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Abstract: The last thirty years scientists carried out an active search of universal parameter of solvent C60 for predicting 
the solubility of fullerenes. However, this parameter was not found up to these days. In this paper it has been found an 
explanation of the impossibility of detection of such parameter. 

In present paper the features of the solubility of fullerene C60 molecules in nonpolar solvents have been studied. The 
molecule state diagram of the fullerene С60 molecules in solution at temperatures 265÷308 К and pressure range 1÷100 
МPа, indicating the existence field of β- and γ-modifications, has been constructed. 

Moreover, it has been shown that in the solutions of fullerenes C60 in the γ-state the solubility decreases with a rise in 
temperature since the chemical activity of fullerene molecule increases. For this reason during extraction procedure the 
temperature rise causes the value of extraction rate to increase, but solubility – to decrease, i.e. to diminish the 
concentration of fullerenes molecules in the solvent volume.  
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INTRODUCTION 

Constant research hydrogen capacity of 
synthesized nanostructured carbon materials [1-7] 
made experimental researchers to solve problems of 
the effective methods development for the extraction of 
fullerenes from fullerene-containing soot. Today, a 
large number of solvents have been studied, and a 
large database of experimental data on the solubility of 
C60 in solvents belonging to different classes of 
chemical compounds has been accumulated. The 
search for a universal solubility parameter C60 was the 
target of the first studies on the solubility of fullerenes. 
In most cases the C60 dissolution process was 
considered within the rule "like dissolves like". Various 
physical and chemical properties of substances were 
considered as the similarity factor. It was found that 
none of the solvents physical properties which studied 
is adequate. Authors of some works have suggested 
that fullerenes and other nanostructures can hardly be 
presented with the "classical" molecular circuit. 

In some works searches of quantitative dependence 
of the solubility of C60 fullerene molecules from the 
solvent structure in solution were carried out. If 
predictive parameters for some compounds were  
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found, however, they were not detected for the aliphatic 
and aromatic compounds which are powerful C60 
solvents. We had found a pattern of influence groups, 
substituting hydrogen in polimetilbenzene molecule, on 
the solubility of C60 [8]. The analysis of data on the 
C60 fullerene molecule the solubility showed that the 
rule "like dissolves like" does not always work. Thus, 
according to this hypothesis, the maximum C60 
solubility is observed in aromatic hydrocarbons. 
However, there are other examples. These include 
some non-aromatic solvents such as CS2, halogenated 
alkanes, where C60 solubility is higher than in 
benzene. 

In our view, the complex behavior of the C60 
fullerene molecule in solution is determined by its 
duality. The dualism of the C60 fullerene molecule is 
manifested in that, it being a molecule, exhibits the 
properties of colloidal particles in solutions at 
temperatures above 273 K. In this paper an attempt is 
made to classify solutions C60 depending on the state 
of the fullerene molecule in solution. 

1. Solutions of C60 Fullerene Molecules 

According to our ideas set out in [9-14] and above, 
there are three types of solutions C60: 1. true; 2. І- type 
colloidal solution; 3. II-type colloidal solution. On the 
formation of a particular type of solution is affected as 
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the state of the fullerene molecule (i.e. β- or γ-
modification [9-12]), depending on the thermodynamics 
of the system of the existence, well as nature of the 
solvent [8, 12-15], an important indicator which is the 
dielectric constant of the solvent itself (Figure 1). 

Considering thermodynamical conditions of the 
solutions existence, it should be noted that under 
normal pressure boundary of the existence of β- and γ-
modification of fullerene molecules (phase) is the 
temperature of 273 K [9, 10, 12]. Below this 
temperature, there is a modification of the β- of 
fullerene molecules, and above - γ- modification of the 
fullerene molecules. 

The β-state (below T = 273K) fullerene molecules 
dissolved in a liquid forms simple (molecular) solutions. 
In the case of solution oversaturation fullerene 
molecule coagulates and forms a colloidal solution of I-
type, consisting of nano-sized crystals of fullerene and 
solvent molecules. 

It should be noted that γ-state of fullerene 
molecules is characterized by formation of colloidal 
solutions only, which differ in the amount of fullerene 
molecules in colloidal particles that formed. 

Since the solutions, formed as a result of 
coagulation of fullerene molecules, i.e. the solutions in 
which the colloidal particles are combined by two or 
more molecules of fullerenes, are the colloidal solutions 

of I-type, then the systems, produced by the colloidal 
particles formed by one fullerene molecule, should be 
related to the colloidal solution of II-type. 

