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ABSTRACT

In this article, we examined the state of fullerene Cep in toluene and its mixtures with
acetonitrile in both diluted, (4.0 to 6.3)x10°® M, and concentrated, (0.23 to 1.9)x102 M
solutions, prepared by either equilibrium or non-equilibrium procedures. Normally, the
working solutions were prepared by diluting stock solutions of fullerene in toluene. Some
specific features of solid fullerene interaction with atmospheric oxygen were revealed using
the LDI mass-spectrometry. A combination of electron absorption spectra of the fullerene in
CsHsCH3—CH3CN mixtures with the analysis of the particle size distribution using the DLS
method demonstrated that even in acetonitrile-rich media, where diluted Ceo exists in colloidal
state, some features of the molecular absorption spectra are still present. Such effect is in line
with the formation of the large solvation shells of an aromatic solvent around fullerenes. The
TEM images of the dried colloidal solutions demonstrate a loose floc configuration of the
aggregates, contrary to the crystal structure of the species in a toluene-free Cso dispersion
obtained by hand-grinding. In solution, the spectrum of the last-named is a monotonous curve
increasing towards ultraviolet. The LDI measurements proved the tendency of Ceo towards
forming negative species under contact with acetonitrile. Electrophoretic studies state that a
universal property of the negatively charged colloidal species is their expressed ability to
overcharging in the presence of inorganic cations, which are poorly solvated by acetonitrile.
In concentrated (oversaturated) fullerene solutions, where the SAXS and SANS methods are
applicable, fractal-type aggregates of fullerenes were revealed in solutions. The analysis of
aggregates structure indicates that their packing density is increased with growth of fullerene
concentration and/or amount of acetonitrile in the mixture. Thus, branched aggregates were
observed in toluene solution, while fullerenes form dense clusters with diffusive surface in

mixtures with acetonitrile.



1. Introduction

Presently, the fullerenes belong to the most widely used compounds. Their numerous
utilizations in academic and applied science, nanotechnologies, medicine, etc., are well
known. One of the notable features of fullerenes is their very limited solubility in liquids.
Even in the so-called good, i.e., aromatic non-polar solvents and CS,, the solubility reaches
only 0.01 —0.07 M (hereafter, 1 M = 1 mol dm™) [1-3]. Another typical feature is the ability
to form colloidal solutions in “poor” (polar) solvents. They readily appear when small
volumes of Ceo or C7o solutions in good solvents are mixed with larger amounts of polar ones
[3—12]. Despite a series of publications devoted to the gradual transition of the fullerenes
from molecular to colloidal state [5-8, 11, 13, 14], this issue needs additional research. For
instance, it was shown that not only the content of the binary solvent but also the fullerene
concentration influences the character of the systems of interest [4-9, 14, 15].

In this article, we use a complex of experimental methods, which allows shedding
additional light upon the properties of fullerene Ceo in the toluene—acetonitrile system. Some
of the used methods are better suited for low fullerene concentrations, whereas others are
applicable for concentrated solutions. In both cases, some features of large Cso aggregates are

disclosed.

2. Experimental

2.1. Materials

Fullerene Cso samples from Acros Organics (purity 99.9%) and Fullerene Technologies,
Russia (purity >99.5%) were used. High purity solvents were additionally purified and
dehydrated using conventional procedures. Inorganic salts were of analytical grade. The

cryptand [2.2.2], or Kryptofix 222 (for synthesis), was from Merck.

2.2. Procedure of Ceo solution preparation



For studying diluted solutions of Ceo, two procedures were used, both without stirring
and sonication. First of all, the solid material fullerene was stored in toluene for two weeks in

the dark. Then, after saturation, the solution was filtrated using the 0.45 xm -pore PTFE

filters. As it was previously reported, such procedure allows estimating the Ceo solubility of
fullerene as 3.8x107> M [14]. Alternatively, the procedure was the same, but the weighed
amount of Cso was much smaller, and the saturated solution was not reached. Also, no
filtration was used in this case. In such way, a solution with a concentration of 6.00x10™* M
was obtained.

Some experiments were made with the Cgo colloidal solution in acetonitrile, prepared
using Deguchi’s procedure [16]. After hand-grinding in an agate mortar, the solid sample was
placed into acetonitrile and sonicated with electrical power ca. 50 W and frequency 40 kHz;
the details including the characterization of the disperse system were published previously
[17].

For studying concentrated (oversaturated) solutions of Ceo, three types of the initial
fullerene Ceo solutions in toluene were prepared. Solution I with concentration 3.8x107> M
and Solution II with concentration 4.58x10™* M were prepared by stirring in the vial for 1 h at
room temperature under natural light. Solution III with concentration of 5.5%107* M was also
obtained by stirring for 1 h at room temperature, but in the dark. Then the solutions were
diluted in such a way that the fullerene concentration in all samples was the same and two
times less than the initial one, and the ratios between toluene and acetonitrile varied from 7:3
to 1:1. One more Ceo solution in toluene was prepared by plain dilution with toluene of each
initial solution. Thus, all solutions had the same concentration, which made it possible to
neglect the effect of concentration on aggregation processes. Synchrotron small-angle X-ray
scattering (SAXS) measurements of the samples based on Solution I were carried out 7 hours

after sample preparation. This time is enough for the formation of aggregates in solutions. The



samples based on Solution II were studied by small-angle neutron scattering (SANS) after 24
hours. In the case of the time evolution small-angle X-ray scattering studies the measurements

were started 5 minutes after sample preparation.

2.3. UV-visible absorption

The electronic absorption spectra were run using a Hitachi U-2000 apparatus against

solvent blanks.

