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In this paper, the formation of colloidal species of fullerene C7 in organic solvents was studied. The ex-
amining of the UV-visible spectra was accompanied by particle size analysis using dynamic light scattering,
DLS. Stock solutions of C7o in non-polar toluene and n-hexane were diluted with polar solvents acetonitrile
and methanol. The appearance of colloidal species with a size within the range of ~50-500 nm is accompa-

nied by alterations of the absorption spectra.

In the toluene—acetonitrile and toluene—methanol binary mixed solvents at 25 °C, the absorption spectra
of Cro (5><1O"6 M) tend to retain the features of the spectrum in neat aromatic solvent even if the C7o mole-
cules are gathered into colloidal aggregates. Earlier such phenomenon was observed for Cgp in benzene—
acetonitrile and toluene—methanol solvent systems. This gives support to the idea of rather stable primary
solvate shells formed by aromatic molecules around the fullerene molecules. The behavior of Cy in toluene
mixtures with methanol was compared with the earlier reported results from this laboratory for the Ceo
fullerene in the same solvent system.

The study of n-hexane—methanol mixtures was performed at elevated temperature because of limited
miscibility of these solvents at 25 °C. Accordingly, the Cro—toluene—methanol system was also examined at
40 °C. A small but distinctly noticeable difference was revealed. Whereas in the case of the last-named sys-
tem, the absorption spectrum typical for molecular form of Cy is still observable when colloidal species are
already present in the solution, the turning-point between molecules and colloids as determined by both UV-
visible spectra and DLS coincides for the n-hexane—methanol binary mixed solvent. Hence, the solvation
shells formed by the aliphatic solvent around Cyg are less stable as compared with those formed by toluene.

Finally, the absorption spectra of Cyo in the mixed solvents toluene—n-hexane were analyzed. These data
give some support to the assumption of preferable solvation of the C7¢ molecules by the aromatic co-solvent.

Keywords: fullerene Cyo, toluene, n-hexane, acetonitrile, methanol, molecular solutions, organosol,
UV-visible absorption spectra, dynamic light scattering, particle size.

State of the Arts

Behavior of fullerenes Cy, and Cy, in solvents of different nature was a matter of numerous studies
during last decades [1-8]. In nonpolar solvents, these compounds probably exist in molecular form, es-
pecially if equilibrium methods are used for the preparation of the solutions [7-9]. Now it is of common
knowledge that addition of polar solvents results in formation of (nanosized) colloidal species.

Let us consider state of the arts. As early as 1993, Sun and Bunker revealed that the absorption and
emission spectra of Cy in toluene change dramatically at adding acetonitrile and ascribed this phe-
nomenon to fullerene aggregation [10]. This study was continued by the authors [11,12]. Next was a
detailed study by Ghosh et al. [13], who used dynamic light scattering, DLS, spectrophotometry,
steady state emission spectra, fluorescence polarization, and fluorescence lifetimes for C; in toluene—
acetonitrile solvent system and in other binary mixed solvents: benzene—acetonitrile (methanol, hex-
ane), benzonitrile—acetonitrile (hexane), and o-dichlorobenzene — acetonitrile.

Rudalevige et al. [14] confirmed the formation of Cg and C; aggregates in mixtures of benzene or
toluene with acetonitrile using static and dynamic light scattering, as well as photoluminescence.

Alargova et al. examined the behavior of Cg and C5 transferred to acetonitrile from different non-
polar solvents [15]. In all the above studies, fullerenes in acetonitrile form aggregates, or nanosized
colloidal particles.

A more detailed consideration of the problem is presented in a review paper [8]. Note that fullere-
nes readily form crystal solvates with many solvents in the solid state [4,8]. Some nitrogen-containing
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solvents, e.g., N-methylpyrrolidine-2-one, exhibit specific interactions with fullerenes [16,17], and
such systems should be considered separately.

Naturally, when studying fullerenes in a mixed solvent it is important to estimate the critical com-
position (if any) of the transformation of molecular solution to a colloidal system. Nath et al. examined
mixtures of nonpolar solvents with polar ones via spectrophotometry and revealed that in the case of
Cso such a critical composition corresponds to the relative permittivity of ¢, >13 [18], whereas for C
this threshold corresponds to much higher polarity, ¢, ~ 27-31 [19].

A study in our laboratory showed that the critical composition depends on the fullerene concentration,
at least for the Cg—toluene—methanol system [20]. On going from 4 X 107 M to 4 x 10° M Cg, the
threshold changes from 67.5 to 55.0-57.5 vol. % CH;OH [20]. Basing on both DLS and spectropho-
tometry, some other regularity concerning the above system were also discussed in this paper [20]. In
another publication [21], the peculiarities of C¢ behavior in benzene—acetonitrile systems were reported.

Though fullerene solutions in such solvents as n-hexane should be considered as true ones, i.e., mo-
lecular, some examples of oversaturated solutions with Cg colloidal species about 200 nm have been
reported [22]. On the other hand, Ginzburg et al. [23-27] disclosed unusual properties of Cg and Cyq
in aromatic solvents (benzene, toluene, xylenes) using ebullioscopy, X-ray diffraction patterns, and
some other methods: the fullerene molecules are surrounded by shells of hundreds aromatic solvent
molecules. This allows considering such molecular solutions as a kind of periodic colloidal systems, or
colloidal crystals [10].