Considering solutions of fullerene molecules from 
position the nature of the solvent impacting on 
solubility, it should be noted that the nature of the 
solvent effects on the mechanism of interaction of 
solvent molecules with molecules of fullerene. The 
difference in the mechanisms of interaction between 
solvent molecules and fullerene molecules leads to 
formation of two types of colloidal fullerene solutions. 

If we consider the colloidal solutions of both types, it 
must be emphasized that the colloidal solutions of I-
type make the heterogeneous system. The solutions of 
II-type can be identified as a homogeneous system as 
they are in the β-state. However it is pertinent to note 
that, by virtue of the fact that the process of micelle-
formation goes on the surface of fullerene molecules, 
this system may be thought of as the heterogeneous. 
In this manner the fullerene molecules in the γ-state 
represents the colloidal particle making micelle, formed 
by the fullerene molecule surface and adsorbed layer 
and it constitutes the phase differing from the 
aggregate state both of solid and of liquid. 

In the subsequent subsections of paper present the 
results of experimental investigations substantiating the 
conception of existence of fullerene C60 molecules in 
solutions of three types. 

 
Figure 1: The schematic diagram and mechanism of formation of fullerenes molecules. 
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2. Anomalous Solubility of Fullerene Molecules 

Notification of American scientists about the 
anomalous solubility of the fullerene molecules 
appeared in 1993 [16]. It reported the experimental 
results on the temperature dependence of solubility of 
C60 molecules. They observed that this dependence 
displays the anomalous behavior on the experimental 
curves in the form of solubility maximum at the 
temperature near 280 K in all presented organic 
solvents. The revealed dependence did not fit into 
existing notion of solubility of compounds in the organic 
solvents. The solubility increase with the rising 
temperature is considered to be normally regular. 
However, neither this investigation nor works of next 
twenty years did not answer to the questions being 
examined. 

Later the solubility of fullerene molecules C60 was 
studied at temperatures of 278,2-308,2 K and 
pressures up to 340 MPa [17]. The C60 solubility initially 
increases with increasing pressure and then decreases 
with a sharp peak indicating on the analogy in 
connection with the solid-phase transformation. The 
thermodynamic analysis of solubility, conducted in this 
paper, has confirmed the assumption that two solid 
phases, corresponding to C60 (fcc) and С60

.2С6Н5СН3 

solvates, exist in the solution. The authors have 
pointed out an unusual phenomenon of C60 solubility 
enhancement with increasing pressure in a low-
pressure region, when compared with the decrease in 
solubility of the nonpolar molecular solids generally 
observed with rises in pressure. 

The answer to both questions has been given in the 
papers [11, 12] and discussed in paper [9]. The careful 
experimental study of the temperature dependence of 
the C60 solubility in toluene has been conducted to 
ascertain the anomalous behavior of fullerene 
molecules in solutions. We have carried out three 
series of experiments. The plot of the temperature 
dependence of the C60 solubility in toluene (Figure 2) 
[12] has been constructed on the basis of the arithmetic 
average values obtained in three series of experiments. 

The presented results qualitatively confirm the data 
received by other researchers [16, 17]. It is evident 
from experimental data that the solubility of fullerene 
molecules with increasing temperature of the solution 
in the initial section (the portion DB of the curve) obeys 
the laws of behavior of the true solutions, but at a 
higher-temperature portion BA it behaves abnormally. 
Based on the proposed in [9, 18, 19] temperature 
ranges of existence of the fullerene molecules 

 
Figure 2: The concentration hysteresis of solubility of fullerene С60 under changes of temperature [12]. 
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modifications, we can assume that β-modification 
exists in solution at the portion DB, and γ-modification - 
at the portion BA. 

If we correct the family of isotherms of solubility of 
fullerene molecules constructed according to the data 
of Sawamura S. paper [17], and represent them as 
solubility isobars and with the use of updated our data 
on the isobars (15, 65 and 80 MPa) as well as research 
data (Figure 2) found at the atmospheric pressure, then 
we obtain a family of isobars plots for solubility of 
fullerene molecules in toluene, presented in Figure 3. 

It is believed that maxima on the curves of the 
isobars of fullerene molecules solubility correspond to 
the transition of β-modification into γ-modification, and 
we have drawn the straight line through the points of 
molecular transitions on the isobars. Then, we transfer 
the tangent points of these maxima and straight line AB 
(Figure 2) to the P-T diagram and get the state diagram 
of the fullerene molecules in solution (Figure 3).  

