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FULLERENE CLUSTERING
IN C7o/N-METHY1-2-PYRROLIDONE/TOLUENE

LIQUID SYSTEM

The structural behavior of the liquid system based on a Cro in an N-methyl-2-pyrrolidone—
toluene mixture has been analyzed, by using the small-angle neutron scattering method. The
experimental results testify to the selective solvation in the system. The corresponding mecha-

nisms have been discussed.

Keywords: Cro fullerene clustering, small-angle neutron scattering.

1. Introduction

Since fullerenes, a new allotropic form of carbon,
have been discovered, the possibilities of their appli-
cation in various domains, including electronics, op-
tics, cosmetology, and pharmaceutics, have been ac-
tively studied [1-3]. Such attention is invoked by a
number of interesting properties of fullerenes. In par-
ticular, this is their solubility in aromatic solvents
[4-7], which considerably extends the areas of their
possible application.

The interest in the research of mixtures with
fullerenes is associated, first of all, with technolog-
ical conditions required for the fabrication and pu-
rification of fullerenes, as well as with the synthe-

© L.A. BULAVIN, T.V. NAGORNA, O.A. KYZYMA,
D. CHUDOBA, O.I. IVANKOV, A.V. NAGORNYT,
M.V. AVDEEV, 2018

116

sis of aqueous systems for their biological application
[8,9]. Despite that it is the transfer of Cg/Cro from
an organic solvent to water that is most often used for
the preparation of aqueous mixtures with fullerenes,
the processes running in a liquid system containing
both polar and nonpolar liquids have not been stud-
ied at length. For instance, it was demonstrated re-
cently that the structure and properties of an aqueous
system obtained with the use of a certain synthesis
method depend on the choice of a primary organic
solvent [10]. On the other hand, the observed cluster-
ing in nonpolar solvents [11, 12] that are character-
ized by a high fullerene solubility [13] puts additional
questions concerning the origin of fullerene clustering
in various liquid systems.

Earlier, the fullerene clustering was assumed to
take place at a definite solvent polarity. In particular,
specific values of the solvent dielectric constant were
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determined [14, 15] and specified [16], at which the
fullerene clustering begins: € = 13 [14] and ¢ = 1923
[16] for Cgp, and € = 27+31 for Crg [15]. However, in
view of the results of recent works dealing with the
fullerene clustering in nonpolar solvents, a conclusion
can be drawn that this process has a more compli-
cated character.

In this work, using the method of small-angle neu-
tron scattering (SANS), the clustering of fullerene Crg
in its mixtures with polar and nonpolar solvents has
been studied. Toluene (¢ = 2.37) and N-methyl-2-
pyrrolidone (e = 32), which are characterized by ab-
solute solubility, were selected as solvents. Researches
of the fullerene clustering in mixtures with the po-
lar solvent N-methyl-2-pyrrolidone (NMP) were car-
ried out earlier [6, 17-25]. The results of researches
demonstrated that, in time, fullerenes transit from
the monomer state to aggregates [26, 27].

Besides a high solubility of fullerenes in NMP,
this solvent is considered to be absolutely soluble
in water, which is important for the preparation
of fullerene mixtures with both water and NMP
[28]. When fullerene is transferred from NMP to wa-
ter, the formation of stable clusters is most likely
achieved due to the formation of donor-acceptor com-
plexes containing fullerene Cgy and NMP molecules
[29]. With this point in view, the processes of Crg
clustering were studied both when NMP was added
to the Crg/toluene mixture and when the Cro/NMP
mixture was diluted with toluene.