This paper is aimed to elucidate some features of C; solutions in mixed toluene- and n-hexane-
based solvent systems and to make some conclusions concerning the state of fullerenes in polar—
nonpolar binary mixed solvents.

Experimental

The C;9 sample (NeoTechProduct., 99 %+) was used as received. After storing a weight amount of
Cy in toluene or n-hexane about two weeks, the solution was filtered using the 0.22 um pore sized

PTFE filters. The solubility of C; in these two solvents is (1.27; 1.67; 1.8)X10_3 M and 1.5x10° M, re-
spectively [8]. In the case of toluene, the amount of C;y was substantially below the solubility limit, and
after filtration practically no substance was left on the filter. Thus, the concentration was calculated as-
suming complete dissolution. In the case of n-hexane, a marked quantity of the fullerene was collected
on the filter, and therefore in this case the concentration of the stock solution was determined using the
reported value of the molar absorptivity [28]. All solutions were stored in the dark. Toluene, n-hexane,
acetonitrile, and methanol were purified and dehydrated via standard procedures. The absorption spectra
were run using the Hitachi U-2000 spectrophotometer against solvent blanks. A Zetasizer Nano ZS appa-
ratus (Malvern Instruments) was used for analyzing the particle size distribution via DLS. Sun and Bun-
ker [11] demonstrated the dependence of spectroscopic results in the procedure of solution preparation in
the C;—toluene—CH;CN system. We used the following method. An aliquot of toluene was placed into a
flask, a polar component was added and the solution was mixed. In such way the solution was almost
made up to the mark. Then, a small volume of the stock solution of C;y was added and after mixing the
measurements were done. This procedure allowed avoiding the appearance of a broad and unstable in
time absorption band about 700 nm observed by Sun and Bunker [11]. In the case of the n-hexane—
methanol system, the C;y solution in n-hexane was mixed with the required volume of methanol; both
solutions were preliminary heated and all solvent parameters necessary for processing the DLS data were
used for 40 °C. Normally, the colloidal particles are formed just after preparation of the solutions, con-
trary to the case of toluene—N-methylpyrrolidine-2-one system [16], and as a rule were stable within
several h. The solvent composition was expressed as volume percent if not otherwise specified.

Results and Discussion

Toluene-acetonitrile system, 25 °C

As it was mentioned in the overview, this is currently the most studied system. Our results confirm
the published data. In Figure 1, the absorption spectra are presented. In pure toluene, the absorption
maxima are as follows: 4 =315;334; 365; 383; and 473 nm.
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Figure 1. Selected absorption spectra of C7o (5% 10°° M) in the toluene—acetonitrile solvent system at 25 °C.

A gradual decreasing in the intensity at 382 nm takes place along with the increase in the first
CH;CN fraction. Up to 50 % of toluene, positions of the maxima alter but slightly; a hypsochromic
shift of ca. 1-2 nm was observed. Further rise of the acetonitrile content cause dramatic changes of the
spectra, especially within the range of 500-600 nm (see the spectrum at 30 % toluene). The absorption
maxima became fuzzy, the integral intensity strongly increases. Such absorption is an evidence of
aggregation of fullerene molecules. Under such conditions, a contribution of light scattering cannot be
ruled out. Our spectral data resemble in outline those reported by others [10,13,19].

As a turning-point, the toluene content of 32.5 to 35 % should be considered. At 32.5 %, the A

values of C;p somewhat differ from those in pure toluene: 315; 333; 361; 380; and 470 nm, but some
features of molecular spectrum, e.g., the band with 2 around 380 nm, are still observed. In Figure 2

(left), the dependences of the absorbance at 470 nm and 600 nm on the solvent composition are de-
picted. Abrupt changes occur within the range of 30-36 % toluene. The Agy symbol means the ab-
sorption at 600 nm. Ha7 denotes the additional intensity of absorption after subtracting the “basic
line”. The latter is drawn from absorption at 540 nm to 425 nm in pure toluene.

In Figure 2 (right), the dependence of particle size is presented. It can be firmly stated that the ag-
gregation of the C;p molecules occurs at toluene content around 40 %. This corresponds to a decrease
in the fluorescence quantum yield and integral absorption intensity [11]. Hence, the absorption spec-
trum retains the main features that are typical for the molecular fullerene, while the particle size is
over 200 nm. As a plausible reason, we may assume that the fullerene molecules hold their initial
aromatic solvation shell even when colloidal species are formed. At higher content of acetonitrile, the
C;Hg molecules are probably replaced by CH3;CN. As an alternative explanation, the presence of single
molecules solvated with toluene may be assumed. Than their absence in the DLS picture should be
explained by overlapping their signal by strong scattering of colloidal species. Sun and Bunker, how-
ever, consider such assumption as improbable basing on the fluorescence and fluorescence excitation
spectra [11].
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Figure 2. Alterations of the electronic absorption spectra of Cy (left; optical path length

1.00 cm) and the particle size distribution (by intensity, right) in toluene—acetonitrile solvent system, fullerene
concentration 5x10°° M; 25 °C. The size at 37.5 % toluene increases over time.
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Particle size distribution is typified in Figure 3. The results for 30 % toluene agree with those pub-
lished by Ghosh et al. for 6x107° M Coq; see Fig. 4C in ref. [13]. Note, that in acetonitrile-reach mixed
solvents, the size of colloidal species is substantially smaller as compared with those just after the
turning-point (Figure 2, right and Figure 3), like in the Cgp—toluene—methanol system [20].
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Figure 3. Examples of particle size distribution (by intensity) C7 (5%10°° M) in the toluene—acetonitrile solvent
system at 25 °C.