2.4. Dynamic and static light scattering

The particle size distribution was determined via dynamic light scattering (DLS) using
Zetasizer Nano ZS Malvern Instruments apparatus at 25 °C, scattering angle 173° and by
static light scattering (SLS) method using the laser diffraction particle size analyzer SALD-
7100 Shimadzu instrument. Electrokinetic potential was also determined with the Zetasizer
Nano ZS. Alternatively, the measurements of the size distribution of fullerene aggregates at
higher concentrations were performed using DLS (Photocor Compact-Z, Moscow, Russia)
according to ISO 22412:2017. This DLS instrument is equipped with a thermostabilized diode
laser (wavelength 650 nm, maximum output power 35 mW) and covers the particle size range
from 0.5nm to 10 um. The measurements were made at a scattering angle of 90°. The
autocorrelation function of the scattered light intensity was analyzed using the DynaLS

software. The temperature was 20 °C for all measurements.

2.5. LDI mass spectra

Mass spectra of Laser Desorption/lonization Time of Flight (LDI-ToF) mass
spectrometry were acquired using an Autoflex II Bruker Daltonics mass spectrometer
equipped with nitrogen laser of A =337 nm with a pulse width of 3 ns. The samples of Ceo

solutions deposited onto either a standard steel target or a teflon support, and dried under



ambient conditions. Each LDI-ToF mass spectrum was a sum of 120 individual spectra. The

analyzer was operated in linear positive and negative modes.

2.6. TEM studies

Samples for transmission electron microscopy (TEM) studies were produced by drop-
casting and drying Ceo solutions on a standard copper TEM grid covered with =15 nm thick
amorphous carbon film. Morphology of the samples was studied with FEI Tecnai G2 20

TWIN (LaB6, 200kV) transmission electron microscope in a bright-field mode.

2.7. Synchrotron SAXS measurements

Synchrotron SAXS measurements were performed at the P12 BioSAXS beamline at
PETRA 1II ring (EMBL/DESY) in Hamburg, Germany. The sample-to-detector distance,

3.1 m, gave the g-range of 0.07 —4.6 nm!

calibrated using silver behenate [18]. Scattering
patterns were obtained with a Pilatus 2M pixel detector. The samples were placed into the
glass capillary (1 mm of diameter). The temperature was 20 + 0.1 °C. Twenty consecutive
frames (each 0.05 s) comprising the measurement of samples and buffer were performed. In
order to verify that no artifacts as a result of radiation damage occurred, all scattering curves
of a recorded dataset were compared to a reference measurement (typically the first exposure)
and finally integrated by automated acquisition program [19]. A signal from pure buffer was
measured before and after each SAXS measurement. This signal was subtracted from a
corresponding sample curve. The resulting data was normalized to the transmitted beam. For
estimation of the clusters size in the fullerene systems, the SAXS curves were processed using

indirect Fourier transformation (IFT) approach developed by Glatter [20] in the version of

Pedersen [21].

2.8. SANS measurements



SANS measurements were carried out at the YuMO small-angle diffractometer at the
IBR-2 pulsed reactor (JINR, Dubna, Russia) in the time-of-flight regime. On the YuMO
small-angle spectrometer, the two-detector setup with ring wire detectors was used [22]. The
neutron wavelength range was 0.05 — 0.8 nm. The measured scattering curves were corrected
for background scattering from buffer solutions. For an absolute calibration of the scattering
intensity during the measurements, a vanadium standard was used. Treatment of the raw data

was performed by the SAS program with a smoothing mode enabled [23].
2.9. Time evolution SAXS experiments

Time evolution small-angle X-ray scattering measurements were used to determine the
nanostructure of the samples based on the Solution III. Samples were sealed in a capillaries
made of borosilicate glass of 2 mm diameter (Hilgenberg GmbH, Germany). A scattering
from the empty capillary was subtracted. The experiments were performed using a pinhole

b

“Molecular Metrology” camera (Rigaku, Japan) attached to a microfocused X-ray beam
generator (Rigaku MicroMax 003) operated at 50 kV and 0.6 mA (30 W). The setup was
upgraded by SAXSLAB enabling the freedom in sample-to-detector position and wide g-
range coverage. The scattering vector, ¢, is defined as ¢ = (4n/))sin0, where . = 1.54 A is the
radiation wavelength and 26 is the scattering angle. The camera was equipped with a vacuum
compatible version of Pilatus3 R 300K hybrid photon-counting detector. The typical exposure

time used was 7200 seconds with the frame length 15 seconds. This gave us an opportunity to

follow the changes within chosen intervals.

3. Results and discussion

3.1. Electron absorption spectra of diluted Cgo solutions: neat toluene solvent



First, the absorption spectrum of Ceo in pure toluene should be considered (Figure 1).
Precise values of the molar absorptivity, M ecm™, are as follows: 58.43x10° (at A
=336 nm); 3.163x10° (407 nm); 0.867x10° (526 nm); and 0.750x10* (565 nm); the average
uncertainty is 3.4%. In o-xylene, the maximum is also at 336 nm (molar absorptivity

50.6x10%) [24], while in n-hexane A,

e = 327 nm (51x10%) [25].