The field enclosed by the temperature axis and the 
curve AB shows the thermodynamic conditions 
corresponding to the existence of fullerene molecules 
in the γ-modification. The field between the curve AB 
and the pressure axis corresponds to the 
thermodynamic conditions of existence of β-
modification of fullerene molecules, the curve AB 
shows the line of transition between the molecular 

modifications. Hence, it is evident from the phase 
diagram of the fullerene molecules in solution in the 
temperatures interval of 265-308K and pressures range 
of 0.1 - 100 MPa that for the transfer of fullerene 
molecule into the β-state at the room temperature there 
is a need to apply to the system the external pressure 
more than 70 MPa. 

For this reason we can also conclude that all 
studies, carried out by various researchers with 
fullerene molecules at the temperature higher 273 K, 
were directed to investigate the properties of γ- 
modification only.  

On the assumption that the true solution is formed 
on the solubility curve in the β-field, but after the 
concentration maximum the fullerene-containing 
complexes or the colloidal solutions of II-type are 
formed in the form of γ-modifications it can be 
somewhat in another way to interpret the experimental 
results on the Figure 2. In particular, it is possible to 
assume that the concentration hysteresis appears by 
virtue of the geometrical dimensions of the fullerene-
containing complexes to reduce on the curve portion 
"AB" with the reducing temperature and decrease in 
the chemical activity of the fullerene molecules (at the 
expense of decrease of the amount of solvent 
molecules in the complex). As this takes place, an 
additional amount of the solvent molecules, involved 
further in the moving of the additional quantity of 

 
Figure 3: The isobars of solubility of fullerene С60 molecule in toluene [12]. 
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fullerene molecules from fullerite to the solution, is 
released. In this case the temperatures of complexes 
formation exceed the temperatures of their destruction. 

Based on this, we can conclude that on the curve 
section "BC" (Figure 2) the structure changing of the 
fullerene molecules occurs, and consequently of the 
complexes. With decrease in temperature, the 
dissolved molecules are still confined by the solvent 
molecules in the compound of "depleted" complexes, 
whereas the fullerene molecules of β-state, being in a 
less active form and binding the smaller amount of 
solvent molecules, again dissolve and form the true 
solution. The existence of two systems in the solution 
on the curve portion BC produces the excess 
concentration of fullerenes in the solution. The 
migration of critical point (the concentration maximum) 
in the curve portion BC leads that different authors 
suggest the presence of maximum of dissolution at 
different temperatures in the range from 260 to 280 K. 
In addition the solvent nature, defined by the force of 
interaction of first layer of solvent molecules with the 
fullerene molecule, can affect on the value of induced 
period BC. Point "C" corresponds to the critical 
temperature of the existence of the complexes. Below 
this temperature, the complexes are completely 
destroyed, and the system forms a true solution. 
Locating of the system in the certain point of 

concentration hysteresis is defined by the state of the 
fullerene molecule in the solution. The temperature of 
molecular transition can be moved on a scale of 
temperatures depending on the chemical activity of the 
solvent and the system pressure. Based on the 
experimental data we can conclude that of prime 
importance is the knowledge of the sequence of 
measurements for the interpretation of the effects of 
the temperature dependence of the fullerene solubility. 

It has been also shown in paper [9] that increasing 
pressure at the dissolution of fullerene molecules 
stabilizes the β-state, making difficult their transition to 
the γ-state. For this reason, the critical point on a scale 
of solubility moves above (Figure 2), i.e. with rising 
pressure the transition shifts to a more high-
temperature region (Figure 4). Since in the β-state the 
fullerene solution in toluene behaves as true - that is 
the solubility increases with the rising temperature - 
then the shift of transition to the high-temperature 
region tend to increase the upper temperature 
boundary of β-state existence and cause solubility to 
increase. This provides an explanation for the observed 
anomalies in the paper [17].  

Thus, we have constructed the state diagram of 
fullerene molecules, corresponding to their behavior in 
the dissolved state. It has been shown that two 

 
Figure 4: The phase diagram of the state of fullerene С60 molecule in solution at temperatures 265÷308 К and in the pressure 
range 1÷100 МPа indicating the existence field of β and γ – modifications [12]. 
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different processes affect on the properties of solutions 
of fullerene molecules, as the process of restructuring 
of fullerene molecules, which entails the change of 
mechanism of interaction between molecules of 
fullerenes and solvent molecules. This initiates the 
process of transition of the true solution into the 
colloidal and reversely. Both of them are determined by 
the system thermodynamics. 