In the previous studies on Cg in this laboratory, similar regularities were observed. In a benzene—
acetonitrile mixed solvent, the absorption band with 2 =335 nm at 50 % benzene is close to that in

pure benzene (only the intensity drops by ca. 20 %), while the colloidal species with the size of
100-200 nm are registered via DLS; the data refer to Cg concentration of 4x10° M [29]. The data
obtained for Cg in the toluene—methanol system are of the same type [20]. In 50 % toluene solution,
the band maximum, 336 nm, is the same as in toluene, whereas the intensity is ca. 18 % lower than in
the entire aromatic solvent, though large colloidal species are already present in the solution (fullerene
concentration 6.8x10° M; 25 °C). Even at 30 % toluene, a band with the same A, 18 Observed,

though of much lower intensity [20].

Nath et al. established the threshold content of the polar solvent where the aggregation begins by
examining the absorption spectra of Cg within the range of 450-650 nm [18, 19]. As it was already
stated in the pioneering work by Sun and Bunker for C;, in toluene—acetonitrile mixed solvent [10]
and confirmed by us for Cy in toluene—methanol system [20], such threshold depends to some extent
on the fullerene concentration. Though Sun and Bunker preferred to use for the aggregates under dis-
cussion the term “cluster” and expected the Cy, solution at 70 % acetonitrile quite different from a
conventional colloidal solution [10], both results reported by Ghosh [13] and our data (Figure 2, right)
indicate the presence of colloidal species at the corresponding concentrations of the fullerene.” The
lower the fullerene concentration is, the higher content of a polar solvent is necessary to reach the
aggregation. This is quite understandable because of poor solubility of fullerenes in polar solvent.

More interesting is another observation made by Sun and Bunker: under conditions of extreme di-
lution, down to 8x10°° M, the absorption spectrum in 70 % CH3CN is close to the spectrum in neat
toluene. In this connection, Sun and Bunker stated “The result indicates that the formation of the new
species involves more than one C;, molecule” [10]. As these authors have not used the DLS method,
we made the corresponding measurements. Even at somewhat higher C5, concentration of 1.2x1077 M,
only species of about 1 nm (like shown in Figure 3) were found in 70 % acetonitrile.

Concluding, at least the first stages of the fullerene aggregation occur in the systems under study
with retaining some part of the primary aromatic shell as follows from matching the UV-vis and DLS
data. Also, the lower the toluene content is, the smaller is the size of the colloidal species. In
extreemely diluted C;y, the aggregates are undetectable via the DLS method even in 70 % of
acetonitrile.

" The coagulation of such aggregates by electrolytes [29] additionally confirms their typically colloidal nature.
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Toluene-methanol system, 25 °C

Now let us compare the above data with those previously reported for Cg in the same solvent sys-
tem [20]. In the last-named study, a DLS investigation of Cg within the whole range of toluene—
methanol binary mixed solvent was performed at three concentrations of the fullerene, 4x 107, 4x10°°,
and 4x10° M. In brief, the conclusions are as follows:

(i) At 4x1077 M Cq the aggregates appear at 67.5 vol % methanol, whereas in 4x10™ M solution, it
already occur at 55.0-57.5 vol % of alcohol. Similar tendency was observed for C; in the toluene—
acetonitrile system by Sun and Bunker [11].

(i1) Normally, the higher the fullerene concentration is, the larger are the aggregates at the same
composition of the mixed solvent. For Cy in toluene—acetonitrile system, similar tendency was re-
ported by Ghosh et al., see ref. [13], Fig. 4B,C.

(iii) The dependence of the size of the aggregates on the methanol content is in line with the Vol-
mer’s rule [30]: the less soluble is the compound in the given solvent, the smaller particles are formed.
For example, at 4x107 M Cqgp in 99; 95; and 70 vol. % methanol, the particle size is around 200;
260-320; and 470-500 nm, respectively. The polydispersity index, PDI, increases in the same direc-
tion. As an alternative (or additional) explanation, the participation of toluene in the aggregates may
be proposed. Because fullerenes readily form solvates containing hundreds of toluene molecules [27],
they may aggregate not as “bare” Cqy molecules, but rather as solvates, at least at high toluene content
in the mixed solvent.

(iv) The results obtained at Cgy concentration of 4x107° M are closer rather to those for 4x107 M
Céo, than for 4x107 M.

Note, that at 6.8x10° M Cg a band at 336 nm, typical for the monomeric species, was observed
not only at 70 %, but even at 80 % of methanol, where the 300 nm-sized colloidal species predomi-
nate.

Going back to the solutions of C;o examined in the present study, we can argue that the picture is
quite similar. Even at 35 % of toluene, the spectrum is similar to that in pure toluene except intensity
increase at wavelength over 400 nm (Figure 4).

