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EFFECT OF FULLERENE Cs ON THE DIFFUSION
OF ORGANIC SOLVENTS' MOLECULES

The results of studying the dynamics of molecules of solutions of fullerene Cgo in benzene and toluene are present-
ed. The studies were carried out by the method of quasi-elastic scattering of slow neutrons. The following were deter-
mined: the total self-diffusion coefficient D, its collective D¢ and single-particle Ds., contributions, and molecule
relaxation time 1o before and after the dissolution of fullerene. It is necessary to pay attention to the fact that in our case
a kind of neutron contrast experiment takes place. The significant difference (more than ten times) in the cross-sections
for an incoherent scattering of neutrons by hydrogen and carbon nuclei made it possible to obtain diffusion parameters
that characterize the dynamics of solvent molecules exclusively. It turned out that the intensity of diffusion movements

of solvent molecules is almost ten times higher than the mobility of fullerene molecules.
Keywords: fullerenes, quasi-elastic scattering of slow neutrons, self-diffusion coefficient, single-particle and collec-

tive components of the self-diffusion coefficient.
1. Introduction

The study of dynamic processes in fullerene solu-
tions is an important task both from the point of
view of fundamental science and from a versatile
applied application. The peculiarity of fullerene
molecules’ structure determines their unique physi-
cal and chemical properties and wide practical appli-
cation: from the latest nanotechnologies to biology
and nanomedicine [1, 2]. Modern methods of obtain-
ing and purifying fullerenes in macroscopic quanti-
ties are based on dissolution technology. Due to the
intense thermal effect on the surface of crystalline
graphite, soot is formed, which contains up to 12 %
fullerenes. The separation of fullerenes from soot is
based on the fact that, unlike soot, fullerenes are
quite soluble in benzene, toluene, xylene and other
organic solvents [1]. Studies have established the
complex nature of the behavior of the structural,
electrical and optical properties of fullerene solu-
tions, which is due to their cluster nature. Changes in
the structure of the organic solvent in the presence of
Ceo fullerene cause the appearance of peculiarities in
its Kinetic properties, in particular, in the solvent
self-diffusion coefficient.

We should also note that toluene differs from
benzene by only one methyl group, CHs. Thus, we
have the opportunity to identify the role of this
group in dynamic processes. Therefore, the aim of
this work was to study by neutron spectroscopy the
effect of Cgo fullerene on the dynamics of molecules
of organic solvents.

2. Samples preparation and research method

Fullerenes were extracted with a soot solvent.
Soot was obtained in the process of electric arc
evaporation of graphite electrodes and subsequent
condensation of carbon atoms in a helium atmos-
phere. The yield of fullerenes was about 10 %, and
Ceo fullerenes were formed, based on the extraction
data, almost three times more than Cy. The solid
residue of soot was easily separated by filtration,
after which the solutions were used in neutron scat-
tering experiments. By the way, powdered fullerenes
were easily obtained by evacuating solutions with
heating to 423 K, after which they could be redis-
solved in another solvent. In the experiments, we
used samples of Cep solutions in benzene and toluene
with a concentration of 3 mg/l and pure solvents
(benzene and toluene). This was done in order to
avoid the formation of associates of fullerene mole-
cules and precipitation.

The research was carried out by the method of
quasi-elastic slow neutron scattering (QENS) [3], the
essence of which is that neutrons, interacting with
the diffusion motions of molecules, change their
energy and momentum in the process of scattering.
This leads to the broadening of the monochromatic
line of neutrons incident on the sample. Information
on the diffusion characteristics is contained in the
functional dependence of this energy broadening on
the neutron momentum change square during its
scattering. The methodology and calculation proce-
dure are presented in detail in [3].
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To interpret the QENS spectra, the model pre-
sented in [3] was used, in which the self-diffusion of
water molecules is carried out by two mechanisms:
1) the mechanism of continuous diffusion: the mole-
cule oscillates during time 1o in the environment of
its neighbors, namely the environment is continuous-
ly moving in space; 2) activation mechanism of dif-
fusion: the molecule after a time 1o jumps to another
environment, and there continues to oscillate until a
new jump. That is, the energetic expansion of the
guasi-elastic peak in liquids can be represented as
the sum of the collective and single-particle contri-
butions. This, in turn, allows the total self-diffusion
coefficient to be decomposed into two components:
collective and single-particle.

Thus, the following are considered as characteris-
tics of self-diffusion of molecules [3]:

D — the total diffusion coefficient;

Dcon — coefficient, reflecting the continuous me-
chanism’s contribution to the total diffusion coeffi-
cient of molecules. It describes collective movements;

Ds., — single-particle component in the total dif-
fusion coefficient;

10— the time of the settled life of molecules in the
equilibrium position;

lo — average jump length of a molecule;

| — the average length of continuous movement of
the molecule.