It should be noted an interesting feature of the 
considered process of transformations in the C60 
molecule, which is in solution. Its temperature is near to 
the critical temperature of existence of the living nature 
– 0oC. 

Also, in support that the concentration hysteresis is 
dictated by the formation of the fullerene-toluene 
complexes in γ-solution and in verification that the 
solvent molecules act as stabilizers in γ-solutions of 
fullerenes, we have conducted the research of 
processes of electrophoresis, the salting-out at low 
temperatures and photopolymerization of fullerenes 
solutions in toluene. 

3. Complexes with Charge-Transfer 

Thus, it has been shown that the fullerene molecule 
in solutions at temperatures above 250 K (depending 
on the temperature) exists in the two states, as β and 
γ. It has been assumed that the true solution of 
fullerene molecules is formed in the β-state, and the 
fullerene-toluene complexes are formed by molecules 
in the γ-state. 

To confirm this assumption, the experimental 
studies of the fullerenes solubility in the 

monosubstituted of benzene have been carried out 
(Table 1) [13-15]. The fullerenes solubility in benzene is 
1.5 g/l. 

The experiments have shown that by adding of an 
electron-donating substituents to the benzene the 
fullerenes solubility is increased, and by attaching of an 
electron-acceptor substituents to the benzene the 
solubility of fullerenes in them is reduced as compared 
with benzene. The obtained data demonstrates 
evidently that at the temperature above 270 K the 
fullerene molecules in solutions form the charge-
transfer complexes (CTC). 

4. Electroneutral Toluene-Fullerene Complexes (II-
Type Colloidal Solutions) 

To confirm the hypothesis of the existence of 
fullerene in solutions as electrically neutral fullerene-
toluene micelle or complexes experimental studies by 
electrophoresis of fullerene solution in toluene were 
conducted. Four systems were considered: toluene, 
fullerene solution in toluene, toluene and ethanol, 
fullerene solution in toluene – ethanol mixture. 
Experiments have shown that no toluene or toluene 
solutions of fullerenes are conductors of electric current 
at voltage to 2000V and 3-5 mm distance between 
electrodes. However, when adding ethanol in toluene 
electric current is appeared which intensity depends on 
the amount of ethanol and increases with the voltage 
rising on the electrodes. 

A similar situation exists with the addition of ethanol 
to a solution of fullerene in toluene (Figure 5). This 
behavior could be attributed also by the presence of 
ethanol in the solution, but in this case, fullerite 

Table 1: The Donor-Acceptor Mechanism of Fullerene C60 Dissolution in Aromatic Hydrocarbons (Benzene 
Monosubstituted) 

Composition of formed isomers, % 
Electron-donor substituents 

ortho- meta- para- 
Solubility of fullerene С60, mg/ml 

Chlorobenzene (С6Н5Cl)  29,6  0,9 69,5 5,70 

Toluene (С6Н5CH3)  58,5  4,4  37,1 2,90 

Ethylbenzene (С6Н5CH2CH3)  45,0  6,5  48,5 2,60 

 
Composition of formed isomers, % 

Electron-acceptor substituents 
ortho- meta- para- 

Solubility of fullerene С60, mg/ml 

Nitrobenzene (С6Н5NO2)  6,4  93,3  0,3  0,80 

Benzaldehyde (С6Н5COH)  19,0  72  9,0  0,42 

Benzonitride (С6Н5CN)  17  81  2,0  0,41 
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crystallizes on the positive electrode. In the absence of 
an electric field fullerite it precipitates as deposit. This 
can be explained by the fact that, since ethanol 
molecules do not react with fullerene molecules, then 
adding ethanol forms a solution of alcohol molecules 
with molecules of toluene (azeotrope) and destroy 
solvent shell of a micelle, existing in solution. 

Moreover, it shows that the fullerene micelles in 
solution after partial loss of solvent molecules from the 
shell, has got a negative charge and deposit formed as 
crystals on the positive electrode under the influence of 
an electric field. This indicates the presence of a 
negative potential on the outside shell of the molecule, 
i.e. uneven distribution (under the influence of solvent 
molecules) π-electron density at the inner and outer 
surfaces of the carcass of the fullerene molecule. It 
also follows that the core of the complex (colloidal 
particle) is negatively charged [20]. The experiment 
proves the existence in solutions of the electrically 
neutral fullerene-type colloidal toluene complexes in 
the form of micelles. 

