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SOLUBILITY OF FULLERITE IN
AROMATIC AND OTHER MEDIA

Abstract. In this paper, calculated the solubility of fullerite in order to clarify the features of the tem-
perature dependence in the process. This takes into account the implementation in different temperature
ranges of the crystalline structures of fullerite formed by fullerene molecules of various modifications.
Experimental studies of solutions of fullerene molecules in various organic media made it possible to
establish the features of the temperature dependence of the solubility of fullerite C,,. Instead of the ex-
pected increase in solubility with increasing temperature, the extremes of its temperature dependence
with a maximum at room temperature were revealed, the endothermicity of the dissolution process was
established. The anomalies of the temperature dependence of the solubility of fullerenes C_ in organic
matrices are due to a change in the structure of bonds in the framework of fullerene molecules, which,
in turn, affect the structure of solid-phase fullerite.More accurate results using the formulas obtained
can be calculated if the true values of the energy parameters are known from independent experiments.
However, it can be assumed that the nature of the revealed patterns will remain.

Key words: materials, molecule, fullerite, Face Centered Cubic (FCC), Body-Centered Cubic (BCC),
Simple Cubic (SP).
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Xow micTi xoHe 6acka opTasaFbl PYAAEPUTTIH, epiriLuTiri

AHAaTna. bya >XXyMbiCTa oCbl Npouecke TemnepaTypaHblH TOYEAAIAIK epeKLIeAiriH aHbIKTay Makca-
ThIHAQ (PYAAEpeHHiH, epiriwTiri ecenteareH. OHbIMEH KOCA, SPTYPAI Temnepatypa MHTepBaAblHAQ
KPMCTAAA KYPbIABIMABI, PTYPAI MOAMUKaLMAAAFbl (DyAAEPEH MOAEKYAQAAPbIHbIH, XKacaAybl, (hyAAe-
puUTTiH nanaa 6GOAybl ecenke aAblHAbl. OPTYPAI OpraHUKaAblk, OpTaAapAarbl (DYAAEPEH MOAEKy-
AQAapbIHbIH, epiTIHAICIHIH 3KcnepuMeHTiK 3epTTeayi dyarepmut C60 epiriwTiriHiH, TemnepaTypaAbik,
TOYEAAIAITIH aHbIKTayFa MyMKIHAIK Oepai. TemnepaTypa >KOfFapbiAaFraH CaMblH epiriluTiKTiH >Kofa-
pblAaybl 60AXKaHFaH GOAATbIH, OHbIH OpHbIHA 6eAME TemrepaTypacbiHAAFbl MAaKCUMYM 3KCTPEMAAAbI
TeMrepaTypaAblK, TOYEAAIAIK aHbIKTaAAbl. OpraHukaablk, MaTpuuasapaa C60 dyarepeH epirilTiriHib,
Temreparypara Toyeaai 6OAy aybITKybIHbIH cebebi — DyAAepeH MOAEKYAAChl KaHKACbIHAAFbI OGarAa-
HbICTApPAbIH, KYPbIABIMAAPbIHbIH, ©3repyi, oAap 63 Ke3eriHae KaTTbl asanbl (ByAAEPUT KYPbIAbIMbIHA
acep eteai. Erep sHeprus napameTpAepiHiH, TOYEACi3 MOHAEPI TOYEACI3 3KCNEPUMEHTTEPAEH OeATiAi
60ACa, aAblHFaH (hOPMyAAAPABI MaiAaAaHa OTbIPbIN, ABAIPEK HBTUXKEAEPAT ecenTeyre GOAAADI.

Ty#niH ce3aep: MaTEPMAAAAP, MOAEKYAQ, (DYAAEPUT, BETKI OPTAAbIKTAHABIPbIAFAH TEKLLIE, KOAEMA]
OPTaAbIKTaHABIPbIAFaH TeKLIe, Kapanaibim TekLue.
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PacTBopumMocTb pyarepuTa B apomMaTMHECKMX M APYTUX CpeAax