The spectra obey the Bouguer—Lambert—Beer law in the used concentration range. It
can be considered as a proof of absence of aggregate formation. Hence, the diluted solutions
below the solubility limit may be considered as common molecular liquids. However, a series
of publications by Ginzburg, Tuichiev, and associates [26, 27] should be taken into account.
With the help of a variety of experimental methods they demonstrated that in aromatic
solvents, such as benzene, toluene, and xylenes, the Cso and C79 molecules are surrounded by
shells consisting of thousands of solvent molecules. This, in turn, influences the properties of
the solvent in the solution [28-30] and is in concert with the substantially negative values of
entropy of fullerenes solubility and solvation [3, 31]. Application of molecular dynamics
simulations for fullerene Cgo and its derivatives in a set of aromatic solvents allows revealing

the formation of substantial solvation shells [32], though this method may not account the

long-ranged interactions.
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Figure 1. Absorption spectra of Cgo in pure toluene. Fullerene concentration 6.26x10°° M (1)
and 6.00x10~* M (2), 20 °C.
[Figure 1 near here]

Some recent data on Ceo solutions in o-xylene are in line with this concept [33]. Also,
the well-known ability of fullerenes to form crystal solvates [3] including Ceo*2CsHsCH3 [34]
gives an (indirect) support of the above-mentioned ideas of stable solvate shells formation in
solution. Aggregates of Ceo in toluene and chlorobenzene were observed by Guo et al. [35]
when studying solutions prepared using sonication. A number of articles, which describe
fullerene aggregates in good solvents, were previously discussed in a review paper [3]. As it
was demonstrated by Avdeev et al. [36], such systems appear if non-equilibrium methods of
preparation were used.

Recently, Makhmanov et al. studied fullerene solutions prepared in toluene by both
equilibrium and strongly non-equilibrium methods [37]. In the last case, HRTEM technique
allowed observing 380120 nm nanoporous fractal structures. In the first case, however,
aggregates were also observed though of smaller size (no more than 50 nm and densely-
packed). It should be noted that the authors provide no information concerning the filtration
of the solutions; the high absorbance values hinder the comparison of the electronic spectra
with ours. Similar results were obtained with C7¢ in benzene [38] and toluene [39]. These
authors also studied the coating of surfaces with fullerene Cso using solutions in toluene—
tetrahydrofuran [40] and xylene—tetrahydrofuran [41]. It should be noted, however, that the
DLS studies were made only for the last-named system, where large aggregates were revealed
as in solution prepared by a non-equilibrium method. Some authors mention, that aggregates
observed by TEM are formed during the evaporation of the solvent [42].

On the other hand, the formation of unstable Ceo aggregates in benzene was reported as

early as 1994 [43]. These aggregates spontanecously appear after keeping in benzene over a



month in nitrogen atmosphere without any mixing, agitation, or sonication, but may be easily
destroyed by hand-shaking [43]. The SANS method also demonstrated some time-dependent
aggregation during storing in toluene at concentrations close to the solubility limit [44]. Some
other examples were collected in a previous review [3]. Therefore, formation of such unstable
aggregates reflects the initial stage of fullerene dissolution, before even slight mixing. In
contrast, the spectrum presented in Figure 1 refers to an equilibrated solution prepared

following accepted analytical procedures.

3.2. LDI-Tof studies of Cey in toluene

Fullerene films are often used in different technological procedures [39—41]. Therefore,
we examined the properties of such films using the LDI-ToF method. Data concerning the
mass-spectrometry of fullerenes including the MALDI- and LDI-ToF methods are available
in the literature [45—48]. The peculiarity of our study consisted in using Ceo films on supports
of two different natures exposed for a long period of time in the atmosphere. As result, some
interesting features of their interaction with oxygen were revealed.

Two identical liquid samples of Ceo solution in toluene were placed on two standard
ground steel MALDI target plates, protected from dust and the direct sunlight. After 4-days
exposure on air, the dried sample on one of the plates was analyzed by the LDI-ToF. At the
same time, the second sample was completely washed by toluene and again put on a standard
steel plate. In this case, the mass spectra were obtained just after evaporation of the toluene
solution. The analyzer was operated in linear positive and negative modes in linear regimes.
The thickness of the Ceo layers on the plates corresponded on the average to ~20-30
molecules. The films were non-uniform, and some grains were observed using an optical

microscope.
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Analysis of negative ions of the first sample showed the increasing of Ceo
fragmentation, which manifests itself by appearance of ions at m/z 696 (Csg), 672 (Cse), 648
(Cs4), and a series of peaks that correspond mainly to products of interaction with oxygen at
m/z 709 (CsoHu1), 712 (Cs30), 720 (Ceo), 728 (Css0z2), 736 (Cs00), 737 (CcoOH), 740 (Cs5902),

744 (Cs803), 754 (Cs002H), and 769 (Ce003).
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Figure 2. LDI-ToF mass spectra of negative (a, b) and positive (c, d) ions of fullerene Ceo on
a standard steel MALDI target plates obtained after 96-h exposure under ambient conditions
(a, ¢) and after washing by toluene and placing again on a standard steel plate (b, d).

[Figure 2 near here]
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By contrast, the analysis of the second sample demonstrated the signals of fullerene
destruction at m/z 696 (Csg) and 672 (Cse). Of the products of interaction with oxygen peaks,
only one at 736 (Cs0O) was observed, and even that possessed a lower relative intensity. This
reflects the tendency of a decrease in the content of oxidized fullerene species after washing
and re-placing on the steel support.

In the region of higher m/z values, in the mass spectrum of the first sample a series of
peaks appear in increments of 24 Da at m/z 1272, 1296, 1320, 1344, 1368, 1392, and 1416,
which corresponds the clusterized products with mass divisible by 106, 108, 110, 112, 114,
116, and 118 carbon atoms.

The peculiarity of the mass spectrum of the second sample consists in the presence of a
peak at m/z 1428, which corresponds to a cluster of 119 carbon atoms [49, 50]. Peaks at m/z
1320, 1344, 1368, 1392, and 1416 are also present.

The mass spectra of the positive ions of both samples are qualitatively similar. The
fragmentation process is more expressed in the second case.

