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MerogoM pedpakToMeTpHM HCClle0OBaHA AMHAMUKA HM3MEHEHHS II0Ka3arels MPeJIOMIICHHUS
pactBopoB ¢ymiepena Cgy B KCHII0JI€ MIPU Pa3IMYHBIX KOHIEHTpPALUAX. Y CTAaHOBIIEHO, YTO OT-
KJIOHEHHE OT JIMHEHHOM 3aBHCHMOCTH IOKa3aTels MpesloMeHHs OT KoHueHTpauuu Cgy Mpo-
ucxoaut npu KoHreHTpauu Cgy~1.8 Mr/mi1, 4To CBsi3aHO ¢ HAHOOJBIIAM KOJMIECTBOM MOJIC-

KyJSIpHBIX B3aumogeicTBuit Mexay Cg—Cgo U 00pa3oBaHHEM Ha MX OCHOBE KPYITHBIX HAHO-
KJIAaCTEPOB B pacTBope. MeTojoM auHamuueckoro paccesiuus cseta (JIPC) ycrtaHoBieHO, UTO
KOHEUHBIH pa3mep HaHOKIacTepoB Cgy B paCTBOPE 3aBUCUT OT HAYAIBLHOW KOHIICHTPALIUU Pac-
TBOPEHHOT'O BeIecTBa. boiiee BhICOKas HavyainbHas KOHIEHTparus Cgy MPUBOJUT K CHHTE3Y
KPYIHBIX B THAMETPE HAHOKIACTEPOB. METOJOM ONTHUYECKOH CIEKTPOCKOIUHN H3YYEHBI MPO-
LIECChl caMoopranu3auu Monekyn ¢ymiepera Cqy B pacTBOpe KCHiioia Bo BpeMeHH. O0cyx-
JIAeTCsl XapaKkTep YCTOWYUBOCTH CHHTE3MPOBAHHBIX HAHOKIIACTEPOB (DyJulepeHa B pacTBOpE.
[Mosny4eHHbIe pe3yNbTaThl MMEIOT 0CO00€ 3HAYCHHE Ui MHOTOYHCICHHBIX MMPUIOKEHUN Ha-
HOTEXHOJIOTUH JIJIsl TIOHUMAHUSI TPOLIECCOB CaMOCOOPKH M pa3pabOTKKM HOBBIX HAHOMAaTepUa-
JIOB.

KioueBble cioBa: ¢ymiepen Cgo, pacTBOpP B KCHIIONE, ONTUYECKUE CHEKTPHI, pehPaKTOMETP, HAHOCT-
PYKTYypa, KIacTepoodpa3oBaHue, CTaOHIbHOCTb.

The dynamics of changes in the values of the refractive index of solutions of Cg in xylene at
various concentrations has been studied by the refractometric method. It was found that the
deviation from the linear form of the dependence of the refractive index on the Cy, concentra-
tion occurs at a Cqy concentration of ~1.8 mg/ml. The deviation is associated with the largest

number of molecular interactions between Cg—Cgy and the formation of large nanoclusters on
their basis in solution. It was found by the dynamic light scattering (DLS) that the final size of
Ceo nanoclusters in solution depends on the initial concentration of the solute. A higher initial
concentration of Cg, leads to the synthesis of nanoclusters with a larger diameter. Using the
method of optical spectroscopy, the processes of self-organization of fullerene Cg4, molecules
in a xylene solution in time are studied. The character of stability of synthesized fullerene na-
noclusters in solution is discussed. The results obtained are of particular importance for nu-
merous applications of nanotechnology for understanding self-assembly processes and the de-
velopment of new nanomaterials.

Keywords: fullerene Cg, solution in xylene, optical spectra, refractometer, nanostructure, cluster forma-
tion, stability.
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I. Introduction

Research on carbon-containing nanomaterials, in
particular allotropic modifications of carbon, will be
crucial for the future of science and technology.
Allotropes of pure carbon nanostructured materials
such as fullerenes, graphene, and carbon nanotubes
have generated a lot of interest due to their chemical
and physical properties [1]. Each carbon allotrope ex-
hibits different properties depending on its structure
and size. For example, according to carbon hybridiza-
tion, fullerenes have sp*-hybridized carbon atoms [2].