AHHoTaumus. B aaHHOi paboTe paccuMTaHa pacTBOPUMOCTb (DYAAEPUTA C LIEAbIO BbISICHEHUS
0CO6GEHHOCTEN TemrepaTypHOI 3aBMCMMOCTM 3TOro npouecca. [pu 3ToM yumnTbiBaeTCs peaAnsaums
B pa3HbIX TemrepaTypHbIX MHTEPBaAax KPUCTAAAMUYECKMX CTPYKTYP (DyAAepmTa, CCHOPMMPOBAHHbBIX
(byAAEPEHOBBIMM MOAEKYAAMU PA3HOM MOAMMUKALMKM. DKCMEPUMEHTAAbHbIE UCCAEAOBAHWMS PACTBO-
POB (PYAAEPEHOBbIX MOAEKYA B Pa3AMUHbIX OPraHMUeckuMx CPeAax MO3BOAMAM YCTAaHOBWUTb OCOOEH-
HOCTM TemrnepaTypHO 3aBUCMMOCTM pacTBopumocTn dyareputa C, . Bmecto npeanoaaraemoro
YBEAMYEHUS! PAaCTBOPMMOCTHM C MOBbILLEHWEM TemrepaTypbl BbISIBAEHA 3KCTPEMAAbHOCTb ee Temrepa-
TYPHOM 3aBMCMMOCTU C MakCMMYMOM MPW KOMHATHOW TemrepaType, YCTaHOBAEHa 3HAOTEPMUYHOCTb
npouecca pacTBopeHns. AHOMaAMKM TemnepaTypHON 3aBUCMMOCTM pacTBOPUMOCTM yarepeHos C
B OpraHM4eckmx matpuuax o6yCAOBAEHbI M3MEHEHWEM CTPYKTYpbl CBsi3ei B Kapkace (hyAAEpPEeHOBbIX
MOAEKYA, KOTOpble, B CBOIO OYepeAb, BAMSIIOT W Ha CTPYKTYpy TBepAodasHoro dyareputa. boaee
TOYHbIE PE3yAbTaTbl C MCMOAb30BAHUEM MOAYyUYEHHbIX (POPMYA MOTFYT ObiTb pPacCUMTaHbl, ECAM OYAYT
M3BECTHbI M3 HE3ABMCUMBIX 3KCMEPUMEHTOB MCTUHHbIE 3HAaUYEHWS SHepreTMyeckux napametTpos. OAHAKO
MO>KHO MPEANOAOXKMUTb, YTO XapakTep BbISIBAEHHbIX 3aKOHOMEPHOCTEeN COXPaHUTCS.

KAloueBble cAoBa: matepuanbl, MOAEKYAQ, (DYAAEPUT, rpaHeLeHTpupoBaHHas kybuueckas (LK),

00bEMHO-LIEHTPMPOBaHHas kybuueckas (OLIK), npocrtas kybuueckas (MK).

Introduction

At present, carbon materials, including
nanostructured carbon modifications or their
derivatives are belong to the rapidly developing
field of materials science. A large number of
scientists and engineers are engaged in their
research.  Carbon  modifications include
particles, one of the dimensions of which does
not exceed 100 nm. To a greater extend, the
term nanostructured modifications of carbon
can be attributed to fullerenes and nanotubes
and other similar structures. Fullerenes are
spherical hollow carbon clusters with the
number of atoms n = 30-120. Cgg, C79, C76, and
others [1-5] are known to be obtained in
sufficiently large quantities. The most stable
form is Cgp, which spherical hollow structure
consists of 20 hexagons and 12 pentagons.
According to X-ray analysis, the average
diameter of the sphere is 0.714 nm [1-5]. The
internal bond in fullerene between the atoms is
larger than the external one, therefore fullerenes
form a solid body duringconsideration, with the
preservation of their internal structure (fullerite)
with a density of 1.65 g / cm®. The ionization
potential of fullerene is 7.6 eV, the affinity for
an electron is 2.6-2.8 eV. The dissociation
energy with a separation of C, and the
formation of Csg-4.6 eV [6-12]. Fullerite is a
molecular crystal formed from Cgy, C;9 and

other molecule clusters, called fullerenes. The
interest in the study of fullerenes increased
significantly after the developing technology of
their synthesis in macroscopic, gram quantities.
According to some publications, arc synthesis is
the most accessible and common method for
producing fullerene-containing soot. Almost all
technological ~ parameters, the  chemical
frequency of evaporated graphite, as well as the
size and shape of graphite electrodes, have a
strong effect on the yield of fullerenes. The
interest in studying the behavior of fullerenes in
solutions is twofold and has both fundamental
and applied aspects [13-19]. Fundamental
interest in this issue is primarily due to the fact
that fullerenes belong to the only one of the
three currently known allotropic carbon
modifications (graphite, diamond, fullerenes),
which have appreciable solubility in a wide
class of organic solvents. Another reason for the
increased interest in the study of fullerenes in
solutions is the fact that the there are existing
methods for the preparation and cleaning of
fullerenes in macroscopic quantities based on
their use in solvents. As a result of intense
thermal effects on the surface of crystalline
graphite, soot is formed, which contains up to
20% fullerenes. In this case, it is most
convenient to carry out thermal action by means
of an arc discharge between graphite electrodes
in an atmosphere of a buffer gas, for which
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helium is usually used [20-26]. This report
presents the results of calculations of the
solubility of fullerite in aromatic and other
media.