5. Effect of the Fullerene Molecules State on the 
Photopolymerization Process 

To support the above assumptions experimental 
studies were carried out using photopolymerization of 
gamma-fullerene solutions as a confirmation that the 
solvent molecules are stabilizers of fullerene-toluene 
complexes. 

The phenomenon of photopolymerization of 
fullerenes solutions was observed during long-term 

storage solutions in the daytime, when the purple color 
of the solution changed to yellow. Our experiment was 
the fact that the saturated toluene solution of fullerenes 
(with excess of fullerite in flask) was irradiated using a 
flash. 

The experiments have shown that when 
temperature of a freshly prepared solution decreases 
from 307 to 283 K and they are subjected to flash 
irradiation fullerene is polymerized, and the solution 
changes its color to pale yellow. Apparently micelles 
are destroyed upon irradiation, and the fullerene 
molecules interact each other to form a polymer. 

At the time of photopolymerization, many solvent 
molecules are released, which going in interaction with 
fullerite, would again form the charge-transfer 
complexes, in this case restoring the color of the 
solution. However, the mentioned process does not 
take place; this confirms formation of complexes on a 
basis of polymer. The stabilized polymeric molecules 
by the solvent molecules provide yellowish color to a 
solution. By adding ethanol to the solution the 
fullerenes are salting out. 

Thus, the experiment has shown that both in the 
solutions of polymers and in the fullerenes solutions the 
solvent molecules act in the role of stabilizers of 
colloidal particles, as well as regarding the irradiation 
moment the fullerene molecules are present in a 
solution in the γ-state in the form of micelles. 

At temperatures below 273 K, the fullerene C60 
molecules under the influence of irradiation does not 

 
Figure 5: The dependence of the electric current I in saturated solution of fullerenes in toluene with addition of ethanol on the 
voltage U between electrodes.  
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polymerized, and in polymers the depolymerization 
process takes place [21-24], that confirms the low 
chemical activity of fullerene molecules in the β-state. 

In addition, the same color both of the C60 solution 
in β- and in γ-state indicates that in both modifications 
the doubled pentagons manifest themselves as 
chemically active center in the frame of fullerene C60 
molecules and the chemical activity of fullerene 
molecules is regulated by the outside component of π-
electron cloud of the frame. 

Experimentally, we have proved that in γ-solutions 
of fullerenes, the solvent molecules act as stabilizers of 
colloidal particles. 

6 . The Colloidal Solutions of II-Type 

As the solvent molecules act as stabilizers in 
toluene-fullerene complexes, such solutions may be 
called colloidal. 

This conclusion can be supported by consideration 
of the geometric parameters of the fullerene molecule 
[9]. Dimensional and boundary parameters can be 
attributed to them. 

1. The size parameter. In view of the fact that the 
Van-der-Waals diameter of fullerene C60 
molecule (more than 1 nm) is at the border 
between the extremely high-dispersed and 
molecular-ionic systems and the molecular size 
of fullerene compounds in the solution exceeds 
this limits, then on this parameter the fullerene 
C60 molecules are located in the dimensional 
region of extremely high-dispersed systems and 
fall into the size range of colloidal particles. 

2. Boundary parameter. The colloidal state of 
matter - a special state characterized by a high 
ratio of surface atoms of the colloidal particles to 
the number of atoms in the volume of the 
particle. Fullerene molecule - a limit point of the 
state in which the above ratio tends to infinity. 
For this reason, the main parameter that 
transfers the C60 fullerene molecule into the 
category of colloidal particles is presence the 
surface of the fullerene molecule, separating it 
from the external environment. The specific 
surface area in the molecular systems such as 
true (molecular-ionic) solutions is absent, 
because of a molecule does not have the 
surface in the usual sense of the word. On the 
other hand, the surface of the fullerene molecule 

cannot be regarded as the surface of a regular 
solid-state because it does not have the 
subsurface atoms. 

Thus, the feature of the fullerene molecule structure 
(and therefore their properties) is that it can be 
considered as a special colloidal particle that has the 
surface atoms only and does not have bulk ones. The 
density of the π-electron cloud of fullerene molecules, 
similar to carbon nanotubes, is distributed on the 
surface of the particles, and in its entirety. 
Redistribution of density may vary depending on the 
external environment, as evidenced by the formation of 
endofullerenes. Redistribution density π-electron cloud 
within the scope and outside of the fullerene molecules 
enables them to exhibit the properties in solution as the 
molecules well as the colloidal particles. The first state 
of molecules can be called β-state, and the second - γ-
state of fullerene molecule. 