For comparison, a toluene solution of Ceo was placed on a handmade teflon plate. After
4 day-exposition on air, the plate was placed into the working zone of mass spectrometer. The
analyzer was operated in positive and negative modes in linear regime. In both cases, only a
peak at m/z 720 (Ceo) was observed, with neither fragmentation nor products of interaction
with oxygen.

All the above experiments were repeated several times.

12
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Figure 3. LDI-ToF mass spectra of negative (left-hand) and positive (right-hand) ions of

fullerene Ceo on a standard teflon plate.

[Figure 3 near here]

The oxidation products, in particular CsO are common impurity in fullerene samples
[3, 51-53]. The content of these contaminations may be different in various samples and may
reach several percent [3, 4-53]. Also, the use of different analytical methods can give
different oxygen content in one and the same sample [52]. The concentration of CeO can be
firmly determined in toluene extracts from aqueous colloidal solution using both HPLC
method and UV-visible spectra [53] and in solid phase deposited from such hydrosols using
MALDI-ToF mass spectrometry [54].

Taylor et al. assert that the most stable oxidation product of Ceo is Ci200 [53]. Their
mass-spectrometric and HPLC studies were devoted also to the formation of (C70)20n in the
gas-phase aggregation [56] and to related problems [57, 58].

Irrespective of the composition of the oxides, it is very likely that they are the ones that
form films on the flasks, less-soluble in toluene than the entire fullerene [55, 59]. The partial
oxidation of Cso was observed simply on standing in air [55]. The more expressed slow
aggregation of the fullerene in toluene on air as compared with that in the nitrogen
atmosphere [44] should obviously be attributed to oxidation. Also, it was shown that exposure

13



of Ceo solution in toluene to the light under ambient laboratory conditions leads to formation
of the CeoOn epoxides (n=1, 2, 3) which, in turn, induce the formation of fullerene
aggregates [60]. Such aggregates are unstable with respect to heating and shaking [60]. In any
case, in the spectrum of our fullerene sample in toluene the band 424-426 nm, typical for the
[6,6]-closed [61] and [5,6]-open CeoO [62], is absent (Figure 1). Hence, the fraction of the
admixtures of this type in our Ceo sample is small, in line with the LDI data except the results
obtained after prolonged exposure under the laboratory atmosphere.

Our cyclic experiments with the attaching oxygen and washing-off it in toluene looked
as a kind of “breathing”. Hence, the results demonstrate the role of the metal support in
oxygen addition to the Ceo molecule as a result of prolonged exposure. Also, the bound is
probably of non-covalent nature, because the attached oxygen atom is lost after dissolution in
toluene. Though the fullerene oxides are less toluene-soluble, it seems unlikely that they were
deposited in the flask after washing; no signs of sediment were observed. A kind of donor-
acceptor interaction seems to be more probable. On the dielectric teflon support, oxidation

products were not observed in the present study.

3.3. Diluted Cgp solutions in toluene—acetonitrile mixed solvent

In Figure 4a, the changes of the absorption spectrum of Cso is shown on going from
toluene (relative permittivity & = 2.38) to acetonitrile (&, = 35.94). The picture is typical for
formation of colloidal particles and resembles those for Ce¢o in mixtures of toluene with
methanol [14] and benzene with acetonitrile [13, 15]. In these publications, the role of the
solution mixing sequence and the problem of kinetics of formation and ageing of the colloidal
system were discussed. Figure 2b demonstrates that if toluene solution of Ceo is mixed with a

solvent of medium polarity, such as dichloromethane (&, = 8.93), no principal changes of the

spectra occur. (All ¢, values are from ref. [63].)
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Figure 4. Absorption spectra of 4x10°°M Ceo solutions: a) in toluene—acetonitrile binary
solvent at toluene content: 70 vol. % (1,2); 50 vol. % (3, 4); and 30 vol. % (5, 6); prepared by
dilution of the saturated Cgo solution in toluene (1, 3, 5) or from the 4x10~* M solution of Cgo
in toluene; b) in toluene—dichloromethane binary solvent at toluene content, vol. %:70 (1); 50
(2); and 30 (3). Optical path length: 1.00 cm, 25 °C.

[Figure 1 near here]

Figure 4a needs some comments. Beck and Mandi [64] reported following values of Ceo

solubility in toluene—acetonitrile binary solvent: 2.5x107° M (30 vol. % toluene); 4.3x10°> M

15



(50 vol. % toluene); 9.3x1075 M (60 vol. % toluene); and 4.2x10~* M (80 vol. % toluene).
Hence, all these saturated solutions are in fact colloidal systems; e.g., see Figure 5. This
means that some interaction between Ceo and toluene still takes place even if the fullerene
molecules constitute the colloidal particles.
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Figure 5. The SLS data for Ceo in toluene—acetonitrile binary solvent with 30 vol % toluene.

