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Using a Beckman thermometer, the concentration dependence of water crystallization temperatures was inves-
tigated for C60(OH)22–24 –H2O, C70(OH)12 – H2O, C70[C(COOH)2]3 –H2O, С60(C5H9NO3)2 - H2O, С60(C6H14N2O2)2
–H2O binary systems. The semi-empirical Virial Decomposition Asymmetric Model of virial expansion of the ex-
cess Gibbs energy of the light fullerene derivatives solutions was applied. On the basis of the proposed model,
partial and average molar thermodynamic functions of binary solutions as well as the conditions of stability
against phase separation were determined.
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1. Introduction

Investigation of water soluble derivatives of light fullerenes (in par-
ticular fullerenols, carboxylated derivatives of fullerenes and light ful-
lerene derivatives with amino acids and peptides) is at a leading edge
of nanoscience and nanobiotechnology [1–3]. This fact is connected
with a variety of application methods of the light fullerene derivatives
in different fields of science and technology especially in
nanobiotechnology and nanomedicine due to the unique properties of
these compounds such as: cytotoxicity against human tumor cell
lines; effects on cell cycle and apoptosis, in vivo radioprotective and
cardioprotective effects, antioxidative and free radical scavenger activi-
ties, protective effects against various cytotoxic drugs and irradiation
[1–6].

The present article is devoted to the investigation of excess thermo-
dynamic functions of systems containing water soluble fullerene deriv-
atives (fullerenols, carboxylated fullerenes, light fullerene derivatives
with amino acids, in particular with L-lysin, and L-hydroxyproline).
For the thermodynamic description of the light fullerene derivatives
aqueous solution, we have applied the semi-empirical VD-AS model
(Virial Decomposition Asymmetric Model) model [7]. This model is
based on the virial expansion of the excess Gibbs energy according to
mole numbers of the system components. This method was previously

applied for description of electrolyte solutions [8–10], non-electrolyte
melts (in particular semi-conductors) [11], as well as for solid solu-
tions [12,13]. In comparison with approach developed by Hill et al.
[14–21] devoted to extension of classical thermodynamics to
nanothermodynamics, the VD-AS model based on the classical thermo-
dynamic paradigm.

We have also calculated the concentration dependence of the activ-
ity coefficients of the solution components and the Gibbs energy of
mixing at 273.15 K as well as the phase boundaries of the diffusion sta-
bility of the nanocluster solutions.

Analysis of literature shows the lack of the data devoted to physico-
chemical properties of water-soluble derivatives of fullerenes; we can
refer only two types of studies:

(i) authors of [22–46] investigated the physico-chemical properties
of such fullerene derivatives as fullerenols, carboxylated fullerenes, de-
rivatives of light fullerenes with L-amino acids and obtained the exper-
imental data on concentration dependences of densities, refractive
indices, hydrogen ion concentrations, specific and equivalent conduc-
tivities, dissociation constants, apparent degree of dissociation, size dis-
tribution, diffusion coefficients, viscosities, etc. as well as determined
the solubility diagrams in binary and ternary systems containing
water-soluble derivatives of fullerenes;

(ii) several authors of carried out theoretical investigations of light
fullerene derivatives with amino acids, in particular the ability of C60
to interact with amino acids, the molecular structure of hybrid deriva-
tives based on C60 and amino acids, the dissociation constants (pKa) of
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fullerene derivatives with amino acids [47–49]. Other researchers [42–
48] performed theoretical investigations of the molecular structure, vi-
bration spectra and solvation mechanism as well as optical properties
and conductivity, of fullerenol.

2. Experimental

Water soluble derivatives of fullerenes (carboxylated fullerene - C70
[C(COOH)2]3, fullerenols - C60(OH)22–24, C70(OH)12 and derivatives of
C60 with L-lysine - С60(C6H14N2O2)2, L-hydroxyproline - С60(C5H9NO3)2
ofmass fraction purity 99.7–99.9%were used for the physicochemical in-
vestigation of their aqueous solutions. The reagents were produced in
Ltd. ZAO “ILIP” (St. Petersburg). The samples were used without further
purification. TheHPLС analysis of thewater-soluble fullerene derivatives
was performed using Shimadzu LC-20 Prominence apparatus with UV-
detection at 300 nm equipped with «Phenomenex® NH2» (150 mm х
2.0mm, 5 μm, 100 A) column, injection volumewas equal to 20 μl, injec-
tion speed– 0.2ml·min−1, eluent– acetonitrile/0.1% aqueous solution of
acetic acid (5/95). The characteristics of the samples are indicated in
Table 1.

For carrying out the cryoscopic investigations of binary systems,
containing water-soluble derivatives of light fullerenes (C70[C(COOH)
2]3, C60(OH)22–24, C70(OH)12, С60(C6H14N2O2)2, С60(C5H9NO3)2) we
have measured the concentration dependences of ice crystallization
temperatures for aqueous solutions of fullerenes derivatives. The mole
fractions of fullerene derivatives range from 1.6·10−6 to 3.5·10−4. The
ice crystallization temperatures were determined using a Beckman
thermometer with linear resolution ability of scale, ΔT

Δh, (Δh is the height
of mercury raising in the capillary) equal to 0.01 К·mm−1.