The surface of one gram molecule of C60 is equal 
to 2628 m2. Very high surface energy of the fullerene 
molecules makes them active colloidal particles. 

The volume of toluene-fullerene complex formed in 
solution, can reach 398 nm3. Thus, the diameter of the 
micelles formed by dissolving γ-C60 in toluene at room 
temperature and atmospheric pressure is in the range 
8 ÷9 nm. 

Thus, the dualism of fullerene molecule allows it to 
form colloidal solutions with the formation of micelles. 

7. The Mechanism of Solvent Molecules Interaction 
with Molecules of Fullerene C60 

Now we have to consider the causes of the low 
solubility of C60 in a solvent, as a consequence of the 
colloidal nature of the γ-solutions. In addition, we will 
answer the question of why not all of the liquids are 
able to dissolve fullerene. 

We assume that the process of dissolution of the 
C60 fullerene molecules at the formation of colloidal 
solutions of II-type occurs in the following way. As a 
result of the interaction of solvent molecules with the 
fullerene molecules, which leads to the formation of 
charge-transfer complexes, there is a redistribution of 
intermolecular electron density, which entails its 
intramolecular redistribution between the atoms 
forming the two interacting molecules. In this case, the 
electron density and hence the reactivity of the solvent 
molecules that had interacted will differ from the 
original molecules. 
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The solvent molecule formed the complex with 
fullerene molecule, will be able to enter into interaction 
with the free solvent molecule, but just in the new 
conditions because it will has the properties of the 
formed complex and carry the influence of fullerene 
molecule. 

The interaction is balanced in the case when of 
electron-deficient properties of the fullerene molecule 
will be offset by π-electron-donor properties of the 
solvent molecules. In such the analysis of the 
interaction process it is logical to expect that the 
greater the donor ability of the solvent molecule, the 
smaller its molecules must be used to saturate the 
electronic deficiency of the fullerene molecule. 

In this case, when T is above 273 K, the fullerene 
molecules are converted into the colloidal particles and 
form around themselves the adsorption layer of solvent 
molecules. To compensate for the acquired potential 
around colloidal particle the external mobile adsorption 
layer of the solvent molecules is formed, transforming 
the colloidal particle into micelle. Based on studies of 
the diffusion mobility of the fullerene molecule in 
solution, we can conclude that in such solutions 
colloidal particles diffuse only. The lifetime of the 
micelle is very small in connection with mobility of 
molecules of the outer layer [9]. 

When forming a colloidal solution by the C60 
fullerene molecule, the diameter of colloidal particle 
(depending on the nature of the solvent) can be 
increased to 5 nm, whereas a diameter of the micelles 
can be 30 nm or more [12]. 

Based on the experimental data (Table 2), it can be 
concluded that with an increase in the solubility of the 
fullerene (i.e. chemical activity of solvent molecules for 
fullerene) the thickness of the sorption layer decreases. 

The minimum distance between the centers of two 
neighboring micelles can reach 6.5 nm, and the 
minimum thickness of the barrier between the fullerene 
molecules can be 5.5 nm. This space is filled with 
solvent molecules of adsorbed layer constituting the 
dispersion medium and acting as a stabilizer of 
fullerene molecules in solution. They hold the fullerene 
molecule at a desired distance, creating an energy 
barrier of anticoagulation. Reducing of the energy 
barrier, which protects the fullerene molecules from 
sticking together under the influence of molecular 
forces of attraction, leads to coagulation and 
crystallization of fullerenes. 

This occurs in solvents in which molecules have a 
high electron-donating ability and therefore form a very 
thin adsorption layer which is unable to hold the 
fullerene molecule at a desired distance in order to 
maintain the energy barrier anticoagulation. They are 
not capable of dissolving the fullerene because of 
molecular forces of attraction between molecules of the 
fullerene are stronger than the interaction of the 
fullerene molecule and a solvent molecule. Therefore 
they can only be adsorbed on the crystal surface, but 
do not transfer fullerene molecules into a solution. 

As the confirmation it should be noted that the 
dielectric constant is a parameter correlated with the 
amount of free charge carriers in solution, as well as 
the chemical activity of the solvent molecules. In this 
case it is necessary to pay attention to the fact that the 
solubility of C60 in toluene is 3 g / l at the dielectric 
constant of 2.4; in ethanol - 0.001 g / l at the dielectric 
constant of 24.3, and C60 in water is practically 
insoluble at its dielectric constant 78.  