_:\ Pral, Yoy
0,5 T 33
mf g S PP S 10
0,4_: . 20
I AN 30
< 0,3 ] 35

0,21

0,14

O+ 71—
350 400 450 500 550 600 650 700
A, nm
Figure 4. Selected absorption spectra of Cyo (5%10°° M) in the toluene—methanol solvent system at 25 °C, nor-
malized at absorption at 382 nm.

At the same time, at such composition of the solvent colloidal species already appear (Figure 5,
fullerene concentration 5x10° M). As in the previous case, the size of the colloidal particles rises
(here: up to 480 nm) and then decreases along with decrease in the content of toluene.

The peculiarity of this system consists in the appearance of small amounts of 100200 nm-sized
particles even at 40, 50, 60 % toluene, however, only in the distribution by intensity. They are absent
in other types of distributions, but they are observed repeatedly and their percentage in the above
mixed solvents is 15, 11, and 3%, respectively. In the Cgi—toluene—methanol system, small amounts of
such particles were observed even at 5 % of methanol [20].

Further increase in the methanol fraction results in formation of colloidal species, which are ob-
servable also in distributions by volume and particle number.
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Figure 5. Alterations of the particle size distribution (by intensity) in toluene—methanol and n-hexane-methanol
solvent systems; 25 °C.

Toluene-methanol system, 40 °C

The reason for studying this system at an enhanced temperature was further comparing with the
n-hexane—methanol system, which tends to stratify below 40 °C [31]. The spectra are presented in
Figure 6, particle sizes are given above in Figure 5.
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Figure 6. Selected absorption spectra of Co (5% 10°° M) in the toluene—methanol solvent system at 40 °C, nor-

malized at absorption at 382 nm.

25°C 40 °C

1| —* Int.

10 100 1000 10 100 1000
Size, d. nm Size, d. nm
Figure 7. The particle size distribution by intensity, volume, and number for C;y (5% 10°¢ M) in the toluene—
methanol binary solvent, 10 vol. % of toluene at 25 °C.

The morphology of the absorption curve retains in outline down to 42.6 % toluene, despite some

intensity decrease in the short wavelength portion. Along with further decrease in the content of tolu-
ene, a flattering of the spectral curve and substantial rise of the integral absorption takes place. The
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peak about 380 nm is observable even at 30 % toluene. This band undergoes a slight hypsochromic
3-4 nm shift as compared with the band in entire toluene.

In the DLS patterns, the turning-point corresponds to 40 % toluene (Figure 5). Again,
as at 25 °C, at 45 and 50 % toluene, 25—75 nm-sized particles were observed only in the distribution by
intensity (35 and 20 %, respectively). The particles size in the undoubtedly colloidal region is maximal
at 30 % toluene, and then decreases (Figure 5). Normally, at the elevated temperature the colloidal
species are smaller than at 25 °C, whereas other regularities typical for fullerenes in toluene(or ben-
zene)—polar solvent mixed solvents are fulfilled.

In Figure 7, the particle size distributions of C;, at 25 and 40 °C are exemplified for toluene content
of 10 %. In these conditions we are talking about typical organosols.

n-Hexane—-methanol system, 40 °C
The absorption spectra are presented in Figure 8, and the alterations of size are already given in
Figure 5.
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Figure 8. Absorption spectra of Cy in the n-hexane—methanol solvent system at 40 °C, normalized at absorption
at 377 nm.

In this system, the n-hexane was introduced in form of a portion of the stock fullerene solution.
Therefore, the concentration of C; in the working solutions was inconstant. For example, at n-hexane
content of 100; 66.7; 50; 25; 15; and 10 %, the C;, concentrations in the working solutions were (10.0;
6.67;5.0;2.5; 1.5; and 1.0) X 10°° M.

In Figure 5 it is clearly seen that the turning-point is at 40 % n-hexane. At 55-45 % n-hexane some
50-100 nm-sized particles are observed only by intensity, but rather distinct (30—60%) and repeatable.
At the content of the hydrocarbon < 40%, big particles are fixed in all types of distribution. Here, a
decrease in size at high concentrations of methanol is also evident, as in the toluene-containing sys-
tems (Figure 5). However, it should be taken into account that the fullerene concentration is very low
in this range.

The character of the electronic absorption spectra at 42.4—41.6 % of C¢H4 retains the features of
that in entire n-hexane, though some alterations in the long wavelength portion are evident (Figure 8).
At 40 % n-hexane, the spectrum changes cardinally.

Hence, whereas in the case of the last-named system, the absorption spectrum typical for molecular
form of Cy is still observable when colloidal species are already present in the solution, the turning-
point between molecules and colloids as determined by both UV-visible spectra and DLS coincides for
the n-hexane—methanol binary mixed solvent. Hence, the solvation shells formed by the aliphatic sol-
vent around Cy are less stable as compared with those formed by toluene.

Toluene—n-hexane system, 25 °C

Finally, the absorption spectra of C;, in toluene—n-hexane system were studied. Normalized
UV-visible spectra are presented in Figure 9. In this special case, the procedure was as follows. Two

83



Behavior of fullerene C in binary organic solvent mixtures as studied using UV-Vis spectra ...

volumes of solvents were mixed, e.g. 75 vol.% n-hexane means that 7.5 mL of this solvent (containing
C0) were mixed with 2.5 mL of toluene, etc.
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Figure 9. Selected normalized absorption spectra of Cy, in the toluene—n-hexane solvent system; fullerene con-
centrations: (10.0; 7.5; 5.0; 2.5; and 57,5) X 10° M, respectively.