[Figure 5 near here]

The behavior of Ceo and C7o in the toluene — acetonitrile system was a matter of detailed
studies by two research groups. Sun et al. [5-7] rapidly added acetonitrile to fullerene solution
in toluene. The higher the fullerene concentration is, the lower the acetonitrile content causing
spectral changes is. At 5x10°% M Cgo in 70 vol. % acetonitrile, the absorption spectrum is as in
neat toluene [7]. This contradicts to some extent our data (Figure 4a); the main reason may be
the different preparation procedure of the solutions. In general, however, the observations by
Sun et al. agree with the regularities of formation of colloidal particles formulated by Volmer
[14, 65]: the lower the solubility in the given mixed solvent is, the smaller the colloidal
particles are. The same can be said about the study by Alargova et al. [9], where toluene
solutions of fullerenes were 200-fold diluted by acetonitrile: the higher the fullerenes Ceso or

Cro concentration in toluene is, the larger the colloidal species are formed in acetonitrile. This

16



is also in line with our data [15]: even if an almost saturated solution in toluene is 1000-fold
diluted by CH3CN, the size of the species is around 350-370 nm, whereas 100-fold dilution of
a 4x107° M Ceo resulted in much smaller 150-200 nm particles. These results were confirmed
in the present study. Our studies of Ceo in toluene—methanol [14] and benzene—acetonitrile
[13] and C70 in toluene—acetonitrile [66] also follow the same rules. In order to fix the
turning-point from molecules to colloids, some authors examined the long wavelengths
portion of the visible spectra [7, 8, 14]. In general, it can be stated that the solvent
composition corresponding to the above transition depends on the fullerene concentration.

The cited papers and our studies allow making an important conclusion: the main
absorption band around 336 nm is observed even if the DLS data reveal colloidal species of
fullerenes. Even in 99 % acetonitrile or methanol and 1 % toluene, the corresponding band is

distinctly observable, though the A values are 349 nm and 353-357 nm, respectively [14,

X

15, 67, 68]. Such feature of the molecular absorption allows expecting that some toluene
molecules are still surrounding the fullerene molecules even in colloid species. Rudaglevi et
al. [4] report a value of fractal dimension of 2.9 for Cgo aggregates in acetonitrile with 10 %
toluene and assume close packing of hard spheres. In this connection, the TEM images of the
dried colloid of Cgo in acetonitrile with 1 vol. % toluene should be compared with analogous
picture obtained for the dispersion prepared using the Deguchi’s method [17]. This method
consists in hand-grinding of the solid sample and sonicating thus prepared solid in acetonitrile
[16].

Figure 6 shows typical morphology of the species in the dispersions prepared by 100-
fold dilution of Cso solution in toluene (A) and hand-grinding (B) on amorphous carbon
substrate. It is seen that colloids prepared by condensation of Ce molecules primarily

dissolved in toluene form a loose floc configuration with no distinct crystalline structure.
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Individual particles are not resolved even at the edge of the floc supposing that it is a pile of

Ceo fullerene molecules.

Figure 6. Bright-field TEM images of colloid (a) and hand-grinding (b) Cso samples. Insert in
(b) shows marked area at higher magnification, revealing (111) and (220) planes of Ceo
crystal.

[Figure 6 near here]

In contrast to the colloid prepared by dilution of fullerene solution in toluene, the
sample prepared via hand-grinding method contains particles with a size of tens to hundreds
nanometers. These particles are crystalline as follows from specific diffraction contrast in
low-magnification image and direct resolution of crystal planes at the particle edge (inset in
Figure 6b). The measured interplane distances of 0.8, 0.5 and 0.42 nm correlate well with

(111), (220) and (311) planes of Ceo fcc crystal, respectively.

The UV-visible spectra also demonstrate the difference between the two samples, while

the particle sizes are quite similar (Figure 7).
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Figure 7. Absorption spectra of fullerene Ceo (4x107°M) in acetonitrile with 1 vol % toluene,
obtained by dilution of the initial 4x10~* M stock solution in toluene (a); fullerene solution in
acetonitrile obtained by hand-grinding method, followed by 4-h sonication with intervals (b).

Inserts: size distribution of species expressed as Z-average of the solution using DLS;

PDI = 0.173+0.023 (a); PDI = 0.219+0.012.

[Figure 7 near here]

3.4. Electrical properties of colloidal particles in solution

Our LDI-ToF mass-spectrometrical experiments of the mixtures of Ceo toluene solutions
with acetonitrile indicate the expressed tendency to form negatively charged species. In this
case, the intensities of the signals of latter are manifold higher as compared with those of the
positively charged ions. Previously some evidence was obtained of anion-radical Ceo*™
formation using ESI spectra and a radical scavenger [13, 15]. Rather quickly the more stable
forms, e.g., Ceo>~ or (Ceo)>~ probably appear. This behavior is in line with the electrokinetic

potential (zeta-potential) of the colloidal Ceo species; the particles are negatively charged with
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¢ =—(47-53) mV. The ¢ values were calculated basing on the electrophoretic mobility and

using the Ohshima equation [69].
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Figure 8. Overcharging of colloidal particles of Cgo in acetonitrile (with 1 vol % toluene) by
metal cations introduced in the form as perchlorates; fullerene concentration 4x1076 M.

[Figure 8 near here]

The coagulation of the organosols of Csp was a matter of a series of previous studies
[13, 65, 66]. A specific feature of the fullerene is their ability to overcharging. In Figure 8, the

corresponding data are presented. The size of colloidal species is relatively large, whereas the

|g| value is not very high at extremely low (but not exactly known) ionic strength. Hence, the

surface charge density of the particles is low, and the metal cations that are poorly solvated in
acetonitrile interact with the practically isolated negative charges. Introduction of the cryptand
[2.2.2] substantially suppress the overcharging, evidently owing to form the corresponding
metal cryptates, which are better solvated in acetonitrile.