2. Materials and Methods

Specimens were prepared, by using the following ma-
terials: fullerene Crq (Fullerene Technologies, a purity
higher than 99.5%), toluene (Merck, a purity higher
than 99.5%), and N-methyl-2-pyrrolidone (Merck,
a purity higher than 99.5%). The initial mixtures
Cro/toluene (with a concentration of 0.73 mg/ml)
and Cro/NMP (with a concentration of 0.61 mg/ml)
were prepared, by mixing them for 15 min at room
temperature making use of a magnetic stirrer. In
a week after the preparation of a corresponding
mixture, the other liquid was added, and three-
component liquid systems Crq/toluene/NMP and
Cro/NMP /toluene were obtained. For our research,
specimens with the following volume fractions of the
third component (NMP or toluene, respectively) were
fabricated: 0, 20, 30, 40, 50, 60, and 80 vol.%.
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Fig. 1. Experimental small-angle neutron scattering (SANS)
curves for the Cro/N-methyl-2-pyrrolidone (NMP) mixture
(squares) and with the addition of toluene to 80 vol.% (circles).
The spectra are normalized by the fullerene concentration. The

dependence of the integral scattering intensity on the second

solvent (toluene) content in the interval ¢ = 0.1+0.5 nm ™! is

shown in the inset

SANS experiments were carried out for the lig-
uid systems Crq/toluene and Cro/NMP in a week
after their preparation. The other solvent (NMP or
toluene, respectively) was added to the initial liquid
mixture with fullerenes immediately before the neu-
tron experiment.

SANS measurements were performed on a YuMO
installation of the IBR-2 reactor at the Joint Institute
for Nuclear Research (Dubna, Russia). The depen-
dences of the differential scattering cross-section per
specimen volume unit (hereafter, the scattering inten-
sity I(q)) were measured, by using the neutron time-
of-flight method in the interval of transferred momen-
tum vector magnitudes ¢ = 0.05+-5 nm~!. Specimens
500 pl in volume were poured into 1-mm quartz
cuvettes (Hellma Analytics), which were held at a
temperature of 20 °C. The solvents and their mix-
tures without fullerene, the so-called buffer speci-
mens, were used as reference ones. A standard vana-
dium specimen was used to calibrate the intensity of
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Fig. 2. Experimental SANS curves for the Cr7g/toluene mix-
ture (squares) and with the addition of NMP to 80 vol.%
(circles). The spectra are normalized by the fullerene concen-
tration. The dependence of the integral scattering intensity
on the second solvent (NMP) content in the interval ¢ =
=0.1-0.5 nm~! is shown in the inset

neutron scattering [30, 31]. The data obtained were
processed, by using the SAS software in the smooth-
ing mode [32].

3. Results and Their Discussion

The SANS spectra obtained for the systems Crg/
NMP and C7o/NMP /toluene with a toluene concen-
tration of 80 vol.% are depicted in Fig. 1. It is evi-
dent that the spectra are different at small ¢’s: the
triple mixture is characterized by a clear signal in the
Guinier region (circles), whereas the SANS curve for
the C7o/NMP mixture (squares) remains at the back-
ground level within the whole interval of the variable
q. The experimental SANS curves exhibited in Fig. 1
can be explained as follows. In the Cro/NMP mix-
ture, there emerge clusters of fullerene Cry with di-
mensions of above 100 nm [33], which goes beyond the
detection limits of the YuMO installation. However, if
the third component, toluene, is added, the fullerene
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clusters in the Cro/NMP mixture are reorganized.
Namely, large clusters become partially destroyed
(see the illustration in Fig. 1). The appearance of a
neutron signal at the beginning of the spectrum re-
flects this fact.

Hence, the observed SANS phenomenon can be
interpreted as the emergence of a significant num-
ber of fullerene clusters with dimensions less than
D = 27 /qmin =~ 70 nm in the C7o/NMP solution. The
cluster reorganization is a result of the increase in
the nonpolar component fraction — namely, toluene —
which has a higher solubility (1.4 mg/ml [? ]) in
comparison with that of polar NMP. In spite of a poor
statistics provided by the neutron experiment, we an-
alyzed the integral scattering intensity, which can be a
measure for the concentration of those clusters in the
system, whose dimensions correspond to the installa-
tion sensitivity interval. Basing on a number of SANS
spectra measured for the C7o/NMP /toluene system,
the dependence of the integral SANS intensity on the
toluene volume fraction was plotted. This dependence
is shown in the insert in Fig. 1. As one can see, it dras-
tically changes, when the concentration of toluene in
the system exceeds 60 vol.%.

