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Abstract

Co-aggregation of fullerenesgand thiophene has been studied calorimetrically in cyclohexene & A%he total aggregation heat is found
to depend on initial concentration of thiophene and fall betwe#® and—5.8 kJ mof?. The corresponding thiophene/fullerene molar ratio
(“co-aggregation number”) ranges from 7 to 12. The data are rationalized by formation of heteromolecular nanoaggregates with intermolecular
contacts of both fullerene—thiophene and fullerene—fullerene types. A physical model describing interaction between fulletredes@sd
in solution is substantiated and used to explain heterogeneity of composites containing fullerenes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction spectroscopy at low temperatuf@$. Later, these data were
fully confirmed by the X-ray scattering study on solutions of
Composites of fullerenes and aromaticdonors are  fullerene Go in 0-xylene at 25C [7]. Thus, the most prob-
known to be promising photonic materials for solar cells able state of fullerene g in aromatic hydrocarbons should
[1]. However, manufacture of the homogeneous compositesbe considered as an aggregated one, the size of nanoaggre-
is hindered by homomolecular aggregation, i.e. formation gates and the aggregation number being of ca. 2 nm and 3—4,
of fullerene nanoaggregates with intermolecular contacts of respectively6,7]. However, the problem seems to be not yet
the fullerene—fullerene type. Therefore it is of particular im- fully resolved because aggregates of ca. 90 nm size have been
portance to study intermolecular interactions of fullerenes found recently in carbon disulphid8].
in liquid organic media containing suei-donors that are Spectroscopy and scattering techniques allow acquisition
promising from the applied viewpoint. of data merely on the size of inhomogeneities in liquid media;
Though aggregation in solution is an inherent feature of therefore, composition and the structure of the nanoaggre-
fullereneg?2], direct revealing thereof is a challenging work. gates were discussed in the wofks9] speculatively. Num-
Atfirst, the study on solutions of fullerenggby vapor pres- ber of workerg[4,5,9] thought a solvent could not partici-
sure osmometr§3] showed a lack of aggregation in toluene pate in aggregation that occurred allegedly according to the
and partial dimerization in chlorobenzene. Then the workers equationnCgg <> (Cgo)n. The workerd7] guessed inclusion
[4,5] registered the nanoaggregates in benzonitrile but not in of the solvent molecules into the nanoaggregates to be pos-
benzene by UV-vis spectroscopy and light scattering tech-sible in one or another way. In contrast, data on mixtures
nigue. At the same time, the nanoaggregates with the size ofof fullerene Go with benzene and its derivatives acquired by
ca. 2.4 nm were registered in toluene by photoluminescencethermochemical techniques were interpreted as unambiguous
evidence of co-aggregation of the fullerene arrxdonors in
* Corresponding author. Tel.: +7 932 351545; fax: +7 932 336237. solution. The solid solvates were isolated and widely studied
E-mail addressnyb@isc-ras.ru (N.Yu. Borovkov). [10]. They were found to be fairly stable and characterized
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typically by the donor/fullerene molar ratibof 4. Metastable
forms withN < 2 were also revealdd 1].

However, if UV—vis spectra of fullerenes in inert solvents
added with methylbenzeng8,12] are taken into account, =
inclusion will seem to be even a more powerful factor of ag- pe
gregation than one expects from the w¢ik,11]. Indeed, ot p
methylbenzenes cannot cause homomolecular aggregation e
when added to solutions of fullerenes in such moderately -40{ &
effective solvent as carbon tetrachloride. However, addition 0 5 10 15 20 25 30 35
thereof results in spectral changes, which are close to ones N
due to aggregation of fullerenes benzonitfde5]. Because  Fig. 1. Primary calorimetric data on co-aggregation of fullerege @hd
the changes are observed athhelues of 18 to 1P, forma- thiophene in cyclohexene (the first ruriliable 1): (1) dilution of the solution
tion of the heteromolecular aggregates with a large guantity of thiophene; (2) mixing of the solutions of fullerene and thiophene; (3)

of guestrr—donor molecules seems to be the most probable in the difference concerned with the fullerene—thiophene interaction. ®ere
stands for the heat due to injection of iimdose of the titrant; thevalue

these triple systems. _ _ ranges from 1 to 14.
Recently titration calorimetry has been fruitfully used

to study a triple system consisting of fullerengoCan

inert solvent and such a typical-donor as aniling13].

