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PROBLEM 

The nanosized carbon molecule Buckminsterfullerene (C60)  attracts the attention of 

scientists, primarily due to its unique electronic, mechanical, optical, thermal and chemical 

properties , which allows them to be used in various fields of science, including medicine , 

modern electronics , materials science  and other fields of technology . Solutions of 

fullerene C60 in organic solvents can be considered as colloidal systems, since the 

tendency of the fullerene molecule to form clusters in various solvents is known. In this 

case, the properties of the synthesized nanoscale clusters (refractive index, optical 

absorption, electrokinetic potential, thermal conductivity, etc.) become dependent on their 

geometric dimensions, and differ markedly from the analogous properties of their 

constituent individual monomers (C60 molecules). At the same time, many questions about 

intermolecular (interparticle) interactions leading to the clustering of C60 fullerene molecules 

in binary solutions remain controversial. The self-assembly process of C60 fullerene 

molecules in binary organic solvents strongly depends on the type, concentration, and 

physicochemical properties of the solvents used . To understand the physical nature of self-

organization of C60 fullerene molecules in binary organic solvents, binary weakly polar 

solvents (in the concentration range of 0÷1.0 mole fraction) were selected for the study. 
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The aim of this work is to experimentally study the refractive, 

dimensional and optical properties of fullerene C60 (purity ≥99.8%, SES 

Research, USA) in binary mixtures of solvents "toluene+hexane" at room 

temperature.  

Used materials: Crystalline fullerene C60 powders with a purity >99.8% were 

supplied by SES Research (USA). Organic solvents used in the experiments – 

hexane (C6H14) and toluene (C7H8) with purities 99% were purchased from 

Sigma Aldrich (USA). Powders of C60 and solvents were used as received.  

The organic nonpolar fullerene C60 macromolecule (diameter 

d0≈0.714 nm) with icosahedral Ih-symmetry has a refractive 

index 1.96 and a dielectric constant 3.61.  
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Refractive indices of solutions 

Measurement of the refractive index (n) of the studied fullerene solutions was carried out by highly 

sensitive RX-7000 alpha digital refractometer (Atago, Japan) with a measurement error of 

<0.0001. The refractometric measurements are carried out at 589.3 nm, the wavelength of the 

atomic sodium D1-line. 

Light spectroscopy 

In experiments, the absorption measurements of C60 solutions were carried out on a UV-2700 

UV-Vis spectrometer with a spectral resolution of ~0.1 nm and wavelength scanning from 185 to 

900 nm (Shimadzu, Japan). Optical spectra of C60 solutions were taken immediately after their 

preparation. 

Particle Size Study in C60 Solutions 

Using the dynamic light scattering (DLS) method on a Zetasizer Nano ZEN3600 (Malvern 

Instruments Ltd.) was studied the distribution character of the dispersed phase of fullerene C60 

over the average hydrodynamic radius (Rh) in solutions. 
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The refractive index (RI) of fullerene solutions gives us important information 

about interactions between solute and solvent molecules. Table 1 shows the 

measured experimental values of the refractive indices of hexane/toluene and 

C60/hexane/toluene solutions at two fixed concentrations of C60 fullerene (15 

and 20 mg/dm3). It can be seen that with an increase in the concentration of 

fullerene C60 in the solution of C60/hexane/toluene, the values of RI of the 

solution increase. At the same time, as the volume fraction of toluene in 

hexane/toluene and C60/hexane/toluene solutions increases, an increase in 

the refractive index values of the medium is observed. This behavior is due to 

the fact that as the concentration of C60 in the solutions under study increase, 

the intermolecular interactions of molecules increase, as well as the 

processes of self-organization of individual fullerene molecules begin. An 

increase in the number of bonds between molecules of «C60-C60» and «C60-

solvent» causes a greater number of interactions between photons of light 

and, therefore, leads to an increase in the refractive index of solutions. 
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Mole fraction (M) of toluene in 