Though both co-solvents belong to nonpolar ones, these spectral data allow to shed some light upon
the solvation character. The gradual bathochromic shift on going from n-hexane to toluene and the
absence of an isosbestic point allows expecting that the replacement of aliphatic molecules by aro-
matic ones occurs little by little. The shifts are relatively small. Indeed, Ghosh et al. mentioned that the
color of Cy in benzene—n-hexane solutions does not display color change [13].

In the system of interest, the shifts from 376.5 to 382.0 and from 358.1 to 364.5 nm equal to 5.5
and 6.4 nm, respectively (Table 1). But even this modest solvatochromic effect discloses a tendency to

preferred solvation of C;o molecules by toluene. Indeed, the average values of A4 are 379.3 and

361.3 nm, respectively. In both vol % and molar fraction scales, these values correspond to somewhat
lower content of toluene. The same conclusion can be made using wave numbers instead of wave-
lengths. Thus, despite the proximity of the absorption peaks in both solvent, an evidence of better sol-
vation by toluene molecules is obtained.

Table 1. Positions of two characteristic absorption maxima in the C;y UV-spectra in the toluene-n-hexane
system, 25 °C

Toluene, volume % Toluene, molar fraction Absorption maxima, nm
100 1.00 382.0 364.5
75 0.787 381.0 363.3
50 0.552 380.0 362.0
37 0.420 379.5 361.5
25 0.291 379.2 362.8
17 0.201 379.0 361.0
10 0.120 378.0 3594

5 0.061 377.0 358.6
0 0 376.5 358.1
Conclusions

1. Formation of colloidal species of C;, in toluene—acetonitrile, toluene—methanol, and
n-hexane—methanol binary solvent mixtures is detected by both UV-visible spectroscopy and
dynamic light scattering methods. In all the examined systems, some turning-point from mo-
lecular solution to organosol can be fixed by both methods.

2. Whereas for the n-hexane-methanol system at 40 °C the turning point as estimated by
UV-visible spectra and DLS measurements agree, in the toluene—acetonitrile (at 25 °C) and in
toluene—methanol systems (at 25 and 40 °C) the absorption spectra retain some distinct fea-
tures of molecular absorption even when colloidal aggregates are firmly detected in the solu-
tion. This agrees with our previous data for Cg in benzene—acetonitrile and toluene—methanol

84



N.A. Marfunin, N.O. Mchedlov-Petrossyan

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

solvent systems. It may be explained by high affinity of aromatic molecules to the fullerenes:
some Cyg (and Cgp) molecules form aggregates keeping their aromatic solvation shells.

UV spectra of Cy in the toluene-n-hexane binary mixtures confirm a better expressed affinity
of toluene to the all-carbon molecule. Better solvation of C;, with the aromatic toluene as
compared with the aliphatic n-hexane is in line with the solubility of the fullerene in these two
solvents, 1.6x107 and 1.5%10~ M, respectively.

Organosols of C;y obey some rules, like previously observed for Cg in similar systems. High
content of the polar solvent, high temperature, and low fullerene concentration favor forma-
tion of smaller colloidal particles.

References

Ruoff R.S., Tse D.S., Malhotra R., Lorents D.C. Solubility of Cgy in a variety of solvents.
J. Phys. Chem. 1993, 97(13), 3379-3383.

Marcus Y. Solubilities of buckminsterfullerene and sulfur hexafluoride in various solvents.
J. Phys. Chem. 1997, 101(42) 8617-8623.

Beck M.T. Solubility and molecular state of Cg, and C solvents and solvent mixtures. Pure
Appl. Chem. 1998, 70(10), 1881-1887.

Marcus Y., Smith A.L., Korobov M.V., Mirakyan A. L., Avramenko N. V., Stukalin E.B.
Solubility of C fullerene. J. Phys. Chem.B 2001, 105(13), 2499-2506.

Kinchin A.N., Kolker A.M., Islamova N.I. Correlations between the thermodynamic parame-
ters of solution of fullerene Cgy and the properties of nonaqueous solvents. (in Russian).
Zhurn. Fiz. Khim. 2002, 76(10), 1772-1776.

Semenov K.N., Charykov N.A., KeskinovV.A., Piartman A.K., Blokhin A.A., Kopyrin A.A.
Solubility of light fullerenes in organic solvents. J. Chem. Eng. Data. 2010, 55(1), 13-36.
Avdeev M.V, Aksenov V.L., Tropin T.V. Models of cluster formation in solutions of fullere-
nes. Russ. J. Phys. Chem. 4 2010, 84(8), 1273-1283.

Mchedlov-Petrossyan N.O. Fullerenes in Liquid Media: An Unsettling Intrusion into the Solu-
tion Chemistry. Chem. Rev. 2013, 113(7), 5149-5193.

Aksenov V.L., Avdeev M.V, Tropin T.V., Priezzhev V.B., Schmelzer J.W.P. Cluster growth
and dissolution of fullerenes in non-polar solvents. J. Mol. Liquids. 2006, 127, 142-144.

Sun Y.-P., Bunker C.E. Cyin solvent mixtures. Nature, 1993, 365, 398.

Sun Y.-P., Bunker C.E. Formation and Properties of C;o Solidlike Species in Room-
Temperature Solutions. Chem. Mater. 1994, 6(5), 578-580.