The fullerene—aniline interaction has been found to be non-

stoichiometric, co-operative and thus, indicative of hetero-

molecular aggregation rather than formation of a molecular

complex. The present work has been planned as a further step

to understand the fullerene—donor interactions in solution. It

seeks to extract meaningful information on the initial stage

of co-aggregation of fullerenegg and thiophene through

measuring of the aggregation heat over a wide range of the 0 5 10

donor/fullerene ratio and discussion of data on aggregation

acquired by a variety of techniques. Fig. 2. The molar heats of the fullerene—thiophene interaction. The numbers

correspond to No. (Table 1). The solid lines are obtained by fitting the points

with the polynomial (Table 2). The physical meaning of the a—d points is

explained in the text.
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2. Experimental

Fullerene Gp (99.5%) was purchased from Astrin Co. a wide range of the thiophene/fullerene molar réliasing
(St. Petersburg, Russia). Cyclohexene and thiophene (purumsolution of thiophene in cyclohexene with the largest con-
Fluka) were distilled on a Vigreux column before using. So- centrationCr (the first run inTable 1). Because dilution of
lution of fullerene was prepared by steeping in cyclohexene thiophene was endothermic, the dilution heats obtained from
at room temperature during 2—3 weeks. separate and analogous dilution experiment (Fig. 1, curve 1)

The experiment was performed atZ5 on a differential were subtracted from the heats obtained from the mixing of
isothermal calorimetgfi4]. The calorimetric heat responses the solutions of fullerene §g and thiophene (curve 2). The
were dynamically convoluted by use of the calorimeter con- net heats); (curve 3) were summarized and converted into
stant and routines described earl[@6]. The experiment  the molar quantityQ. From theQ—Nplot, theN value corre-
was planned in such a way that nearly saturated solution of sponding to the maximal heat of interaction was found (Fig. 2
fullerene Go in cyclohexene was to be titrated with differ- , curve 1, point b). Taking this value as an upper limit, two
ently concentrated solutions of thiophene in cyclohexene (seeshorter titration runs were performed using two further solu-
CrandCy in Table 1). Atfirst, fullerene gpwas titrated over  tions of thiophene in cyclohexene with minor concentrations

