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Features of Cgo fullerene in the toluene-hexane solvent system

U.K. Makhmanov™'?, Sh.A. Esanov?!, B.A. Aslonov?, Z. Bekmurodov?, K.N. Musurmonov?,
D. Sidigaliyev?’, A.X. Shukurov*

! Institute of lon-Plasma and Laser Technologies named after U.A. Arifov, Academy of Sciences of the Republic of
Uzbekistan, 33, Durmon yuli str., 100125, Tashkent, Uzbekistan
2 National University of Uzbekistan named after Mirzo Ulugbek, 4, Universitet str., 100174, Tashkent, Uzbekistan

Received 05.04.2023, revised 19.04.2023

* Corresponding author: e-mail: urol_m@mail.ru, Phone: +998 90 355 99 47

Meronamu pedpakromerpun, Y D-BHIAUMON CHEKTPOCKONHMH, JMHAMUYECKOTO PACCESIHUSI CBE-
ta (APC) 1 31eKTpOHHOM MHKPOCKOIIUH M3y4YEeHBI 3aKOHOMEPHOCTH CaMOarperalnuy MOJEKYIl
Ceo B pactBope Cyp/TONMyon/rekcad. DKCIIEpUMEHTAIBHO ITOKA3aHO, YTO PH HE3HAYUTEIHHOM
YBENIWYCHUHU Kak KoHHeHTparmu ¢ymiepera Cqp, TaK M1 00bEMHOH JIOJIK TOIyOJa B pacTBOpe
Cgo/TOITyON/TeKCaH HAOMIOMASTCS M3MEHEHHE TI0Ka3aTellsl MPETOMIICHAS U TIOBEICHUS OIITHYIe-
CKOTO CTIEKTpa CpeAbl. YBEIHUCHHE CONEPKaHUS TOIyOoJIa B PaCTBOPE MPOSABISAETCS KaK MOJI0-
JKUTEJIBHBIA COJIBBATOXPOMHBIN 3PQEKT, TaK ¥ THIEPXPOMHBIHA 3()(HEKT B HHTCHCHUBHOM I10JI0-
ce mornomeHus npu ~328.8 M. B 10 ke Bpems metomom [IPC ycTaHOBICHO, YTO C yBeIHYe-
HHEM MOJBHOH J0H Toiyona B cucteMe Cgo/TOMyos/Tekcal pa3Mep CHHTE3UPOBAHHBIX BHYT-
PH pacTBOpa HAHOKJIACTEPOB yMmeHbIaercs. [locie ucnapeHus rekcana M TOJyoJia U3 Kareslb
pactBopa (yuiepeHa, MepeHeCeHHbIX Ha HArpeTyr MoiokKy (10 ~30°C), Ha MOBEpXHOCTH
MOJUIOXKKH (POPMUPYIOTCSI HUTEBU/IHBIE KPUCTAJUINYECKHE HAHOCTPYKTYPBI Ha OCHOBE (yIlie-
peHa Cg.

KuiroueBblie cioBa: dymrepen Cgy, CMECh PACTBOPUTENCH TOMYOJ/TeKCaH, caMoarperamus, ImoKa3aTeib
npenomiienus, IPC, Hanoknacrep, HAHOBUCKEPHI.

The behaviors of self-aggregation of C¢y molecules in solution of Cgp/toluene/hexane were stu-
died by the methods of refractometry, ultraviolet-visible spectroscopy, dynamic light scattering
(DLS) and electron microscopy. It has been experimentally shown that with a slight increase in
both the concentration of Cg fullerene and the volume fraction of toluene in a
Cgo/toluene/hexane solution, a change in the refractive index of the medium and in the beha-
vior of the optical spectrum is observed. An increase in the content of toluene in the solution
manifests both a positive solvatochromic effect and a hyperchromic effect in the intense ab-
sorption band at ~328.8 nm. At the same time, it was established by DLS that with an increase
in the mole fraction of toluene in the Cqp/toluene/hexane system, the size of nanoclusters syn-
thesized inside the solution decreases. After evaporation of hexane/toluene from fullerene so-
lution droplets transferred to a heated substrate (up to ~30°C), filamentary crystalline nano-
structures based on Cg fullerene are formed on the substrate surface.

Keywords: fullerene Cgy, toluene/hexane solvent mixtures, self-aggregation, refractive index, DLS,
nanocluster, nanowhiskers.