Fullerenes C, (n=60, 70) have a quasi-spherical
shape of carbon allotropy and were discovered as a re-
sult of laser evaporation of graphite with the help of
Kroto's group in 1985 [3], which received the Nobel
Prize in 1996 for this discovery. Fullerenes C, (n = 60,
70) are the most studied elements of the future nano
era. Fullerenes exhibit unique physical properties that
have great potential for widespread use, such as solar
cells [4-5], super-capacitors [6-7], diode [8], gas sto-
rage [9-10], scanning tunneling microscope tips [11],
nanoelectronics [12-14], phototherapy [15-16], phar-
maceutical [17] and biomedical applications [18-20].

The most stable and peculiar molecule of Buck-
minsterfullerene Cg is soluble in many non-polar or-
ganic solvents [21]. At the same time, non-polar sol-
vents such as toluene, xylene, carbon disulfide, dichlo-
robenzene, etc., are commonly used to recover fulle-
rene (Cg) from freshly prepared carbon black after the
synthesis process. In addition, Cgy fullerene exhibits
unique optical properties that have high potential for
wide photo-optical applications [22]. Fullerene Cg so-
lutions are characterized by the formation of clusters
of fullerene molecules in them [23-24], the formation
of which occurs within several months after dissolu-
tion. The latter fact makes it possible to study in detail
the processes occurring in the system at various stages
of aggregation. However, there are few data on the
temporal changes in the self-assembly processes of
Ceo fullerene molecules in weakly polar solvents, for
example, in xylene.

In this work, we demonstrate new experiment
measurements of refractive index of solutions of Cg in
xylene that will be useful to determine crucial concen-
tration at which cluster formation is stable. We also
study of optical absorption characteristics of Cgy solu-
tions over time to determine the structural stability of
the colloidal system.

II. Materials and methodology

In the experiments, we used fullerene Cgy powd-
er (SES Research, USA) with a purity of less than
99.8% and an organic solvent-xylene of analytical
purity from Sigma Aldrich (USA).

To prepare the initial solution, the previously
weighed mixtures Cg-xylene were mechanically
stirred in a laboratory magnetic stirrer "Vortex Dlab
MX-S" for 0.5 h at a temperature of ~22+1°C.

The refractive indices of Cg, fullerene solutions
were determined using an Atago PAL-BX/RI digital
refractometer (Atago, Japan) with a measurement er-
ror of <0.0001. The measurements are carried out at
~589.3 nm, the wavelength of the atomic sodium
D,-line. For the refractive index measurements, Cg
solutions in xylene were prepared in a concentration
range of Cg~0.4-3.0 mg/ml.

The geometrical sizes of the synthesized mCeg
nanoclusters (where m is the number of fullerene Cg
molecules in nanocluster) were measured by dynamic
light scattering (DLS) on a Zetasizer Nano ZS
instrument (Malvern Instruments, Oxford, UK).

Electronic absorption spectra of Cg solutions
were recorded using UV-2700 UV-Vis spectrometer
with a spectral resolution of ~0.1 nm and wavelength
scanning from 185 to 900 nm (Shimadzu, Japan).