The study of the QENS spectra was carried out
on a multidetector neutron spectrometer based on the
time of flight of the WWR-M nuclear research reac-
tor of the Institute for Nuclear Research of the Na-
tional Academy of Sciences of Ukraine. The energy
of neutrons incident on the sample is 13.2 meV.
Scattered neutron spectra were measured in the
range of angles 25.1 - 101.3° and recorded by the
Al-9216 multivariate time analysis system [4]. The
study sample was in a flat 50 x 60 mm container
with duralumin diaphragms 0.5 mm thick. The sam-
ple thickness was chosen equal to 0.9 mm to exclude
the contribution of multiple neutron scattering to the
spectra.

3. Research results and their discussion

Before proceeding with the analysis of experi-
mental data, it is necessary to pay attention to the
specifics of neutrons’ interaction with molecules that
contain hydrogen. The cross-section component for
an incoherent scattering of neutrons by protons is ~
10 times higher than the cross-sections for scattering
by other atoms’ nuclei. Therefore, the dynamics of
molecules of hydrogen-containing liquids are stud-
ied by the neutron method indirectly — through dif-
fuse motions of hydrogen atoms. In our case, the
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benzene molecule contains six hydrogen and carbon
atoms, and the toluene molecule, respectively, seven
and eight. The total cross-section for incoherent
neutron scattering by a benzene molecule is
~15times larger than its coherent cross-section
(carbon is a purely coherent scatterer). For a toluene
molecule, this ratio is ~ 16. Therefore, considering
the mass and size of the fullerene molecule and the
ratio of the cross-sections for neutron scattering by
carbon and hydrogen nuclei, the broadening of the
QENS AE(Q?) peaks in our studies is caused practi-
cally by diffusion motions of exclusively organic
solvent molecules. In other words, in our case, a
kind of neutron-contrast experiment takes place,
which made it possible to obtain diffusion parame-
ters that characterize the dynamics of only solvent
molecules.

Figs. 1 and 2 show the dependence AE(Q?), re-
spectively, for solutions of fullerene Ceo in benzene
and toluene.
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Fig. 1. Energy broadening of quasi-elastic peaks depending
on the Q? of benzene (1) and the benzene-fullerene Cq (2)
system. Circles — experiment, solid lines — calculation.
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Fig. 2. Energy broadening of quasi-elastic peaks depend-

ing on Q? of toluene (1) and toluene-fullerene Ceo (2).
Circles — experiment, solid lines — calculation.
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You can see from these Figures that the AE(Q?)
dependence is not linear either in pure organic sol-
vents or in fullerene solutions. That is, in these sub-
stances, in addition to the collective one, there is
also one-particle (activation) diffusion. However, for
a toluene-fullerene solution, the energy dependence
AE(Q?) is closer to linear (see Figs. 1 and 2). These
figures also demonstrate that in a solution based on
benzene, there is a slight decrease in the intensity of
diffusion movements of solvent molecules. At the
same time, in the toluene-fullerene system, there is a
significant change in the mechanisms of diffusion
movements of solvent molecules.

An important parameter characterizing mole-
cules’ behavior of fullerene solutions is the mole-
cules’ diffusion coefficient. It determines the opti-
mal conditions for the crystallization of fullerenes in
solutions and the possibility of their separation and
purification. So, according to the procedure de-
scribed in [3], the following were determined: the
total self-diffusion coefficient D, its collective Dcon
and single-particle Ds,, components and the relaxa-
tion time 7o, the jump length Iy of the molecule and
the length of its movement by the mechanism of
continuous diffusion | before and after the dissolu-
tion of fullerene. The values of these diffusion char-
acteristics are given in Table.

Diffusion parameters of pure benzene and toluene and in solutions with fullerene Ceo

Sample 10-9D meJs 10%?;’% 10-25}?{2/5 102 10!55 m 1o-|1’O m
Benzene 880(+04) | 1.95(+0.1) 6.85(+0.3) | 0.64(+0.03) | 1.62(+0.08) | 0,86 (+0.04)
Eﬁ?ezreerr‘]? 8.36(+04) | 215(+01) | 621(£03) | 0.78(+£0.04) | 1.70(£0.08) | 1.0(=0.05)
Toluene | 8.04 (=0.4) | 0.8L(£005) | 7.23(=04) | 0.59 (=0.03) | 1.61(+0.08) | 0.54 (+0.03)
L"I:gf:f; 7.35(+£0.4) | 217 (+0.13) | 5.18(+0.3) | 1.29(+0.07) | 1.87(+0.08) | 1.21 (+0.07)