Results of the experiments and discussion.

To solve the problem, the free energy of the
system was calculated. The following provisions
were taken into account:

1) implementation of three possible phases of
fullerite with SC, BCC, FCC structures formed by
fullerene molecules of different modifications (@,
®g, d,) and different activities [9],

2) the method of average energies [6-9], in
which the interaction energy of molecules is
determined by the intermolecular distance and their
chemical nature;

3) model of spherically symmetric hard
balls[10, 11], in which the interaction is taken into
account not between atoms, but between
molecules, as independent structural units;

4) the lack of order in the placement of all
molecules at the sites of the crystal lattice;

5) neglect of the correlation in the substitution
of the positions of the crystal lattices with both
fullerene molecules and solvent molecules;

6) taking into account only the pair interaction
and only the neighbouring molecules;

7) arbitrary composition of fullerite, as well as
its single or two phase in different temperature
ranges;

8) implementation in solution in different
temperature ranges of SC, BCC, or FCC lattices, in
some positions of which P solvent molecules are
located. The latter position is realized at the
boundary of a solid fullerite crystal and a liquid
solvent.

When calculating the phase were designated as
follows:

aphase — fullerite with SC lattice and @, molecules,
Bphase — fullerite with BCC lattice and ®p molecules, (1)
yphase — fullerite with FCC lattice and @, molecules.

The parameters of the considered lattices
depend on the temperature and are somewhat
different in various literature sources. We have
taken the following values:

a, = 14,08 A for the PC structure,
ag = 14,13 A for the BCC structure, 2)
a,= 14,17 A for the FCC structure.
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The nearest intermolecular distances for each
structure was determined by the following
formulas:

re=a,=14,08 A, rg=ag \/5 /2 =12,23 A,

3)
rma,N2 12 210,02 A.
Thus, intermolecular distances are reducedin
the following sequence: SC - BCC — FCC. The
interaction energy due to this factor should increase
in absolute value. However, it still depends on the
activity of the fullerene molecules themselves,
which largely determines the nature of the
interaction.
To calculate the solubility of fullerite in an
organic medium, the free energies of the a, P, y
phases were determined using the initial formula

F=E —-kI'lnG —kTN,In 4,

i=a, B, 7, ®
where FE; is the internal configuration energy,
determined by the sum of the energies of pair
interactions of the nearest fullerite and solvent
molecules, G; is the thermodynamic probability of
the distribution of fullerene molecules and solvent
molecules, determined by the rules of
combinatorics, N; is the number of fullerene
molecules in the solvent, A; is their activity, k is
constant Boltzmann, 7 — absolute temperature.
The formula (4) takes into account the
dependence of the free energy of the system on the
number of fullerene molecules (Ni # const)in

the solvent, which changes during the dissolution
of fullerite.

Configuration energy was determined by the
expression:

E = _N(l')U(i) _N(i)U(i) _ N(i)U(i) (5)

i v pp pr o pp op op?

where N, N©

pp° rp’
nearest pairs of FF, PP, FR in the phase,
() () ()
UW’ Upp ? Uwp
interaction, taken with the opposite sign, i = a, 3, v
are the type of phase.

The numbers of the nearest pairs of molecules

in each phase i are equal

N(;’; are the numbers of the

are the energies of their
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i

|
N” =—zN’/N,
[ 2 i

1
N =—zN’/N,
S5 (6)

rp
N”=zN N /N,
op it P

where
N = N; + N,# const @)

the number of lattice sites occupied by @;andP
molecules, N; u N, — the number of @and
Pmolecules, z; is the coordination number, which
equals for the structures:

z;=6, 8, 12, respectively, for SC, BCC,
and FCC lattices. ®)

Configuration energy Etaking into account
formulas (5) — (7) is equal to

F=-

i

XN+N)

1 1
E=-—z——x

l 2 N +N 9)
x(NJvy) +Nw +2N.N v\,

Thermodynamic probability is determinedby
the rules of the combinatory formula

N!