The SANS spectra registered for the system
Crp/toluene with the addition of the polar NMP
solvent are shown in Fig. 2. The scattering in the
Crp/toluene mixture remains within the background
level. At the same time, the addition of the polar
NMP component gives rise to the appearance of a
pronounced neutron signal: the intensity at the initial
section of the SANS spectrum increases. This effect
takes place because the detection of C;y monomers
in toluene is a difficult task, whereas the addition of
NMP stimulates clustering of fullerenes, which results
in the neutron scattering growth. As follows from
the analysis of the dependence shown in the inset in
Fig. 2, when the volume fraction of NMP increases
from 40% to 80% and, accordingly, the volume frac-
tion of toluene decreases from 60% to 20% (the direc-
tion is indicated by an arrow in Fig. 2), the integral in-
tensity of neutron scattering increases monotonically.
This behavior testifies to the formation of fullerene
clusters, when the toluene content decreases and the
solution polarity increases, as is illustrated Fig. 2.

Hence, the reorganization of Cr7g clusters in the
C70/NMP /toluene mixture was observed for the
toluene concentrations higher than 60 vol.%. Ear-
lier, a critical destruction of fullerene Cgg clus-
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ters was revealed in the Cgo/NMP /toluene [35] and
Ceo/NMP /water [36, 37] mixtures. However, the de-
struction of fullerene Cgg clusters was observed, when
the concentration of the third component (water or
toluene) in the mixture exceeded 40 vol.% [35].

It should be noted that the addition of the polar
NMP solvent to the Cro/toluene mixture did not re-
sult in a smooth growth of fullerene clusters and, ac-
cordingly, was not reflected in the SANS spectra. In
particular, a critical character of the fullerene cluster-
ing effect, when the polar component concentration
reaches or exceeds 40 vol.% (e = 6.71), testifies to a
specific solvation in the liquid system.

4. Conclusions

To summarize, the effect of selective molecular sol-
vation for either of the examined solvents near Crg
molecules is observed. The corresponding equisolva-
tion point corresponds to a solution with a toluene
concentration of 60 vol.%. The composition of a sol-
vate shell has equal content fractions of solvents in
this case, but differs from the composition of solvents
in the liquid system bulk. In effect, we observe a se-
lective accumulation of NMP molecules in the nearest
solvate shell of Crg. With regard for a higher polarity
of NMR in comparison with that of toluene, a con-
clusion can be made that this solvation is initiated,
first of all, by the formation of C7g—-NMP complexes
[29], in which fullerene plays the role of an electron
acceptor for electronegative atoms entering the NMP
composition. Earlier, the formation of such complexes
was suggested, when studying the absorption spectra
of the Cgo/NMP mixtures and their solutions [38,39].
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KJIACTEPOYTBOPEHHS ®VYJIEPEHIB V PIINHHIN
CUCTEMI Cr79—N-METIJI-2-ITTPOJILJOH-TOJIYOJI

Peszmowme

Y poboTi METOAOM MAaJIOKYyTOBOI'O PO3CisiHHSI HEHATPOHIB IIpPO-
aHAJI30BaHO MOBEIiHKY piguHHOl cucremu Cro—N-merTnii-2-

nipoutiioa—ToJiyosi. Pe3yinbraTu eKCIepuMeHTIB BKa3yIOTh Ha
HAsBHICTb CEJIEKTUBHOI COJIbBATAIlil CUCTEMHU, IPUUUHU SKOI
0O6rOBOPIOIOTHCS.
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