solutions 

Experimental values of n  

hexane/toluene 

C60/hexane/toluene C60/hexane/toluene 

С60  15  mg/dm3 С60  20  mg/dm3 

1 1,4911 1,4915 1,4922 

0,917661779 1,4724 1,4727 1,4732 

0,832027226 1,4626 1,463 1,4634 

0,742894351 1,4526 1,4529 1,4534 

0,650044315 1,4407 1,4412 1,4419 

0,553239637 1,4272 1,4277 1,4283 

0,452222167 1,4172 1,4177 1,4184 

0,346710787 1,4056 1,4061 1,4069 

0,236398798 1,3926 1,3929 1,3938 

0,120950942 1,3795 1,3801 1,381 

0 1,3678 1,3684 1,3693 

Table 1. Measured index of refraction (n) of hexane/toluene and C60/hexane/toluene solutions at a 

fixed concentrations of C60 (15 and 20 mg/dm3).  The temperature of the solutions was 24 °C. 



7 MARCH 15-18, 2022 

OPEN READINGS 
65TH INTERNATIONAL 

Fig. 1. Changes of excess refractive 

index nE of freshly prepared solutions of 

C60 at different initial concentrations of 

components. 

Comparison of the curves shows that in the 
concentration range of 0÷1 mole fractions of toluene, 
the shape of the curves has maxima at concentrations 
of  0.56 and 0.86 mole fractions of toluene in a 
solution of C60/hexane/toluene (Fig. 1). 
It can be seen that with an increase in the 
concentration of fullerene C60, the excess values of the 
refractive index increase. 
The latter is shown by the strengthening of 
intermolecular interactions of molecules, and also the 
processes of self-organization of individual fullerene 
molecules begin.  
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Fig.2. Optical absorption spectra of freshly prepared 
solutions of fullerene C60 in hexane/toluene mixtures  as a 
function of toluene  mole fractions (M): 0.00 (a solid line), 
0.56 (a dotted line) and 0.86 (a dash-dotted line). The 
inset shows the 328.8 nm band in more detail in the 
solutions with the above mole fractions of xylene. The 
fixed concentration of C60 fullerene in solutions was 20 
mg/dm3. 

Figure 2 shows the UV-Vis electronic absorption spectra of freshly 
prepared solutions of fullerene C60 in a hexane (solid line) and in a 
two mixed solvent of hexane/toluene (a dotted line and a dash-
dotted line) at fixed low concentration of C60 20 mg/dm3. It is 
obvious that the following characteristic absorption bands of C60 in 
hexane have been observed (see solid line): orbitally-allowed bands 
with maxima at λ1328.8 nm (11Ag → 31T1u), 2404.4 nm (11Ag 
→11T1u), a weak shoulder at 3406.7 nm (11Ag →11T1u+Hg(1)) and 
orbitally forbidden bands with maxima at 4535 nm (S1→S3), 
5568 nm (S0→S1), 6590 nm (S0→S1), 7598 nm (S0→S1), a weak 
shoulder at 8620 nm (hu→t1u+Tu). With increasing the mole 
fraction of toluene in solution (up to 0.86 M), the amplitudes of 
the optical absorption bands in long-wave parts of the spectrum 
increase, which indicates the presence of intermolecular 
interactions between the molecules of the «C60C60» and 
«C60solvent». 
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In addition, in this case, significant changes are observed in the behavior of the optical 

spectra relative to the spectrum of C60 in hexane. In particular, at the mole fraction of 

xylene (0.64 M) in solution, a positive solvatochromic effect (bathochromic shift) is 

observed in the bands at λ1328.8 nm (shifted by 6.7 nm), 2404.4 nm (shifted by 

3.5 nm), and 8620 nm (shifted by 4 nm). The latter indicates a significantly 

different distribution of the charge of -electrons of C60 in the excited electronic state 

as compared to that in the ground state of molecules after the replacement of the 

solvent. At the same time, hypochromic effect (a decrease in absorption intensity) is 

observed in the strong band at λ1328.8 nm (see the inset of Figure 2). The latter is 