I Introduction ticular fullerenes C, (n = 60, 70, ...), have increasingly
attracting the attention of physicists and chemists as
natural models of self-organizing systems [3-4]. Expe-
rimental works [5-12] show the possibility of control-
ling self-organizing systems by controlling the type
and amount of used solvents, the concentration of the

Among various nanoscale materials, carbon con-
taining nanomaterials have unique optical, electrical,
thermal, and mechanical properties [1-2]. Presently,
solutions of carbon containing nano-particles, in par-
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solute and external conditions (ambient temperature,
method of preparing a solution, etc.). The properties of
the synthesized nanoclusters (for example, the refrac-
tive index, optical absorption, electrokinetic potential,
thermal conductivity, etc.) become dependent on their
geometric dimensions and differ markedly from the
properties of their constituent isolated fullerene mole-
cules with a diameter ~0.7 nm [13-17]. A better under-
standing of the processes of interaction and aggrega-
tion occurring between the molecule of fullerenes and
solvents is important for the development of new na-
nomaterials based on fullerenes. Currently, fullerene-
containing nanomaterials are in the focus of attention
for use in electronics [18-20], such as diodes, transis-
tors, solar cells, electronic batteries, in the field of
medicine [21-22] as an antioxidant, proactive agent for
cells, in tribology [23], in surface coatings [24], in the
creation of new molecular networks [25], as well as in
sensor technologies [26]. At the same time, many im-
portant questions about intermolecular (interparticle)
interactions inside and out of solution, leading to self-
organization of fullerene molecules in binary solutions,
remain debatable.

The aim of this work is to experimentally study
the UV-Vis absorption spectra and refractive index of
solutions of fullerene Cgqy (purity of >99.8%, Sigma
Aldrich, USA) in binary mixtures of solvents "tolu-
enet+hexane" at various concentrations of the compo-
nents and to determine the size and morphological cha-
racteristics of nanostructures of Cqy by dynamic light
scattering (DLS) and electron microscopy methods.

I1. Materials and methodology

To prepare Cg solutions of specified concentra-
tion, preweighed Cg fullerene powder was added to a
vial containing accurately measured hexane, toluene,
and/or hexane/toluene mixtures. The resulting mixture
was dissolved in a hermetically sealed glass flask at
room temperature for 5 h with mechanical stirring us-
ing a 2.5 Hz programmable laboratory magnetic stirrer
"MS-11 H" (WIGO, Poland).

Experimental measurement of the exact signifi-
cant index of refraction (n) of the system
Ceo/toluene/hexane with different concentrations of
solvents was carried out on the long-wave D;-line of
sodium atoms (~589.3 nm) on a high-sensitivity
(<0.0001) digital refractometer PAL-BX/RI (ATA-
GO, Japan).

In experiments, the absorption measurements of
Ceo solutions were carried out on a UV-2700 UV-Vis
spectrometer with a spectral resolution of ~0.1 nm

(Shimadzu, Japan). Optical absorption spectra of
Ceo/toluene/hexane were taken immediately after their
preparation.

Using the DLS method on a NanoSight LM10
(Malvern Instruments Ltd.), the distribution character
of the dispersed phase of fullerene Cqy over the aver-
age hydrodynamic diameter (Dy,) in solutions was stu-
died.

To study the dimensional and structural features
of synthesized nanostructures of fullerene Cgp, we
used a scanning electron microscope (SEM) JSM-
IT200 (Joel, Japan).

ITI. Results and discussion

A change in the refractive index (RI) of fullerene
solutions with a change in the concentration of com-
ponents gives an idea of the sensitivity of clusters of
different sizes to light, which helps to select nano-
sized fullerene clusters for a particular sensor system.
The measured experimental values of the refractive
indices of Cgp/toluene/hexane solutions at two fixed
concentrations of Cg fullerene (~12 and ~16 mg/dm’)
show that with an increase in the concentration of ful-
lerene Cgo in the solution of Cgy/hexane/toluene, the
values of RI of the solution increase. The RI values of
a Cgo/toluene solution at a Cg concentration of
~12 and ~16 mg/dm’ are 1.4910 and 1.4916, respec-
tively. At the same time, the RI values of the
Cgo’hexane solution increase from 1.3677 to 1.3689
with an increase in the Cg, concentration from
~12 mg/dm® to ~16 mg/dm’. This behavior is due to
the fact that with an increase in the concentration of
Ceo in the studied solutions, the processes of self-
organization of individual Cg-Cg molecules are en-
hanced. The latter causes more interactions between
photons of light and therefore leads to an increase in
the refractive index of solutions.