Sun Y.-P., Ma B., Bunker C.E., Liu B. All-Carbon Polymers (Polyfullerenes) from Photo-
chemical Reactions of Fullerene Clusters in Room-Temperature Solvent Mixtures. J. Am.
Chem. Soc. 1995, 117(51), 12705-12711.

Ghosh H.N., Sapre A.V., Mittal J.P. Aggregation of C;, in Solvent Mixtures. J. Phys. Chem.
1996, 100(22), 9439-9443.

Rudalevige T., Francis A.H., Zand R. Spectroscopic studies of fullerene aggregates. J. Phys.
Chem. A. 1998, 102(48), 9797-9802.

Alargova R.G., Deguchi S., Tsujii K. Stable Colloidal Dispersions of Fullerenes in Polar Or-
ganic Solvents. J. Am. Chem. Soc. 2001, 123(43), 10460-10467.

Alfe M. Alfe, B. Apicella, R. Barbella, A. Bruno, A. Ciajolo. Aggregation and interactions of
Ceo and Cy fullerenes in neat N-methylpyrrolidinone and in N-methylpyrrolidinone/toluene
mixtures. Chem. Phys. Lett. 2005, 405, 193-197.

Nagorna T.V., Kuzmenko M.O., Kyzyma O.A., Chudoba D., Nagornyi A.V., Tropin T.V.,
Garamus V.M., Jazdzewska M., Bulavin L.A. Structural reorganization of fullerene C;y in
N-methyl-2-pyrrolidone / toluene mixtures. J. Mol. Liquids. 2018, 272, 948-952.

Nath S., Pal H., Nath A.V.S., Pal H., Sapre A.V. Effect of solvent polarity on the aggregation
of C¢o. Chem. Phys. Lett. 2000, 327, 143-148.

Nath S., Pal H., Sapre A.V., Effect of solvent polarity on the aggregation of fullerenes: a com-
parison between Cgy and Cyg. Chem. Phys. Lett. 2002, 360, 422-428.

Mchedlov-Petrossyan N.O., Kamneva N.N., Al-Shuuchi Y.T.M., Marynin A.I., Shekhovtsov
S.V. The peculiar behavior of fullerene Cg in mixtures of ‘good’ and polar solvents: Colloidal

85



Behavior of fullerene C in binary organic solvent mixtures as studied using UV-Vis spectra ...

particles in the toluene—methanol mixtures and some other systems. Colloids Surfaces A.
2016, 509, 631-637.

21. Mchedlov-Petrossyan N.O., Kamneva N.N., Al-Shuuchi Y.T.M., Marynin A.l., Zozulia O.S.
Formation and ageing of the fullerene Cg colloids in polar organic solvents. J. Mol. Liquids.
2017, 235, 98-103.

22. Chamberlain T.W., Popov A.M., Knizhnik A.A., Samoilov G.E., Khlobystov A.N. The role of
molecular clusters in the filling of carbon nanotubes. ACS NANO 2010, 4(9), 5203-5210.

23. Ginzburg B.M., Tuichiev Sh. Variations in the structure of aromatic solvents under the influ-
ence of dissolved fullerene C;. Crystallogr. Rep. 2008, 53(4), 645-650.

24. Ginzburg B.M., Tuichiev Sh., Shukhiev S. Permittivity of Low_Concentration C60 Fullerene
Solutions in p_Xylene. Tech. Phys. Lett. 2009, 35(6), 491-493.

25. Ginzburg, B. M.; Tuichiev, Sh.; Tabarov, S. Kh. Effect of C¢y Fullerene on the Boiling Point
of Its Solutions in Some Aromatic SolventsRuss. J. Appl. Chem. 2009, 8§2(3), 387-390.

26. Ginzburg B.M., Tuichiev Sh., Yakimanskii A.V. Supramolecular Benzene Structure and Its
Changes under the Action of Dissolved Fullerenes. Crystallogr. Rep. 2011, 56(2), 238-241.

27. Ginzburg B.M., Tuichiev Sh., Rashidov D., Sodikov F.H., Tabarov S.H., Shepelevskii A.A.
Step-Wise Concentration Influence of Fullerenes Cgy and Cy on the Various Parameters of
Condensed Systems. Part 1: The Concept of Step-Wise Behavior and its Manifestation in
Fullerene Solutions. J. Macromol. Sci., Part B: Physics. 2015, 54, 533-543.

28. Cataldo F., Iglesias-Groth S., Hafez Y. On the molar extinction coefficients of the electronic
absorption spectra of Cg and Cy fullerenes radical cation. Eur. Chem. Bull. 2013, 2(12),
1013-1018.

29. Mchedlov-Petrossyan N.O., Kamneva N.N., Al-Shuuchi Y.T.M., Marynin A.L., Zozulia O.S.,
Kryshtal A.P., Klochkov V.K., Shekhovtsov S.V. Towards better understanding of Cg or-
ganosols. Phys. Chem. Chem. Phys. 2016, 18, 2517-2526.

30. Volmer M. Kinetik der Phasenbildung (Russian translation), Nauka, Moscow, 1986, Ch. 5.

31. Semenov LA., Sitnikov D.N., Romanovskiy A.A., Ulyanov B.A. Solubility and equuiliria in
bimary mixtures of methanol with n-pentane, n-hexane, and n-heptane. (in Russian). Izvestiya
Vusov. Khim. I Khim. Technol. 2012, 55(8), 39-42.