III. Results and discussion

First of all, we investigate the relationship be-
tween the self-assembly of the Cgy molecules and the
change in the refractive indices of the Cg fullerene
solution. The dependence of the experimental refrac-
tive indices of fresh prepared solution of fullerene
Cso in xylene on the concentration of the solute is
shown in Figure 1. The change in the value of the re-
fractive index of the solution with an increase in the
concentration of the solute should be dependent on
the degrees of intermolecular interactions Cg—Cgo
and Cg—xylene. It can be seen that in the concentra-
tion range of fullerene Cg in a solution of ~0.4—1.6
mg/ml, the value of the refractive index of the solu-
tion increases linearly. In our opinion, in this case,
both Cg—Cgp and Cg—xylene intermolecular interac-
tions occur in the solution. As a result, a xylene mo-
lecule forms a layer around Cgy molecules in solu-
tion, and ultimately small mCgyy nanoclusters are syn-
thesized on their basis. However, it can be seen from
Fig. 1 that starting with a concentration of Cg in a
solution of ~1.8 mg/ml, the angle of the dependence
line decreases markedly. This indirectly shows that
in the concentration of Cg in solution from ~1.8
mg/ml to ~3.0 mg/ml intermolecular interactions
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Cso—Cgeo are enhanced. The latter lead to the forma-
tion of rather large mCsgy nanoclusters only on the ba-
sis of the fullerene Cqy. The below measured results
by the DLS method confirm the latter assumption.
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Figure 1. Dependence of the refractive index values of a
fresh solution of Cg in xylene on the concentration of Cg
in the solution.

The results of dynamic light scattering for fulle-
rene Cg in xylene at two different concentrations of
Ceo are shown in Fig. 2. At a concentration of
Cs0~1.05 mg/ml in xylene, the histogram shows mo-
nomodal peak in the size range of mCgqy nanoclusters
with a diameter of ~145-180 nm (see histogram 1).
In this case, the average size of fullerene nanoclus-
ters corresponds to ~163 nm.
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Figure 2. The size distribution of mCgy nanoclusters in the
freshly prepared fullerene solution in xylene at two
different solute concentrations: ~1.05 mg/ml (1) and ~1.85
mg/ml (2).
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At a concentration of Cg~1.85 mg/ml in xylene,
the monomodal peak becomes with a broader particle
size distribution from ~250 to ~300 nm (see histo-
gram 2). The average size of mCg nanoclusters in
xylene for this concentration is ~275 nm. With an in-
crease in the concentration of Cgy fullerene in solu-
tion, additional self-aggregation of fullerene mole-
cules is observed, which manifests itself in the form
of a shift in the value of the hydrodynamic diameter
of mMCsy nanoclusters to a region of large sizes (see
Fig. 2). In previous studies [25-26], it was shown that
the synthesis of Cg nanoclusters occurs inside a two-
component solvent xylenettetrahydrofuran and tolu-
enettetrahydrofuran.

In this article also, changes in the absorbance of
a Cg solution in xylene over time will be investi-
gated using UV/visible spectrometry. Figure 3 shows
the changes in the measured values of the optical
density of a freshly prepared solution of fullerene Cqg
for different storage times. Measurements were per-
formed at a fixed wavelength of ~336 nm. The fixed
concentration of Cg in solution was ~1.85 mg/ml. As
can be seen, inside a freshly prepared solution, the
process of self-assembly of Cg molecules imme-
diately begins and lasts up to 15 days, naturally, in
this case, the optical density values gradually in-
crease.
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Figure 3. Change in the values of optical density of solu-
tions of fullerene Cg at a fixed concentration of Cgo~ 1.85
mg/ml in xylene with different storage times of solutions.
The measurements were carried out at a fixed wavelength
of ~336 nm.

After 15 days of storage of the solution, the in-
tensity of absorption is completely reduced, although
the Cgy solution remains colloidal. The results show
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that the optical density of the Cq solution after sto-
rage for 30 and 35 days is practically indistinguisha-
ble, which allows us to conclude that the stability of
the synthesized Cg fullerene clusters in solution has
been achieved.

The used high precision methods and the expe-
rimental results obtained can be used to analyze the
character of the solvent-solute interaction in a wide
range of practical applications in nanochemistry and
nanophysics.