Figure 1 shows the UV-Vis electronic absorption
spectra of freshly prepared solutions of fullerene Cqg
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 Cgg ~16 mg/dm3. Obvi-
ously, the following characteristic absorption bands
of Cg in hexane were observed: orbitally-allowed
bands with maxima at A;~328.8 nm, A,~404.4 nm, a
weak shoulder at A;~406.7 nm and orbitally forbid-
den bands with maxima at A4~535 nm, As=568 nm,
Ae~590 nm, A,~598 nm, a weak shoulder at Ag~620
nm (see solid line). With increasing the mole fraction
of toluene in solution, the amplitudes of the optical
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Figure 1. UV-Vis electronic absorption spectra of fulle-
rene Cg solutions in hexane/toluene mixtures as a function
of toluene mole fractions (M): 0.00 (a solid line), ~0.35 (a
dotted line) and ~0.63 (a dash-dotted line). The inset shows
the ~328.8 nm band in more detail in the solutions with the
above mole fractions of toluene. The fixed concentration of
Cyo fullerene in solutions was ~16 mg/dm3.

absorption bands in short- and long-wave parts of the
spectrum increase, which indicates the presence of
intermolecular interactions between the molecules of
the Cg—Cso and Cgy—solvent. In addition, with an
increase in the molar fraction of toluene in the mix-
ture, significant changes are observed in the behavior
of the optical spectra with respect to the spectrum of
Ceo in hexane (see Fig. 1). In particular, at the molar
fraction of toluene (~0.63 M) in solution, a bathoch-
romic shift (positive solvatochromic effect) is ob-
served in the bands A;=328.8 nm (shifted by ~5.2
nm), A,=404.4 nm (shifted by ~2.0 nm) and Ag=~620
nm (shifted by ~3 nm). These changes indicate a sig-
nificantly different charge distribution of the
n-electrons of Cg in the excited electronic state com-
pared to that in the ground state of the molecules after
the replacement of the solvent.

Experimental measurements by the DLS method
provide additional information on the size of Cg clus-
ters synthesized as a result of self-organization of
molecules in the Cqp/hexane/toluene solution. Figure
2 shows the size distribution of Cg clusters by light
intensity in a Cgy/hexane/toluene with toluene mole
fractions ~0.35 (a dotted line) and ~0.63 (a solid line)
at fixed low concentration of Cgy ~16 mg/dm3. Ana-
lyzing the curves, we can say that the hydrodynamic
size distribution of Cgy nanoclusters in a low concen-
tration Cgy solution has a so-called monomodal peak
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over the entire size range. It can be seen that Cg
nanoclusters synthesized in Cgo/hexane/toluene solu-
tions are characterized by a hydrodynamic diameter
~0.71+25.0 nm. Moreover, the diameter of the Cg
nanoclusters decreases with increasing toluene con-
tent in the solution. The latter can be assumed that
with an increase in the content of toluene in the sys-
tem, Cgp fullerene molecules tend to good solubility
in solution.
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Figure 2. The size distribution of mCgy nanoclusters syn-
thesized in the Cgo/hexane/toluene system by light intensity
at two different toluene mole fractions (M): ~0.35 (a dotted
line) and ~0.63 (a solid line). The fixed concentration of
Cyp fullerene in solutions was ~16 rng/dm3 .

Ceo’hexane/toluene solution with toluene mole
fractions ~0.63 M (Fig. 2, a solid line) has a peak at
~7.54 nm with a distribution of fullerene nanoclusters
along the hydrodynamic diameter in the size range
~0.71+16.92 nm. At a toluene molar fraction of ~0.35
M (a dotted line), nanoclusters are synthesized in so-
lution with a wider distribution of hydrodynamic di-
ameter from ~2.2 nm to ~25.0 nm, and the maximum
value of their diameter is ~10.44 nm. Such sharp dif-
ferences in the size characteristics of the synthesized
Ceo clusters in the Cgy/hexane/toluene medium indi-
cate the decisive role of the solvent used in determin-
ing the nature of self-organization of C4y molecules.

Next, we studied the processes occurring inside
evaporating drops of Cg fullerene solutions on the
substrate surface. It is known that in recent years an
ordinary “drop” rapidly evaporating due to thermal
effects in a limited volume (Vo ~4+12 mm”) is consi-
dered as a simple and promising model “reactor” for
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the accelerated synthesis of various structures [8].
Under the conditions of our experiments, after evapo-
ration of organic solvents from a drop of fullerene
solution transferred onto a heated substrate, a solid
phase formed on the surface of the substrate, consist-
ing of filamentary crystal structures of Cg fullerene.

Figure 3 shows the SEM image of Cg fullerene
filamentary crystal structures (nanowhiskers) syn-
thesized in the volume of an evaporating drop of
Ceo’hexane/toluene solution located on the surface of
a flat silicon substrate heated to ~30°C.

Figure 3. SEM image of Cg fullerene filamentary crystal
structures (nanowhiskers) synthesized in the volume of an
evaporating drop of C¢/hexane/toluene solution located on
the surface of a flat silicon substrate at a temperature of
T=30 °C. The toluene molar fraction was ~0.35 M and the
initial concentration of Cgj in solution was ~18 mg/dm3.