NNV
i P
its natural logarithm with regard to the Stirling
formulalnX! = X(InX-1), valid for large numbers X,
is equal to

(10)

InG =NInN-NInN -N InN_. (11

We obtain the free energy by substituting
expression(4) into (9) and (11)

(N/v)+ N0 +2NN v)) -

P

(12)

~kT[(N,+N)In(N, + N )~ N,InN, =N InN —kIN,In 4 ].

The equilibrium concentration of fullerenes in
the solid solution is determined by minimizing the
free energy. The latter is conveniently carried out
using the Lagrange indeterminate multiplier
method. For this the function is composed

Y, =F +a9, (13)
where « is the Lagrange multiplier, and
SENI-+NP—N (14)
—z,(cv op T “pZop P pp
1
—z,(c,L) +c,U)) +— 5% (o +c?

where

¢;=N/N, c,=N/N (17)

concentrations of fullerene molecules and solvent
molecules.

bond condition (7).
Equilibrium equations were found from the
conditions

09
oW /oN +a— =0,
oN

04
8‘~Pi /aNp +a—=0, = a, B,y

o (15)

Substituting in (15) the free energy (12) and the
bond condition (14), one can find the relations

oY +c U(l))+;Z (clv (l)+c20(’>+200 VY +kTInc,—kTln A +a=0,

tp - ¢p

(16)

@ (@) -
W +2¢,c,08)+kTIne, +a =0,

Subtracting the second equation (16) from the
first equation, eliminaing the Lagrange multiplier,
the ratio can be obtained

z, (" - v —cw)=kTIn

v —ﬂ i) ®

63



Solubility of fullerite in aromatic and other media

where

— oy, () @)
wi_zu(ﬂp Opp =V (19)

- mixing energy of each phase and it is taken into
account that

cite,=1 (20)

Formula (18) can be rewritten as

(i)

-1
1 —z WY -0 -cw
c, =|:1+;exp (Vo ~ Oy —€, ')} . 2D

[ kT

This formula or formula (18) determines the

temperature dependence of the solubility of
fullerite in the matrix ¢; = ¢(T). The form of this
dependence is determined by the energy parameter

= (" — W _
V.=z(v,,—v, —ca),

(22)
i.e. the nature of intermolecular interactions.

The study of function (16) on the extremum
showed that for each phase the dependence c;=c;(7)
is monotonic: with increasing temperature, the
solubility of fullerite increases or decreases
depending on the sign of the energy V; (22).
However, in a wide temperature range, when phase
transitions occur in the SC 2 2BCC 2 FCC and

the sign of the energy parameter V; is possible, the
dependence ¢; = ¢; (T) can be extreme. Thus, the
developed statistical theory of the solubility of
fullerite in an organic matrix, taking into account
the formation of various modifications in different
temperature ranges of fullerene molecules, i.e.
different chemical activity and realization of
fullerite with SC, BCC and FC lattices in these

temperature ranges allowed us to explain and
justify the temperature dependence of the solubility
of fullerite in organic solvents, observed
experimentally in matrix media such as hexane,
toluene, xylene, etc. This fact gives hope on the
existence of three stable isomers of Cgy molecules,
differing in activity and temperature stability,
determined by the processes of changes in
interatomic bonds with intramolecular on external
molecular is realistic. We also note that more
accurate results with the execution of the obtained
formulas can be calculated if the true valuesof the
energy parameters are known from independent
experiments. However, it can be assumed that the
nature of the revealed patterns remains.

Conclusion

Thus, the developed statistical theory of the
solubility of fullerite in an organic matrix, taking
into account the formation of various modifications
in different temperature ranges of fullerene
molecules, ie. different chemical activity and
realization of fullerite with PC, bee and fc lattices in
these temperature ranges allowed us to explain and
justify the temperature dependence of the solubility
of fullerite in organic solvents, observed
experimentally in matrix media such as hexane,
toluene, xylene, etc. This fact confirms the existence
of three stable isomers of C60 molecules,
distinguished by their activity and temperature
stability, determined by the processes of changing
intra-molecularand inter-atomic bonds to external
molecular ones, is realistic. We also note that more
accurate results with the execution of the formulas
obtained can be calculated if the true values of the
energy parameters are known from independent
experiments. However, it can be assumed that the
nature of the revealed patterns will remain.
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