Table 1

Conditions of the calorimetric experiment

No. N Cr (mmol I-1) m(g) Cr (mmolg1) v; (ml) imax
Minimum Maximum

1 2.65 37.2 0.70 29.008 1.92084 0.0382 14

2 0.60 9.7 0.70 28.560 0.65897 0.0255 16

3 1.35 8.1 0.70 23.108 0.56700 0.0382 6

No., the run numben\, the thiophene/fullerene molar ratiGg andCr, concentrations of the titrand (the solution of fullereng)@nd titrant (the solutions
of thiophene), respectivelyn, mass of the titrandy;, volume of arith dose of the titrantimax, @ number of doses of the titrant added.
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Table 2 more thiophene to the heteromolecular aggregates becomes
Coefficients of the polynomia=a+bN+cN? (kImol?) describing the g5 small that it no longer outweighs the cost of disrupting the
molar heat of the fullerene—thiophene interaction and positions of the max- . . . . .
ima on the correspondin@_N plots (solid curves ifFig. 2) pure thiophene aggregates in solution. From tr.ns. point on,
No o ;" . N~ any growth. of the heteromolecular aggregates is mhergntly
endothermic. Starting from the point ¢, no further addition
1 001240045 09070020 0035:0002 12 58 of thiophene takes place because it would upset the whole
2 —0.051+ 0.014 0.561+ 0.007 0.028+0.001 10 2.9 balance.
3 —0.030+ 0.061 0.550+ 0.035 0.040+ 0.004 7 1.9 . ,
Summarizing these data and ones cited aljéyd, the
aggregated forms of fullerenes in solution might be sketched
Cr (Fig. 2, curves 2 and 3). Finally ti@-Nplots were fitted as follows (Fig. 3).
with the polynomial (Table 2). The simplest supramolecular unit of fullerenes seems to
be a nucleus, i.e. the smallest nanoaggregate composed of
few molecules of fullerene and a number of guest molecules
3. Results and discussion (structures 1). Because in the solid solval#8,11] each
molecule of fullerene has contacts of the fullerene—donor and
Thiophene is chosen because its derivatives were widely fullerene—fullerene types, both homogeneous forms with the
studied as components of photonic materials based onmutually isolated molecules of fullerene (1a) and heteroge-
fullerenes. On the other hand, thiophene is considered toneous ones (1b) are expected in solution. Homogeneously
be a referencer-donor for further experiments because its structured nanoaggregates are not physigakers and there-
molecule is the smallest conventional aromatic one and de-fore hardly detected by osmomety] and light scattering
void of lateral functional groups. Cyclohexene being one [4,5]. The nuclei may grow by two routes, namely, mutual
of the most effective non-aromatic hydrocarbon solvents of coalescence (not shown) and further inclusion of the guest
fullerene G is used as an inert liquid medium. molecules. In the latter case, composition and consequently
The totalQ—Nplot (Fig. 2, curve 1) consists of three por- the structure of the nanoaggregates are expected to suffer
tions demarcated by the inflection points b and c. The ab changes (structures 2). Along with inclusion, solvation of the
and bc portions correspond to two different stages of titration nanoaggregates resulting in formation of an outer shell should
where the heat increment is positive and negative, respec-be allowed (structure 3). A kind of the shell was found in the
tively. TheQ andN values found at the point b (Table 2) are fullerene—pyridine—water systej8).
dependent on titration conditions. The cd portion is paral-  Now the mechanism of co-aggregation of fullereng C
lel to the abscissa indicating the zero heat increment due toand thiophene may be proposed. The primary exothermic
addition of thiophene &l > 30. stage of the fullerene-thiophene interaction (portion ab in
On this basis, one may conclude that there are two pro- Fig. 2) consists of nucleation, i.e. formation of the lower het-
cesses in balance, namely co-aggregation of fullerene witheromolecular nanoaggregates wibof ca. 4 (Fig. 3, struc-
thiophene and disaggregation of thiophene. At Nwal- tures 1), and inclusion of the thiophene molecules (structures
ues, the energy gained by the former is dominant and the2). The Q—N plot atN ranging from 0 to 12 (Fig. 2, curve
aggregates are formed in an exothermic process. The heafl) shows no inflection points; hence no separation of these
increment due to co-aggregation decreasebl ascreases  sub-stages is possible. Inclusion stops at the point b that di-
that seem to reflect a “decreasing influence” of the fullerene vides the stages of relatively strong and weak interaction be-
molecules as the aggregates become more and more filledween fullerene and thiophene. The correspon@pgy and
with thiophene. At the point b, the energy gained by adding Nmax values seem to have the physical meanings of the total
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Fig. 3. Hypothetical forms of fullerene nanoaggregates in solution: (1) nucleus ((a) homogeneous; (b) heterogeneous); (2) grown forms; (3) enclosed form.
Black circles stand for the-donor molecules; the dashed lines symbolize capacity of the nanoaggregates.
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aggregation heat and the limiting capacity of the nanoaggre- It is weakly exothermic for the following reason. To enter the
gates for thiophene (“co-aggregation number”), respectively. shell, thiophene should be in the molecular state. Because
The curves 1-3 (Fig. 2) show that both values are dependentformation of the shell is driven by the weak van der Waals
on experimental conditions, namely, initial concentration of forces, the heat evolved due to shell formation is too low to

thiophene in solution (€in Table 1).

compensate consumption of energy due to generation of the

This dependence may be rationalized as follows. Becausemolecular form of thiophene.

fullerenes tend to aggregate in any solj@htexistence of the
heteromolecular aggregates of fullereng @ cyclohexene

At first glance, the schemes (Figs. 3 and 4) have slight rel-
evance to the solid fullerene—thiophene solvate (1:2) that is