Under such conditions, the maximum length and
width of the obtained filamentous crystalline
whiskers of Cg reached the values of ~2.0 um and
~200 nm, respectively (see Fig. 3). It can be noted
that the proposed method for obtaining one-
dimensional nanostructures based on fullerenes is
simple and economical, as well as easily scaled and
optimized.

III. Conclusion

Using refractometry and optical absorption me-
thods, it was found that as the concentration of Cg
and the volume fraction of hexane in the studied solu-
tions of Cgp/hexane/toluene increase, the enhance-
ment of intermolecular interactions of molecules is
accompanied by self-organization of individual fulle-
rene molecules. An increase in the content of toluene
in the Cgo/hexane/toluene system leads to significant
changes in the charge transfer between the solute and

the solvent, which, in particular, exhibit both a posi-
tive solvatochromic effect and a bathochromic effect
in the intense absorption band at ~328.8 nm. The
DLS results show that the hydrodynamic size distri-
bution of Cgy nanoclusters in Cgy solution has a mo-
nomodal peak over the entire size range. It has been
established that Cgy nanoclusters synthesized in
Cgo’hexane/toluene solutions at a fullerene concentra-
tion of ~16 mg/dm’ are characterized by a hydrody-
namic diameter of ~0.71+25.0 nm. In particularly, at
a toluene mole fraction of ~0.63 M has the hydrody-
namic diameter in the size range ~0.71+16.92 nm and
~0.34 M nanoclusters are synthesized in solution with
a wider distribution of hydrodynamic diameter from
~2.2 nm to ~25.0 nm. It has been established by SEM
that after the evaporation of organic solvents (hex-
ane/toluene) from a drop of fullerene solution trans-
ferred to a heated substrate (up to ~30°C), filamenta-
ry crystal nanostructures (nanowhiskers) of Cg fulle-
rene were formed on the surface of the substrate. The
obtained scientific results are important for the effi-
cient use of fullerene solutions, especially in the areas
of nanotechnology requiring controlled and selective
liquid disperse systems.
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*Mupso Viyr6ex HOMHJArH  Y36eKUCTOH Munuit
yHUBepcuTeTH, YHuBepcurer kydacu 4, 100174 ToumkeHr,
Y36exucTon

Ceo/Tomyon/rexkcan sputMacuga  Cq  (dymuiepeHHH
MOJIEKYJIAJIApUHUHT V3-y3unan arperauuscu

XyCycusiTIIapu peppakTOMETPHs, ONTHUK CIIEKTPOCKOIIHS,
épyrmukauHr auHamuk counmnumu (EJIC) Ba smekTpon
MHUKPOCKOTIHS METOJIapU OwmaH Yprasuimy.
Cgo/Tonyon/rexcan sputMmacuga  Cg  (dyJuiepeHHH
KOHIICHTPAIUSCH Ba TOJIYOJNHHHT XQ)KMHUH YIymu Oupo3
OPTUIIK OWJIaH MYXUTHHHT CHHIMPHUIN KYpPCATKUYH Ba
ONTHK  CICKTPJAPHHUHT  Y3TaphIld  3KCIICPUMEHTAI
paBUINAa aHWKJIAHINA. DPUTMATArH TOIYOJ MHKIOPHHHUHT
optui ~328.8 HM MHTEHCUB IOTWJIMII COXacHAa Xam
WKOOWH CONBBATOXPOM, XaM THIEpXpoM 3(PdeKkTHr
Hamo&H kunaaun. ly 6unan 6upra, EI[C METOH Eplamusia
Ceo/T€KCaH/TOIYON TU3UMHUIATH TOIYOJHUHT MOJIb YIIYIIH
opTHiid  OWJIaH  SpUTMA  MYWJA  CHUHTE3JIaHraH
HaHOKJIAcTepJlap  ya4aMM  KaMmallMiiu — aHUKJIaHIW.
Kmmupunran (~30°C rawa) KaTTHK TarjlK CHpPTHUTA
YTKa3uirad QyisepeH SpuTMach TOMUYMIApHIAH TEKCaH Ba
Tolyon OyFiaaHraHman cyHr Tammk  cupTHaa  Ce
byiepeHHn acocuia (bunaMeHTIIN KPHUCTAJLIH
HAHOCTPYKTypajap XOCH OYJIHIIN YPHATHIIIM.

Kamur cy3znap: Cq dyuiepeHn, TOIyoJ/TeKCaH SPUTYBUMIAD
apajalMacH,  y3-Y3WOaH  arperanusuIaHuMII, CHH/APHIIT
kypcarkuuy, EJIC, HaHOKIAacTep, HAHOBUCKEpIIAP.



