (xexp) solubility values in the whole temperature range.

The results of our calculations indicate that the positive Gibbs
free energy of C60 solution ∆solG

0 is due to the significant
contribution of the entropy term. The enthalpy of C60 sublima-
tion is temperature independent within the test temperature
range; therefore, the enthalpy of C60 solvation ∆solvH0 is
constant. ∆solvH

0 gives the major contribution into the Gibbs
free energy of C60 solvation ∆solvG

0, which is negative. On the
other hand, the temperature dependence of ∆solvG

0 is controlled
by the entropy term, and its contribution increases with tempe-
rature. As a result, the C60 solvation is more favourable at low
temperatures.

The values of ∆solH
0 and ∆solS

0 for solubility data, where C60
solubility increases with temperature, may be obtained from
equation (1). Then, thermodynamic functions of crystallosolvate
decomposition (∆rH and ∆rS) may be estimated (these parameters
normally can be obtained using DSC). The values of ∆solH

0

and ∆solS
0 correspond to the crystallosolvate and the difference

between them and those values for pure fullerene represents
the enthalpy and entropy of incongruent melting of crystallo-
solvate. The calculated ∆rH and ∆rS (shown in Table 2 in
parentheses) are in good agreement with the experimental values.

This work was supported by the Russian Foundation for
Basic Research (grant no. 05-03-32696).
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n = – .
m(S)

M(S)

∆Hexc

∆fusH
(2)

m(C60)

M(C60)

C60·2C10H12 ® C60 + 2C10H12, ∆rH = 29±1 kJ mol–1. (3)

∆solG0 = –RTln x + ∆rG0 = –RT ln xhyp, (4)

∆solH0 = RT2 + ∆rH0, (5)¶ ln x
¶T

∆solS0 = + Rln xhyp, (6)
∆solH

0

T

xhyp = – xexp, (7)
∆rG

0

RT

Table 3 Thermodynamic functions (∆H0, ∆G0 in kJ mol–1, ∆S0 in J mol–1 K–1)
of solution and solvation of C60 in tetralin.a 

aThermodynamic characteristics calculated from hypothetical solubility values
are marked in bold.

T/K –ln x –∆solH
0 ∆solG

0 –∆solS
0 –∆solvH

0 ∆solvG
0 –∆solvS

0

298.15 4.4 13 11 81 197 135 208
308.15 4.5 13 12 81 197 133 207
318.15 4.8 13 13 81 197 131 207
328.15 4.8 13 13 80 197 130 205
338.15 5.0 13 14 81 197 128 204
340.15 4.9 13 14 80 197 128 203
341.15 4.6 13 13 77 197 129 201
343.15 4.8 13 14 79 197 128 202
345.15 5.1 13 15 81 197 126 204
348.15 5.1 13 15 81 197 126 204
353.15 5.2 13 15 81 197 125 203
358.15 5.3 13 16 81 197 124 203
363.15 5.5 13 17 83 197 123 204
368.15 5.6 13 17 83 197 122 204
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