As for kinetics of fullerene aggregation and cluster growth in mixtures of good and

polar solvents, the reader is referred to a recent paper [70].
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3.5. Structural organization of oversaturated Csy solutions in toluene and in toluene—

acetonitrile mixtures by SAXS

As it was shown previously, fullerenes can form aggregates in non-polar solvents [35,
37, 71]. It was suggested that the main reasons for this effect are the non-equilibrium methods
of fullerene solutions preparation [42] and exposure to light [60]. As expected, the stock
solution I, obtained by stirring under natural light, shows the presence of fullerene aggregates.
The small-angle X-ray scattering (SAXS) curve of the stock solution I (inset of Figure 9)
clearly demonstrates the two scattering levels. This is an indication of formation of two
populations (by size) of the fullerene clusters. Previously, Guo et al. [35] revealed a similar
coexistence of molecular fullerenes and their aggregates in toluene and chlorobenzene by
analysis of the combined static light scattering (SLS) and SAXS intensity profiles. Also, the
presence of bi-modal cluster distribution in toluene was registered by SAXS in [44, 72] and
by SLS with DLS in [60]. The radius of gyration value, Rg, for each scattering level was
obtained directly from a SAXS curve (inset of Figure 9) using a classical Guinier
approximation [73]. Thus, the values of 11£1 nm for population of small-sized aggregates and
45+1 nm for the other population were obtained. Assuming particles to have quasispherical
shapes in solution, as it was shown in [35] the radius of corresponding spheres, R, can be
estimated using the well-known relation Rg?= 0.6 R? and are of about 14 nm and 58 nm,
correspondingly, that is in fairly good agreement with previous reports [35, 44, 72]. The
power-law scattering exponent, p =4, in g-interval of 0.2 — 0.4 nm™! points to smooth surface

of fullerene aggregates.

Double dilution of the initial solution I by toluene results in cluster state reorganization.
Namely, the change of the power-law exponent from p =4 to p=2.4 (red line on Figure 9)
corresponds to the occurrence of branched clusters with fractal dimension D, = p = 2.4 (mass

fractal). It should be noted that the fractal dimension of fullerene clusters in non-polar
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solvents, is in general within the range 1.8-3 and depends on fullerene concentration [35]
or/and on method of preparation [11, 37, 60]. Correlation between fullerene concentration and
some aggregates structural parameters, such as size and fractal dimension, should be
highlighted. At a higher concentration of Ceo in solution, a greater number of monomers is
present in the given volume of the solvent. Thus, a bigger number of Cgo (and Ceo oxides) are
involved in the first stages of self-assembly, which leads to an increase in the geometric size
of the aggregates. The higher concentration of monomers leads to increase in fractal
dimension due to an aggregation process via monomer — cluster interaction (common for
initial stages of cluster growth), which produces denser clusters in comparison to cluster —
cluster aggregation (common for later stages). It becomes evident, that the later type of

aggregation becomes essential for less concentrated fullerene solutions.
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Figure 9. Experimental X-ray scattered intensity curves (colored points) for the Ceo in toluene
solution (red) and in toluene-acetonitrile mixtures with v/v ratio 7:3 (green), 3:2 (blue), 1:1
(dark blue) at fullerene concentration 1.9x107 M. The black solid lines correspond to the
model curves obtained using the IFT procedure. A specific power-law type scattering regimes

are also denoted. Inset shows the SAXS curve of the initial Cgo solution in toluene with
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fullerene concentration 3.8x107> M (stock solution I). The red dashed lines display the

contributions of two scattering levels (bi-modal cluster distribution) to I(g).

[Figure 9 near here]

A different by character structural reorganization takes place when stock solution I is
dissolved by toluene-acetonitrile mixtures in a way that the volume ratios of nonpolar and
polar solvents were 7:3, 3:2, 1:1 (by volume). In comparison with the Cgo solution in toluene,
where Rg=15.9 + 0.5 nm, the addition of acetonitrile leads to the formation of the larger
aggregates with Rg values 49.9 = 0.1 nm, 51.1 = 0.3 nm and 52.2 £ 0.2 nm for solutions with
the v/v ratios 7:3, 3:2 and 1:1, respectively. Along with this, the power-law scattering of the
mixtures with exponents p=3.8 and p=4 reflects the more close-packed structure of

aggregates in comparison with toluene Ceo solution at the same fullerenes concentration.
3.6. SANS study of oversaturated Cesg solutions in toluene—acetonitrile mixed solvent

The structure of aggregates in the mixtures with lower fullerene concentration was
investigated by small-angle neutron scattering (SANS). The stock solution Il with
concentration 4.58x10™* M was prepared in the same way. The scattering signal from two-
times diluted system and toluene-acetonitrile mixtures are presented on Figure 10. The
maximum aggregate size detected is limited by the instrumental g-range in this case and is
more than D >27 qmin | = 90 nm. Due to the lack of the Guinier regime the SANS curves were
approximated by the power-law function. The obtained power-law scattering exponent for
solution Ceo in toluene reflects a branched structure of aggregates and corresponds to mass
fractal with Dm = 1.5. Further, as shown on Figure 10, with increase of acetonitrile fraction in
binary mixtures the structure of aggregates gets denser. However, the power-law scattering

exponents are less than 3 for all curves, that is, the aggregates structure still corresponds to
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mass fractal. Thus, SANS data confirm that an increase in the polar component in the
mixtures leads to formation of more compact fullerene aggregates. Considering the results
mentioned above, it can be concluded that the aggregates structure in a toluene solution

strongly depends on the fullerene concentration.
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Figure 10. Experimental small-angle neutron scattered intensity curves (colored points) for
the Ceso in toluene solution (red) and toluene-acetonitrile mixtures with v/v ratio 7:3 (green),
3:2 (blue), 1:1 (dark blue). Fullerene concentration is equal to 2.3x10~* M and is the same for
all solutions. For clarity, the data were multiplied by factors indicated in the legend. The black

solid lines correspond to the model. A specific power-law type scattering regimes are also

denoted.