Haoicnarno 0o peoaxyii’ 25 acosmus 2019 p.

H.A. MapdyHuH, H.O. Myeanos-IMetpocsiH. MoBeaeHne dynnepeHa Czo B GMHAPHBIX CMECSIX OpraHU4ecKkmnx
pacTBopuTenew, uccrnegoBaHHOE Npu MOMOLLM 3NEKTPOHHON CMEKTPOCKOMMU U AUHAMUYECKOro paccesHus ceeTa.

XapbKOBCKMI HaUMOHarnbHLIN yHuBepcuTeT umeHn B.H. KapasunHa, xumunyeckuii cdakynbteT, nn. Ceoboabl, 4,
XapbkoB, 61022, YkpanHa

B naHHoW paboTe GblNo M3y4eHO (hopMUPOBaHME KOMMouAHbIX YacTuy, dynnepeHa Crzo B opraHMYeckux pac-
TBOpUTENSIX. ViccnenoBaHne aneKTPOHHbIX CNEKTPOB MOMMOLLEHMST CONPOBOXAANOCH aHanM3om pasmepa 4Yactuy,
npu nomowy auHamumyeckoro paccesHus cseta, [JPC. WcxogHele pactBopbl Czo B HEMONAPHLIX Tonyorne u
H-rekcaHe pa36aBn$|nv| nonapHbIMKU pacTBoputTenaMn aueToHUTpUIoM U MeTaHOsNoM. MosiBneHue KonnoumaHbiX
yacTuy ¢ pasmepamu B gnanasoHe ~50-500 HM conpoBOX4aeTcs U3MEHEHUEM CNEKTPOB nornoLleHns. B 6GuHap-

HbIX CMELIaHHbLIX PACTBOPUTENSX TOSYONI—aueTOHUTPUIT U Tonyon—meTaHos npu 25 °C cnekTpel nornoteHns Cro
(5x10™° M) NposIBRSIOT TEHAEHLMIO COXPaHSTh OCOBEHHOCTI CMIEKTPa B YNCTOM apoMaTUYecKoM pacTBopUTere,
Aaxe ecnu monekynbl Czo NPUCYTCTBYIOT ke TOMbKO B arperatax. PaHee Takoe sBneHvne Habnoganock Ansa Ceo
B cucTemax pacTtBopuTenein 6eH30n—aueToHUTPUn u Tonyon—meTaHon. 3To nNoaTBepXaaeT npeanonoXeHne o
Hannuynm cTabunbHbIX NePBUYHBIX COMbBATHBLIX 06004ek, 06pa3oBaHHbLIX apOMaTUYECKUMM MOFEKYNnamMm BOKpPYr
mornekyn dynnepenra. Nosegerne Czo B CMeCsX TONyona ¢ METaHOMOM COMOCTaBiIeHO C paHee OnyGnMKoBaHHbI-
MW pesynbTaTamu aTo nabopatopuu ansa dynnepeHa Ceo B TOM Xe cucTeMe pacTBopuTenen.

WccnepgoBaHne cmecelt H-rekcaH—MeTaHon NpoBOAMIOCH MPY MOBbLILLEHHON TeMnepaType U3-3a OrpaHNYeHHO
CMeLLMBaeMoCTH aTUX pacteoputenei npu 25 °C. CooTBETCTBEHHO, cucTema Cro—TONyon—mMeTaHos Bbina Takke
nccnegosaHa npu Temnepatype 40 °C. Bbino obHapyxeHo Heborblloe, HO OTHETNMBO 3aMeTHOe pasnunyve B
CBOMCTBax 3TWUX ABYX CUCTEM. B TO Bpems kak BO BTOPOM Criyyae TUMWUYHBLIA And MonekynspHou dopmbl Cro
CNeKTp NOrnoLweHns Bce elle HabniogaeTcs, korga KonmnongHble YacTulbl Yxke NpUCYTCTBYIOT B pacTBoOpe, ToYKa
nepexoda Mexgy MorfieKkynamu u arperatamy cosnagaet Ans GMHapHOro cMellaHHOro pacTBOPUTENS H-reKcaH—
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MEeTaHOIN Kak Mo AaHHbIM KaK 3NeKTPOHHOM cnekTpockonuu, Tak u JPC. CnepoBatenbHO, conbBaTHbIE 060M0YKM,
obpa3soBaHHble anudaTnyecknm pacteoputenem Bokpyr Cro, MeHee cTaburnbHbl MO CpaBHEHUIO C 0DOnoYKamu,
06pa3oBaHHbLIMU TOMYOSIOM.

HakoHeL, Obiny npoaHanuanpoBaHbl CriekTpbl cBeTonornowennss Czo B CMELIAHHOM pacTBOpUTENE TONyOor—
H-TekcaH. OTu AaHHble roBOpAT B NOMb3y NpeanovTUTENbHOM conbBaTauum monekyn Czo apoMaTUyYecknM KOMMo-
HEHTOM GUHApPHOro pacTBOpPUTENS.