In such a manner the hydrated fullerene molecule 
can exist in the very dilute solutions only. A variety of 
special-purpose methods of attachment of the water 
molecules to the fullerene molecules is used to 
produce such hydrated molecules. Thus, the higher the 
dielectric constant of the solvent (i.e. solvent molecules 
reactivity for fullerene), the less fullerite soluble in it. 

Experiments have shown [11, 12], that on the one 
hand, reducing the number of the solvent molecules 
used for the construction of micelles, allows a greater 
amount of fullerene molecules to dissolve, and on the 
other hand, this reduces the anticoagulation energy 
barrier. The state of solution, in which the energy of the 
molecular forces of attraction of fullerene molecules 
become predominant over the energy of barrier of 
anticoagulation, can be called as the coagulation 
threshold of fullerene molecules. 

Returning to the section 4, it is noted that the 
throwing of the alcohol in the toluene solution of 
fullerene molecules alcohol molecules form azeotrop 
with molecules of adsorbed outer layer and detach 
them from the micelles. In this way they reduce 
anticoagulation barrier, allowing the fullerene 
molecules to coagulate and precipitate. In the case of 
applying an electric field charged colloidal particles 
deposit on the electrodes. 

Thus, the investigation was the answer to the 
question, why do not all liquids can dissolve the 
fullerene molecule. 
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8. The Electron-Donor Strength of the Solvent 
Molecules for Fullerene in Colloidal II-Type 
Solutions 

At constant thermodynamic conditions a fullerene 
molecule is stable [12] and has a stable electron 
deficiency (F), which determines the number of 
molecules of the solvent (X) for its compensation. If 
fullerene molecule is taken as "reference" and taking its 
electron-deficiency as a unit of measurement 1f (one 
fullerene), the electron-donor force (FED) of solvent 
molecule by fullerene will be equal to the ratio of these 
two values: 

FED = F / X            (1) 

For different solvents the number of molecules 
necessary to compensate electron deficiency (F), will 
be different according to the relationship 

X = F / FED            (2) 

Since the thickness of the adsorbed layer is a 
function of the number of solvent molecules contained 
in one micelle, it should be noted that the greater is the 
electron-donor force (FED) of the solvent molecule by 
fullerene, the less is solvent molecules necessary for 
compensation of the electron-deficiency (F) of fullerene 
molecules and the thinner is the adsorption layer and 
the stronger the intermolecular forces between the 
molecules of fullerene are. An electron-donating 

Table 2: The Solubility of Fullerenes and the Thickness of Adsorbed Layer in Solutions 
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Carbon disulphide (CS2) 

M.m.= 76,13; !4
20 =1262,0 g/l 

7,9 0,01083 16,577 1511 2,76 3,26 

1,2-dichlorobenzene (C6H4Cl2)  

M.m.=147,01; !4
20 =1305,3 g/l 

7,11 0,00988 8,883 899,08 2,9 3,4 

Chlorobenzene (C6H5Cl) M.m.=112,55; 
!4
20 =1106,3 g/l 4,57 0,00615 9,829 1590 3,2 3,7 

Benzene (C6H6) 

M.m.=78,11; !4
20 =879,0 g/l 

1,5 0,002083 11,254 5400 5,28 5,78 

Pyridine (C5H5N) 

M.m.=79,01; !4
20 =983,2 g/l 

0,89 0,001235 10076,9 10078 6,3 6,8 

Benzonitrile (C6H5CN)  

M.m.=103,08; !4
20 =1010,2 g/l 

0,41 0,0005689 9,8 17225 8,2 8,7 

Dichloromethane (Cl2 CH2)  

M.m.= 84,91; !4
20 =1326,0 g/l 

0,26 0,00036 15,617 43380 9,7 10,2 

Tetrahydrofurane – 
THF-(CH2)4O 

M.m.= 72,1; !4
20 =888,3 g/l 

0,07 
0,097. 
10–3 

12,35 127319 16,5 17 

M.m. – molecular mass; !4
20  – density of solvent at 20 ºC relative to water at 40 ºC; CS/CF – ratio of the amount of solvent molecules to the amount of fullerene 

molecules in the saturated solution (g/l). 
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strength (FED) is a fractional value, which is equal to the 
ratio for toluene 

FED = 1 f / X = 1 f /2500.          (3) 

Moreover, by analyzing the ratio between the 
number of molecules of the solvent and the fullerene 
molecules (Table 2), it should be emphasized that the 
amount of the solvent molecules in various solvents is 
close to the Fibonacci numerical sequence.  