is expected as well. Consequently the fullerene—thiophenestructured as the fullerene sublattice with the donor molecules
interaction should occur at not only molecular but also incorporated into the free voluni@6]. Such kind of crys-
supramolecular level as well according to the re-solvation talline structure is typical for solvates of fullerenes regardless
principle, i.e. by substitution of the guest cyclohexene of the molecular structure of the donor componidmt-19].
molecules with the thiophene ones. Atthe sametime, werethelt is obviously determined by geometry of the fullerene
mechanism of co-aggregation determined only by the state ofmolecule and indicates — as well as the thermochemical
fullerene in solution, the exoeffect would depend on@e study does — extremely small energy of interactions be-
value inversely. The dire¢tQ|andCr relationship indicates  tween the fullerene and donor molecules. The latter con-
that the exoeffect arise mostly due to interaction of fullerene clusion is strikingly evidenced by the NMR study on the
with the aggregated form of thiophene. When fullerene inter- solid fullerene-benzene solvate (1J20] that is charac-
acts with the pure thiophene aggregates, there may be a localerized by the largest density of the heteromolecular con-
excess of thiophene. In such a case, substitution may occutacts[21-23]and seemingly the greatest contribution of the
equivalently and be not accompanied by decrease ifNthe fullerene—donor interactions in stability of the whole system.
value and crucial changing of the supramolecular structure In particular, benzene in the solvate is not rigidly constrained
(Fig. 4a). When fullerene interacts with the molecular form of and may be exchanged, e.g. by deuterated one, without dis-
thiophene, substitution of the weaktydonor and non-planar  turbing the fullerene sublattice. The benzene environment is
molecules of cyclohexene may occur non-equivalently and so labile that suffers disruption due to mechanical spinning
lead to a decrease in tinevalue (Fig. 4b). Because of partial ~ of the sample at 8 kH20]. Thus, from the thermodynamical
loss of the guest molecules, the homogeneously structuredviewpoint, the calorimetric and structufdb—23]data seems
nuclei should take on the heterogeneous pattern. to be in good agreement. As for the structural viewpoint,

At the secondary stage of aggregation (portion bc in similarity of the nanoaggregates in solution and solid state is
Fig. 2), interaction of the grown nanoaggregates and thio- hardly expected when@&donor component is fairly volatile
phene resulting in formation of the outer shell seems to occur. and not bound with fullerene by any significant forces!

The proposed model of co-aggregation of fullerenes with
w-donors allows rational explanation of experimental dis-
crepancies said aboy8-9] and infamous heterogeneity of
composites containing fullerengs.

A nearly mono-dispersed system of nanoaggregates is
known to arise when water is added into solution of fullerene
in pyridine [9]. In contrast, if a ternary system is prepared
by addition of an organic solvent, two types of the nanoag-
gregates being remarkably different in the size afgeln
the former case, substitution of guest pyridine by water be-
ing devoid ofw-donor properties and strongly aggregated is
unfavorable thermodynamically; therefore the most proba-
ble route of interaction seems to be substitution of the shell
molecules (Fig. 4c). Further aggregation occurs through mu-
tual coalescence of the hydrated nuclei and consequently is
not accompanied by collapse of their homogeneous struc-
ture. In the latter case, substitution of the guest molecules
run by two routes (Fig. 4a and b) resulting in formation of the
nanoaggregates both with and without the fullerene—fullerene
contacts.

Despite the aggregates of fullerenes in a unary solvent
consist of a few molecules, some worfs8] reported on
formation of surprisingly giant aggregated species. A com-
mon feature of both works is the forced transfer of fullerene
into solution by ultrasonication of suspensions. In the light of

b

Fig. 4. Hypothetical routs of fullerene re-solvation through substitution of
the guest ((a) equivalent; (b) non-equivalent) and the shell (c) molecules.
Open circles stand for weakerdonor (e.g. cyclohexene) and solid circles
stand for stronger one (e.g. thiophene).
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the NMR study[20], disruption of the native homogeneously  [4] H.N. Ghosh, A.V. Sapre, J.P. Mittal, Aggregation of¢dn solvent
structured aggregates of fullerene by cavitation followed by mixtures, J. Phys. Chem. 100 (1996) 9439-9443. _
coalescence due to the fullerene—fullerene contacts may be[®! S: Nath, H.'Pal, D.K. Palit, AV. Sapre, J.P. Mittal, Aggregation

. of fullerene in benzonitrile, J. Phys. Chem. B 102 (1998
safely supposed. Here the waoj4] should be mentioned 10158_10164% y (1998)

where three nominally identical sample solutions of fullerene [g] 3.s. Ahn, K. Suzuki, Y. Ilwasa, T. Mitani, Photoluminescence gf C
Cso in benzene showed different aggregation behavior. Ob- aggregates in solution, J. Lumin. 72-74 (1997) 464-466.
viously the energy barrier between the homo- and heteroge- [7] V.V. Golubkov, B.A. Shakhmatkin, N.A. Charykov, B.M. Aksel'rod,
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