due to the fact that the different polarity of the solvents (1.89 for hexane, 2.37 for 

toluene) affects the electrostatic interactions between the molecules of the solute and 

the solvents. In this case it should be noted that the degree of solubility of C60 in 

toluene is higher than in hexane, and an increase in the proportion of toluene in the 

system leads to an increase in the number of individual C60 molecules. This fact will 

be discussed below based on the experimental results of DLS method. 
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Fig. 3. The size distribution of mC60 clusters synthesized in 

the freshly prepared C60/hexane/toluene  system by light 

intensity at two different toluene  mole fractions (M): 0.56 

(a dashed line) and 0.86 (a dotted line). The fixed 

concentration of C60 fullerene in solutions was 20 mg/dm3. 

Figure 3 shows the size distribution of mC60 clusters by light intensity in a 

C60/hexane/toluene with toluene mole fractions 0.56 (a dashed line) and 

0.86 (a dotted line) at fixed low concentration of C60 20 mg/dm3. 

Analyzing the curves, we can say that mC60 nanoclusters synthesized in 

freshly prepared C60/hexane/toluene solutions are characterized by a 

hydrodynamic radius Rh2.1÷28.6 nm, which indicates self-aggregation of 

C60 molecules during the preparation of initial solutions. The 

hydrodynamic size distribution of mC60 nanoclusters in low-concentrated 

solution at both concentrations of C60 has a so-called monomodal peak in 

the entire size range. C60/hexane/toluene solution with toluene mole 

fractions 0.86 M (a dotted line) has a peak at 5.14 nm with a narrow 

distribution of fullerene nanoclusters over the hydrodynamic radius from 

2.1 nm to 14.6 nm. A stronger process of self-aggregation of C60 

molecules occurs at a toluene mole fractions 0.56 M (a dashed line) in 

solution and corresponds to a wider distribution of the hydrodynamic 

radius in the size range 3.12÷28.6 nm, and the maximum Rh value of 

mC60 nanoclusters is 11.81 nm. These sharp differences in the size 

characteristics of synthesized mC60 clusters in C60/hexane/toluene show 

the decisive role of the used solvent in determining the nature of self-

aggregation of C60 molecules. 
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Conclusions 
1. It was found by refractometry that with an increase in the concentration of fullerene C60 and the volume fraction of 

toluene in a solution of C60/hexane/toluene, the values of the refractive index of the solution increase. This behavior 

is due to the fact that an increase in the number of bonds formed between the molecules "solute-solute" and "solute-

solvent" causes more interactions with photons and leads to an increase in the refractive index of the medium. 

2. With an increase in the mole fraction of toluene in the C60/hexane/toluene system, both a positive solvatochromic 

effect and a hypochromic (decrease in absorption intensity) are observed in a strong band at 328.8 nm, as well as 

the amplitudes of the optical absorption band in the long-wavelength parts of the spectrum increase. The 

experimental results indicate a significantly different distribution of the charge of -electrons of the C60 fullerene in 

the excited electronic state compared to that in the ground state of molecules after replacing toluene in 

C60/hexane/toluene solution. 

3. The DLS results show that the maximum hydrodynamic radius of mC60 nanoclusters decreases with an increase in 

the mole fraction of toluene in the C60/hexane/toluene system at fixed C60 concentrations. As a reason, it can be 

assumed that in this case the C60 fullerene molecules tend to good solubility in solution.  

4. Monomodal curves demonstrate that mC60 nanoclusters synthesized in freshly prepared C60/hexane/toluene 

solutions are characterized by a hydrodynamic radius of Rh2.1÷28.6 nm at fixed mole fractions of toluene (0.56 

and 0.86 M). Larger mC60 nanoclusters were synthesized at mole fractions of toluene of 0.56 M in solution: the 

distribution of the hydrodynamic radius in the size range of 3.12÷28.6 nm, the maximum value of Rh11.81 nm. The 

experimental data presented in this work are of key importance for the synthesis of various C60 nanostructures in 

binary organic systems. 
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Thank you for your attention 