From their analysis, it follows that, firstly, the to-
tal coefficient D of all objects of research is formed
(by more than 70 %) by the activation mechanism of
diffusion. Second, after the dissolution of Cgo fuller-
ene, the total self-diffusion coefficient of benzene
decreases by ~ 4 %, and for toluene by ~ 8.6 %. At
the same time, the collective component of Dcon
increases by 10 and 63 %, respectively. The single-
particle Ds.,, component of the total self-diffusion
coefficient of molecules on going from a pure sol-
vent to a solution, on the contrary, decreases by 9
and 28 %, respectively, for benzene and toluene.
Thus, the dissolution of Cego fullerene in an organic
solvent causes a redistribution between the collec-
tive and single-particle components of the total self-
diffusion coefficient and its decrease. These changes
are accompanied by an increase in time 1o 0f mole-
cule in the vibrational state, length of its jJump lo, and
continuous movement I. As we see, fullerene Ceo
significantly affects molecules’ dynamics of the
fullerene-toluene system. And this is due to the pres-
ence of the CHs methyl group in toluene, which
increases the reactivity of the benzene ring.

As noted above, in the case of our samples, the
QENS method provides information on diffusion
and its mechanisms exclusively of solvent mole-

cules. In [5], the results of studying the diffusion of
fullerene Ceo in benzene are presented. The total
coefficient is 9.1-10™° m%s. That is, the intensity of
diffusion movements of fullerene Cgo molecules in
solution is ~ 10 times less than the intensity of diffu-
sion of solvent molecules.

4. Conclusions

The investigation by the QENS method made it
possible to determine the diffusion characteristics of
benzene and toluene molecules, both pure and in
solutions with fullerene Ceo.

It was found that their total self-diffusion coeffi-
cient D is almost 10 times higher than that of fuller-
ene molecules.

It is revealed that the total self-diffusion coeffi-
cient D is formed by more than 70 % by the activa-
tion mechanism of diffusion of solvent molecules.

When fullerene Cgo dissolves, a redistribution
occurs between the activation and collective mecha-
nisms of self-diffusion of solvent molecules and a
decrease in the total coefficient D.

Although benzene and toluene structurally differ
only in one methyl group CHs, the presence of this
group causes significant changes in the dynamics of
toluene molecules upon dissolution of fullerene Ceo.
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BIIVIUB ®YJIEPEHY Ceso HA JTU® Y3110 MOJIEKYJI OPTAHIYHUX PO3YNHHUKIB

[IpencraBneHo pe3ysnbTaTH JOCHIIKEHHS JUHAMIKH MOJIEKYN po3dnHiB (ynepery Ceo y Oensomi i Tomyomi. Jocmi-
JOKEHHS TIPOBOAMIIMCS METOIOM KBa3ilpyKHOTO PO3CISTHHS MOBITFHUX HEHTPOHiB. Bylio B3HaUYeHO MOBHUIT KOS(IIliEHT
D camomudysii, #ioro komektuBHUHA Dconi Ta omHOgacTHHKOBUHA Ds.y BHECKH Ta 9ac OCLIOTO JKUTTS To MOJEKYJIH [0 i
TTiCIIsT PO3YMHEHHS (yiepeHy. Y CTaHOBIICHO, IO MPU po3unHeHHi ¢ynepeny Ceo B OpraHiqyHOMY PO3UMHHHUKY BilOyBa-
€THCS TIEPEPO3IOALT MiJK KOJIEKTHBHOIO 1 OTHOYaCTHHKOBOIO CKIIQJIOBIMH TTOBHOTO KoedirieHTa camoan(y3ii MOJIeKy
pO34KHY, Y pe3yabTaTi 4oro e koedimieHT camoaudysii 3MeHmryeTscst. HeoOXiqHO 3BepHYTH yBary Ha Te, IO B Ha-
IOMY BHITAJKy MAa€ MicCIle CBOEPiTHIH HEHTPOHHOKOHTPACTHHHN eKCIiepuMeHT. Bennka pisauns (6unsm HiX y 10 pasis)
y mepepizax HEKOTEPEHTHOTO PO3CISHHSA HEHTPOHIB Ha SIPax BOIHIO 1 BYIVICIFO MO3BOJIMIIA OTPUMATU apaMETPH JH-
¢y3ii, M0 XapakTepHU3yrTh BHUKIIOYHO TUHAMIKY MOJIEKYJ PO3YMHHUKA. SIK BHSBMIIOCS, IHTEHCHBHICTH AUQY3iHHHX
PYXiB MOJIEKYJI PO3YHHHHUKIB Maibke y 10 pa3iB mepeBUINy€e PyXIUBICTh MOJICKYI (ysepeny.

Kniouosi cnosa: QynepeHu, KBasilpy)XHe PO3CISIHHS HOBUIBHHX HEWTPOHIB, KoedilieHT camoaudysii MOJEeKy,
OJTHOYACTHHKOBA 1 KOJIEKTHBHA CKJIAJI0Bi KoedimieHTa camoangysii.
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