[Figure 10 near here]

The SANS curves of Ceo solutions in toluene of different concentrations are presented
on Figure 11. One can clearly see an increase in the power-law scattering exponent with

increasing of fullerene concentration in the mixtures. An increase in the concentration of
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fullerene or the polar component of the mixture leads to the formation of close-packed

aggregates, governed mainly by the monomer — cluster aggregation processes.
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Figure 11. Experimental neutron scattered intensity curves (points) for the Ceo in toluene
solutions with various fullerene concentrations: 2.29x10~* M (square), 5.5x10* M (circle)
and 1.6x107° M (triangle). For clarity, the curves were shifted vertically. The green solid lines
correspond to the power law function. A specific power-law type scattering regimes are also
denoted.

[Figure 11 near here]

3.7. Characterization by DLS techniques of oversaturated fullerene solution prepared in the

dark

Prior to the time evolution SAXS experiments, the fullerene Cso solutions in toluene -
acetonitrile mixtures with v/v ratios 7:3, 3:2, 2:1 were studied by dynamic light scattering.
The measurements were carried out 5 min, 3 h, 21 h and one month after samples preparation.

All the samples were stable with time and precipitation was not observed visually. This fact
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indicates a stabilization mechanism, the formation of a solvate toluene shell around fullerene
aggregates being one of the candidates.

The DLS measurement of the initial Ceo solution in toluene (stock solution III) revealed
correlation function corresponding to a monomer solution. It should be noted that stock
solution III was prepared without any exposure to light. As shown in Figure 12 the dilution of
the stock solution III by toluene-acetonitrile mixtures leads to aggregates formation within 5
min. Earlier it was shown that the growth of fullerene aggregates was detected within 1 h in a
mixture of benzene-acetonitrile with concentration 4x10> M. [14]. Therefore the rate of
aggregates growth in mixtures of polar/nonpolar solvents correlates with the fullerene
concentration. Furthermore, changes of the cluster size are observed within 21 hours and even
further (Figure 12). After 5 min the size distribution functions of the 7:3 and 3:2 (by volume)
mixtures reveal two populations of aggregates, with peaks at 34 nm and 16 nm (small-sized
aggregates) and at 285 nm and 184 nm, respectively (Figure 12a and b). For both solutions,
the populations of small aggregates prevail over the populations of large aggregates (by
number). With time the process of narrowing of the cluster size distribution function is
observed. This effect is common for various colloidal systems and is explained by the process
of continuous detachment / attachment of monomers (single molecules) from the clusters in
solution. In the case of a mixture with a maximum fraction of acetonitrile, the situation is
somewhat different. On the initial stages the DLS data of 1:1 (by volume) mixture reveal the
monomodal distribution of fullerene aggregates, with time evolution of the size. Finally, after
one month, the size distribution function shows a wide peak of about 100 nm and an
additional low-intensity peak at 350 nm. Thus, apparently, at the first stage, the fraction of
toluene is insufficient for the formation of a solvate shell around monomers or small

aggregates, which causes a strong association of fullerenes. Then, after a month, as a result of
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cluster-cluster interaction the presence of bigger aggregates (second peak at 350 nm) is

observed.
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Figure 12. The size distribution by intensity (circle) and by number (square) from DLS
measurements of Cgo solutions in toluene—acetonitrile mixtures with v/v ratio 7:3 (a), 3:2 (b),

2:1 (c) after 5 min (black), 3 h (green), 21 h (purple) and one month (pink). Fullerene
concentration 5.5x10* M is the same for all solutions.

[Figure 12 near here]

3.8. Time-evolution SAXS studies of oversaturated fullerene solution prepared in the dark

SAXS studies of the fullerene Ceo solutions in toluene — acetonitrile mixtures with time
are presented on Figure 13. The SAXS on Ceo solution in toluene has a low intensity that is

typical for a monomer fullerene solution. For all mixtures, the lack of the Guinier regime
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indicates that the maximum aggregate size exceeds 142 nm. This confirms the presence of the
large particles, as was obtained by DLS. As can be seen from the Figure 12 for 7:3 (v/v)
mixture the scattering intensity starts to exhibit an upturn at approximately ¢ = 0.36 nm™,
while these points for 3:2 and 2:1 (v/v) mixtures are near 0.28 nm™ and 0.2 nm™!, respectively.
This indirectly indicates that the aggregates size is bigger in the mixtures with higher fraction
of acetonitrile. Also a slight shift of the SAXS curves with time in Figure 13b, and ¢ has a
similar nature, namely an increase in the size of aggregates with time and is in agreement with
the DLS data (Figure 12b and c). Especially interesting in the data was the fact that there are
no changes of the SAXS curves for mixtures with v/v ratio 7:3 (Figure 12a). The mixture has
the least amount of acetonitrile among the systems under study and, apparently, the process of
cluster aggregation occurs with lesser intensity. Meanwhile the average size, as well as
aggregates structure, remains almost unchanged during the first 3 hours (SAXS measurement
time). According to DLS data (black curves on Figure 11a), indeed, the mixture is
characterized by wide polydispersity in size from 30 nm up to 100 nm (by number) with peak
at 39 nm and from 200 to 450 nm (by intensity), and after changes of structure the average

condition would present a similar SAXS profile.
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Figure 13. Experimental X-ray scattered intensity curves (colored points) for the Cso in
toluene solution (black square) and in toluene-acetonitrile mixtures with v/v ratio 7:3 (a), 3:2
(b), 1:1 (c). A specific power-law type scattering regimes are also denoted. Fullerene
concentration 5.5x107* M is the same for all solutions.