3. Results and discussion

3.1. Cryoscopic investigation of the soluble fullerene derivatives – H2O bi-
nary systems

The experimental values of the lowering of the ice crystallization
temperature for aqueous solutions of the light fullerene derivatives
(C70[C(COOH)2]3, C60(OH)22–24, C70(OH)12, С60(C6H14N2O2)2, С60

(C5H9NO3)2) are presented in Fig. 1 and Table 2. Fig. 1 shows that the
obtained dependences are extremely non-linear (the curves are con-
cave) in the whole studied concentration range even in very diluted so-
lutions. The latest fact indicates the significant non-ideality of the light
fullerene derivatives aqueous solutions. For comparison we have
added in Fig. 1 the concentration dependence of changing of the ice
crystallization temperatures for ideal solutions. It can be seen that the
obtained values of the decrease of the ice crystallization temperatures
for the fullerene derivatives solutions are one or two orders of magni-
tude greater than the corresponding decrease for the ideal solutions.
Thus, we can expect significant positive deviations from ideality of bi-
nary solutions, containing water –soluble derivatives of fullerenes
(Fig. 2).

For the water activity calculation, we have used the well-known
equation that can be obtained from the equality of the chemical

potentials of water in the pure ice and in the non-ideal aqueous solu-
tion:

lnaH2O ¼ −ΔH f
H2OΔT−ΔCpΔT2

R T f
0−ΔT

� �
T f
0

ð1Þ

where ΔHH2O
f is the melting enthalpy of ice (5990 J·mol−1), ΔCp

is the change of isobaric heat capacity for the ice melting process
(−38.893 J·mol−1·K−1), T0

f is the temperature of pure ice melting
(273.15 K), ΔT = T0

f − T, T is the temperature of the beginning of
crystallization process in the solution and R the universal gas con-
stant. Table 2 shows the lnaH2O values for the four studied systems
obtained from the experimental ΔT values.

For all investigated binary systems we have calculated lnγH2O (see
Table 2) using the following equation:

lnγH2O ¼ lnaH2O− lnxH2O ¼ lnaH2O− ln 1−x1ð Þ: ð2Þ

Eq. (1) was obtained in the symmetric reference state of thermody-
namic functions. In this case, for both solution components we can
apply the following:

aH2O xH2O ¼ 1
� � ¼ γH2O xH2O ¼ 1

� �
; ð3Þ

ananocluster xnanocluster ¼ 1ð Þ ¼ γnanocluster xnanocluster ¼ 1ð Þ; ð4Þ

where xi, ai and γi are the mole fraction, activity, and activity coefficient
of the i-th solution component, respectively.

On the basis of experimental data onwater activity, Matuzenko et al.
[49] have calculated the concentration dependences of lnγH2O and
d lnγH2O

dxnanocluster
derivative using a numerical approach for the C60

(C6H12NaN4O2)8H8 – H2O binary system According to Gibbs-Duhem

equation the calculation of concentration dependence of d lnγnanocluster
dxnanocluster

was performed by tabular integration. As a result the authors of [49] ob-
tained great positive values of lnγnanocluster. The latest fact is connected
with the type of normalization of the activity coefficients. There are
two principal conventions for the normalization of the activity
coefficients:

(i) The “symmetric reference state”. In this case it is necessary to
imagine the state of supercooled metastable pseudo-melt, which con-
sists of fullerene derivatives in monomeric state. The partial

Table 1
Provenance and mass fraction purity of the samples studied in this work.a

Name Supplier Mass fraction puritya Analysis method

C70[C(COOH)2]3 ZAO “ILIP” 99.7 Liquid chromatography
C60(OH)22–24 ZAO “ILIP” 99.9 Liquid chromatography
C70(OH)12 ZAO “ILIP” 99.8 Liquid chromatography
С60(C6H14N2O2)2 ZAO “ILIP” 99.8 Liquid chromatography
С60(C5H9NO3)2 ZAO “ILIP” 99.8 Liquid chromatography

a The purity analysiswas additionally performed in our laboratory; the results obtained
by the supplier and in our laboratory are in agreement.
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Fig. 1.Decreasing of the ice crystallization temperature (ΔT) of theС60(C6H14N2O2)2 –H2O
(∇), C60(OH)22–24 – H2O (○), C70[C(COOH)2]3 – H2O (Δ), С60(C5H9NO3)2 - H2O (□), C70
(OH)12 - H2O (◊) binary systems. x1 - mole fraction of solute in aqueous solution.
Dashed line corresponds to decreasing of the ice crystallization temperature of the ideal
solutions of non-electrolytes. Continuous lines represent the VD-AS model.
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