IV. Conclusion

We have investigated the stabilization of self-
assembly processes of Cg fullerene molecules inside
the fresh prepared solution by the refractometric,
DLS and optical absorption spectroscopy methods. It
was determined that the change in the value of the re-
fractive index of the Cg solution in xylene with an
increase in the concentration of the solute should de-
pend on the enhancement of the inter-molecular inte-
ractions Cg—Cg and Cg—xylene. The critical con-
centration of Cg in the solution (~1.8 mg/ml), which
indicates the enhancement of intermolecular interac-
tions only Cg—Cgo and the synthesis of nanoclusters
only on the basis of fullerene Cg, was established by
refractometry.

The DLS results showed that the geometric di-
mensions of the synthesized mCgy nanoclusters are
determined by the initial concentration of Cg in the
solution. An increase in the initial concentration of
fullerene Cgy in solution leads to an increase in the
diameters of synthesized mCgy nanoclusters in solu-
tion.

Prolonged spectrometric observations of the Cg
solution in the UV/visible range made it possible to
conclude that the synthesized mCgy nanoclusters are
highly structurally stable upon long-term storage for
30 days at room temperature in a dark place.

The experimentally obtained results on the for-
mation of mCgy nanoclusters in a fresh solution and
their achievement on stability in solution, apparently,
open up some new possibilities for obtaining new
structurally stable functional nanomaterials based on
nanosized particles for micro- and opto-electronic
devices, nanocomposites, photodetectors, solar cells,
energy storage devices and biosensors.
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Ceo  ¢yniepeHHu  spuTMacuga  y3-y3uaad
HUFUJIM I sKapaénJiapu 0apKapopJIuruHI
YpraHuiu
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Pedpakromerpus ycynu épramMuna Ceo
(yJUIepeHHMHI KCHJIONJAard 3PUTMAcUHUHT HYyp
CUHIUPHII KYpCaTKU4YM KUWMATIAPUHUHI Y3rapuIl
JuHaMuKacu Ypranungu. Cep KOHIEHTpauuscu ~1.8
MI/mMi OynraHna, Hyp CHHAMPHII KYPCATKUUUHHHT
Cep KOHLIEHTpPALMACUTA YMU3HUKIM OOFIMKIMIHIAH
gernamum  Ky3aTwiaad. by wernmammm  Cep-Ceo
¥pracugaru Kyn MUKAOPIArd MOJIEKYJsIp ¥3apo
TabCHpJNAp Ba JpUTMaJa KaTra  yiIdamzIarua
HAHOKJIACTEPJIAPHUHT XOCHI OYIHIIN OMiIaH OOFIIHK,.
Epyrmukuuar aunamux counmmmu (EJIC) meroau

épnamua spuTManapaa CHHTE3JIaHTaH Ceo
HAaHOKJACTepJapu YyI4aMu DJpUTaH  MOJJAHUHT
IacTIa0KH KOHILICHTpAIUsICUTa OOFJINKJINTH

VpHatmigu. Cgp HUHT FOKOPUPOK KOHLEHTPALUAICH
KaTTapoK IWaMeTpAard HaHOKIIACTEpIAp CHHTE3Ura
omub kenamu. Kewionm spurmacupa Cg Qymepen
MOJICKyJIaJJapUHUHT ~ BakT  OyHu4a  ¥3-y3umaH
TAlIKWIIAHAII Kapa€HIIapH ONTHK CHEKTPOCKOMHS
épnaMuna YpraHwiad. DpUTMaga CHHTE3 KWIMHTAH
(GymiepeH HaHOKJIACTEPIapHHUHT  OapKapop-JIHurH
XYCyCHATH MyXoKama KUJIUH]IN. OnuHran
HaTWXKaJlap HAHOTEXHOJIOTUAAA V3-Y3ulaH WHAFUIIMIL
KapaéHIapuHU TYIIyHHII Ba SIHTH
HAaHOMATEpUAUIAPHH MO0 YHKUIIAA MYyXUM
axaMUsTIa ora.

Kamur cy3aap: Cq ¢ymiepeH, KCHIONZArW SpUTMA, OITHK

CreKTpiap, pedpakToMeTp, HAHOCTPYKTypa, KIacTep XOCHI
Oynurm, 6apKapopIHK.