This means that the structure of the micelles has a 
fractal character. Fibonacci series describes the 
continuous structure of the micelles, and the numbers 
of this numerical series reflect the special states in the 
formation of micelle. 

9. Colloidal Solution II-Type 

As we have shown, the colloidal fullerene particle is 
formed as a charge-transfer complex (CTC). On the 
formation of the СTC the thermal effect of the 
dissolution process and the color of the solution indi-
cate. The Fibonacci sequence in the number of solvent 
molecules per molecule of fullerene, confirms the 
model of fractal clusters in the micelle structure. This 
suggests that the fractals in the micelle can be formed 
as a result of mesomeric or hyper conjugation nature of 
the interaction between the solvent molecules. 

The following features show the formation of 
fullerene-toluene systems (micelles): 

- Presence the surface of the fullerene molecule is 
a key parameter which allows transferring a 
molecule of C60 fullerene into the category of 
colloidal particles; 

- Concentration hysteresis on the curve section 
AB (Figure 2) occurs with decreasing 
temperature and, presumably, with a decrease in 
the chemical activity of fullerene molecules, 
which manifest themselves in violation of the 
fullerene-toluene complexes; 

- Electrophoresis can be explained by the fact 
that, since ethanol is not reacted with fullerene 
molecules, then adding ethanol to a solution, 
alcohol molecules form azeotrop with molecules 
of toluene, partially destroying shell of the 
micelles. 

For this reason, the complex loses electroneutrality, 
charges negatively, and is decomposed on the positive 
electrode, forming a fullerene. 

- Salting out at low temperatures leads to a more 
ordered lattice with lower solvate content, than at 
higher temperatures. 

- Photopolymerization (light curing): Experiments 
have demonstrated that fullerene molecules are 
present in solution as a CTC to the time of 
irradiation. 

The dualism of fullerene molecule enables it to form 
during dissolution both the true or molecular-ion 
solutions and the colloidal but the colloid particle has 
capability to form the micelles. 

The calculations have shown that the energy state 
of solution, in which the energy of the molecular forces 
of attraction of fullerene molecules become 
predominant over the energy of anticoagulation barrier, 
can be called the coagulation threshold of fullerene 
molecules. 

From the above-mentioned we can make the 
inference that the fullerene molecule in the γ-state 
exhibits the properties of the colloidal particles and 
forms the colloidal micellar solution i.e. the colloidal 
solution of II-type. 

CONCLUSIONS 

In this paper it has been revealed that the fullerene 
molecule in solutions at temperatures above 250 K 
exists in two states - β and γ. In this case the dualism 
of the fullerene molecule allows forming the colloidal 
solutions in the γ-state. The existence of the electro-
neutral fullerene-toluene complexes in solutions has 
been confirmed experimentally. The fact that in 
fullerene-toluene complexes the fullerene molecule 
binds a certain number of solvent molecules, which are 
determined by their donor activity, have been 
substantiated experimentally. 

We have found that in the colloidal solutions of 
fullerenes the solvent molecules serve as stabilizers. In 
this paper we have received an answer to the question 
why not all liquids can dissolve the fullerene molecules. 

The state diagram of fullerene molecules in solution 
at temperatures of 265 - 308 K and in the pressure 
range of 0.1 - 100 MPa has been also proposed in this 
paper. 

Fullerene molecule in solutions forms complexes 
with the charge transfer at temperatures above 270 K. 
It is stable enough under constant conditions of 
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existence and is the reference molecule for determining 
the donor activity of molecules of various solvents. 

It has been shown that the fullerene molecules in 
solutions at temperatures above 250 K can form the 
solutions of three types: the true solution; the colloidal 
solution of I-type; the colloidal solution of II-type. The 
colloidal particles in the colloidal solutions of I-type are 
multimolecular, whereas in the colloidal solution of II-
type these particles are monomolecular. 

We have found that in the solutions of fullerenes 
C60 in the γ-state the solubility decreases with a rise in 
temperature since the chemical activity of fullerene 
molecule increases. For this reason at the extraction 
the temperature rise causes the value of extraction rate 
to increase, but solubility - to decrease, i.e. to diminish 
the concentration of fullerenes molecules in the solvent 
volume. 

Hence, the dualism of fullerene molecule implies 
that it being a molecule behaves in the γ-state as the 
colloidal particle that allows forming both the true 
molecular-ion and colloidal solutions in the process of 
dissolution. 
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