[Figure 13 near here]

The result of a change of the power-law scattering exponent with an increase in
acetonitrile fraction in mixtures is quite interesting. As can be seen from Figure 12a, the
scaling exponent p = 3.7 indicates the formation of surface fractals in mixture with v/v ratio
7:3. Consequently, at first several fullerene molecules stick together, forming compact small
clusters, which are subsequently the core of the monomer — aggregate interaction and, as a
result, form surface fractals. For mixtures with a greater fraction of the polar component, the
scaling exponent reaches 4.2 and 4.3 (Figure 13b and 13c), that correspond to dense clusters
with so-called diffusive interface (p >4) [73]. This means that in the presence of a dense
fullerene core, the scattering length density (SLD) of a cluster surface layer differs from SLD
of the core (fullerene) and solvent [74, 75]. This situation can be realized in two cases. In the
first case, the particles have a sharp interface, and the solvent cannot penetrate the particle,
but the particles themselves have an inner inhomogeneous distribution of SLD from the core

to the surface. In another case, the penetration of the solvent into the surface layer of the
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aggregate is observed. Unlike the surface fractal, the diffuse surface has a denser packing with
a small fraction of the solvent inside. According to SAXS data, the formation of dense
aggregates with a diffuse surface is observed in the first 30 min after the acentonitrile
addition. Further, the size distribution of aggregates changes, while the structure is
maintained.

It was previously shown that exposure to light can be the main cause of fullerene
aggregation in aromatic solvents [60]. In the work of Makhmanov [37] the fullerene Cego
aggregates were revealed in toluene solutions prepared by either equilibrium or non-
equilibrium methods. Our small-angle data confirm that exposure to light leads to the
formation of aggregates in toluene, the stabilization of which probably occurs due to the
formation of a solvation shell of an aromatic solvent around fullerenes. The addition of
acetonitrile leads to disruption of the solvation shell and a sharp occurrence of aggregation by
cluster-cluster and monomer-cluster interaction. As a result, the formation of surface fractals
or close-packed aggregates with a smooth surface is observed, depending on the fraction of
the polar component in the system (Figure 14). The addition of acetonitrile to the monomeric
solution of Ceo in toluene, prepared in the dark, leads to monomer-monomer aggregation and
the formation of aggregates with a diffuse surface, the growth of which is observed over a
month. Compaction of the structure and growth of aggregates with increasing concentration
of fullerenes or a fraction of a polar solvent is a common property for fullerene solutions

under study.
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Figure 14. Schematic representation of aggregation processes in fullerene solutions.

[Figure 14 near here]

4. Conclusions

Two fundamentally different methods were applied for studying Ceo organosols in the
toluene—acetonitrile binary mixtures. Low-concentrated Ceo solutions were prepared by

dilution of the fullerene solutions in toluene, either saturated or of concentrations below the

31



solubility limit that is ca. 4x10~3 M. Otherwise, the substantially oversaturated stock solutions
in toluene were prepared by non-equilibrium methods.

In diluted fullerene systems with concentrations of (4.0-6.3)x107° M, the turning-point
from molecular to colloidal solutions depends not only on the mixed solvent composition but
also on the fullerene concentration. The system under study follows the Volmer rule: the
increase in the acetonitrile content, which lowers the Cgo solubility, results in decrease of the
size of colloidal particles. However, even in acetonitrile-rich media, where fullerene is present
in the colloidal state, the UV-visible spectrum retains some features of the molecular
absorption. This confirms the idea of formation of the large solvation shells of toluene
molecules around fullerenes.

The known tendency of fullerenes to form negatively charged species under contact
with acetonitrile was confirmed via the LDI measurements. On the other hand, determinations
of the zeta-potential stated that the expressed overcharging of the colloidal particles by multi-
charged inorganic cations is a universal property of Ceo dispersed in polar organic solvents.

The differences between the colloidal solutions of Cgo prepared in acetonitrile by either
100-fold dilution of the toluene solution or hand-grinding of the solid are most pronounced in
the TEM images of dried samples. A distinct enough peculiarity exhibits the UV-visible
spectra, whereas the particle size distributions are similar.

The absorption spectra of diluted Cego solutions in toluene show no noticeable amounts
of fullerene oxides, though the LDI-ToF mass spectra allow revealing some small quantities
of Ce0O. After prolonged exposure in air on a steel support, the products of interaction with
oxygen were observed, which mainly disappear after washing up by toluene and repeating the
mass-spectrometry analysis.

The DLS studies of concentrated solutions of Ceo in toluene, with concentrations of

(0.23-1.9)x1073 M, prepared either under natural light or in the dark, confirm that aggregation
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occurs as a result of exposition to light and with access to air. It was shown that if the neat
filtered solution is sealed and kept in the dark, no clusters are formed within a few weeks.
This result is an indication of oxidation processes playing a role in fullerene aggregation in
low-polar solvents. This observation is in line with previous reports [60]. Structural SAXS
studies of these fullerene solutions indicate the formation of polydisperse aggregates, the size
and packing density of which depend on the initial Cso concentration. The aggregates are
unstable with respect to dilution with toluene and are destroyed, passing to a loose structure.
Addition of the polar solvent, acetonitrile, results in structural changes due to cluster-cluster
and monomer-cluster interactions. These changes occur rapidly within the first few minutes
after dilution, and proceed during a month. As a result, an increase in the size together with
compaction of aggregates structure is observed; in the end, the aggregates with a smooth
surface and a size of more than 130 nm are present in the system. Another type of aggregate
surface is formed in a fullerene solution in toluene-acetonitrile mixture prepared without
exposure to light. In this case, at the initial stage aggregation takes place only via monomer-
monomer interaction, which leads to the formation of dense aggregates with a diffuse surface,
according to SAXS data. Thus, the presence of fullerene oxides in toluene solution affects the

structure of aggregates in the system.
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