KnioueBble cnoBa: gynnepeH Crzo, TONYoI, H-rekcaH, aueToOHUTPUI, MeTaHor, MOMEKyNsipHbIe pacTBOPLI, Op-
raHo301M, 3NEKTPOHHbIE CMEKTPbI NOTMOLLEHUs, AMHAMUYEeCKoe paccesHue CBeTa, pasmMep Yactul,.

M.O. MapdyHiH, M.O. Myegnos-leTtpocsH. MosediHka dynnepeHy Cro y GiHapHMX Cymiliax opraHiyHMX pos-
YMHHUKIB, BUBYEHA 33 JOMOMOTO €NEKTPOHHOT CNEKTPOCKOMii Ta AnHaMiYHOTO PO3CisiHHSA CBITNA.

XapkiBcbKkuiA HauioHanbHWI yHiBepcuTeT iMeHi B. H. Kapasina, ximiyHnin dakyneTeT, nn. CBoboawn, 4, Xapkis,
61022, YkpaiHa

Y paHii poboTi 6yno BuB4YeHe (HOpMyBaHHSI KOMOIAHMX YacTUHOK doynnepeHy Crzo B opraHiyHUX pO3YMHHUKAX.
BuBYEHHS eneKTPOHHMX CNeKkTpiB MOrMMHaHHA CYNPOBOKYBANoOCs aHanisaoM po3mipy YacTMHOK 3a AOMOMOro
AnHamiyHoro posciaHHsa ceitna, OPC. BuxigHi po3unHn Cro y HENONAPHUX TOMNYOri Ta H-rekcaHi po3BoAMnu nons-
PHUMU PO3YMHHMKaAMW auUeTOHITPUIIOM Ta MeTaHonom. [losiBa KOMOigHMX 4YacToK 3 po3MipaMu y [ianasoHi
~50-500 HM CynpOBOMKYETLCA 3MIHOK CMEKTPIB MOrMUHAHHA. Y OiHapHMX 3MillaHWX PO3YMHHUKAX TONyor—
aLETOHITPUN Ta ToMon—MeTaHon npu 25 °C cnekTpu nornuHaHHst Cro (5%107° M) MatoTh TeHaeHLilo 36epiratn
0CcOBNMBOCTI CNEKTPY Y YUCTOMY apOMaTU4HOMY PO3YMHHUKY, HaBiTb sIKLWO Monekynu Cro HasiBHI nuwe y dopmi
arperariB. PaHiwe Take siBuwe cnoctepiranock ans Cep Yy cUCTEMAX PO3YMHHUMKIB OEH30N—aLeToHITpun i Tonyon—
mMeTaHon. Lle nigTBepaxye igeto WoAo iCHyBaHHS CTabinbHMX MEPBUHHMX CONbBATHUX OOOSMOHOK, YTBOPEHMX
apoMaTW4YHMMKU MOreKynamMu HaBkomno Mornekyn dynnepeny. MNosegiHka Cro y Cymiliax TOMyony 3 MeTaHOnom
nopiBHIOBanac 3 paiwe onybnikoBaHnmmn pesynbtatamu Uiei nabopatopii ansa dynnepeHy Cego Y Till e cuctemi
PO3YNHHUKIB.

BuBYEHHS cyMillel H-rekcaH—MeTaHoN NPoBOAUIIOCS NPpY NiABULLEHI TemnepaTypi Yepe3 oOMexeHy 3MillyBa-
HiCTb UMX po3unHHuKiB npu 25 °C. BignosigHo, cuctema Cro—Tonyon—-meTaHon Takox Oyna gocnigxeHa npwu
40 °C. byno BusiIBNeHO HeBeNuKy, ane MOMITHY pi3HMLI0. B TOM Yyac Ak y BMNagKy oCTaHHbOI CUCTEMU TUMOBUMN
ans monekynsapHoi popmmn C7o CNekTp NOrfMHaHHSA BCe LLe CrnocTepiracTbCsl, KOMM KOMNOiAHI YaCTUHKM BXe NpuUcy-
THi Y PO34MHi, TOYKa Nepexoay MixX Monekynamu Ta arperatamu cnisnagae ans 6iHapHoOro 3millaHoro po3YnHHMKa
H-reKCaH—MeTaHomN 3a AaHuMMU K eNneKTPOHHOI cnekTpockonii, Tak i APC. TakuM 4MHOM, conbBaTHi 0GONOHKMU,
YTBOPEHi anihaTMYHUM pO3YMHHUKOM HaBKofo Czq, € MeHLU CTabiNbHMMK Y NOPIBHSAHHI 3 0O0MOHKaMK, WO YTBO-
PEHi TONyonoM.

BpewwTi 6yno npoaHanizoBaHo cnekTpu ceiTnonornuHaHHa Crzo y 3MillaHOMY PO3YMHHUKY Toryon—H-rekcaH. Lli
[aHi cBigyaTb Ha KOPUCTb NepeBaxHoi conbBaTaLii Monekyn Czp apoMaTU4YHUM KOMMOHEHTOM GiHapHOro po34mH-
HuKa.

KnrouoBi cnoBa: dynnepeH Czo, TONYOn, H-rekcaH, aueTOHITPUI, MeTaHor, MONEKYNsipHi pO34nHU, OpraHo3o-
Ni, eNeKTPOHHI CNeKTpWU, AUHaMIYHEe PO3CiHHSA CBITNa, PO3Mip YaCTUHOK.
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