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ABSTRACT

Aqueous dispersions of fullerene Cgy were prepared from fulleride solutions in
tetrahydrofuran, followed by air oxidation, transfer to water and solvent evaporation.
Fulleride exposition to air produces charged fullerene dispersions in THF that can be

transferred to water to produce aqueous fullerene dispersions, stable for months.
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1. INTRODUCTION

Fullerenes, and more precisely buckminsterfullerene Cgp as its most well-known
representative, are molecular carbon allotropes.[1,2] Cg¢ and other fullerenes can be
solubilized as molecular species in different solvents,[3] like toluene, benzene, and CS, and
concentrations up to 50 g L™ can be reached in naphthalene based solvents.[3—5] In contrast,
Ceo 1s less soluble in chlorinated or polar solvents such as tetrahydrofuran (THF), acetonitrile,
dimethyl sulfoxide (DMSO) and almost insoluble in methanol or water.

There are different approaches to enhance the solubility of fullerenes.[3] The most
common is to functionalize Cgp with groups chosen to enhance the solubility in targeted
solvents.[3,6] A well-known example is [6,6]-phenyl-Cgo-butyric acid methyl ester (PCBM), a
functionalized Cgp derivative, ubiquitous in organic solar cells, soluble in aromatic and
chlorinated solvents.[7] Water solubility can also be achieved by covalently grafting hydroxyl
groups[3,8—10] generating fullerenols, which are dispersible in water as nanoparticles[8,11-
14] or soluble as individual molecular species with high functionalization degree as in
Co0(OH)36-44[ 15], which have been exploited in biological studies.[8,11-14] Another method
to increase the solubility in polar solvents is based on the reduction of Cg.[6,16—18] Solutions
containing reduced fullerenes, commonly called fulleride solutions, are usually prepared by
three methods: (i) reaction between the carbon material and alkaline or alkaline-earth metals
by melting or in vapour phase, (ii) reductive dissolution using those metals in ammonia or in
naphthalene solutions, (iii) electrochemical methods in organic media.

A radically different approach to stabilize fullerene in aqueous media is by generating
aqueous dispersions, typically stable for months, which contain polydisperse fullerene
nanoparticles, up to 200 nm in size.[19-23] These dispersions can be prepared by solvent
exchange methods,[22-24] sonication in solvent mixtures[11,19-21], methods based on

dialysis,[25] or using fulleride solutions as precursors. Xu and collaborators[17] reported a



procedure to generate Cqo anions and used them to prepare an aqueous dispersion by adding a
THF solution of Cgy into water, since naturally present oxygen in water causes Cg oxidation
and aggregation.[17,26] In a more recent work, Wabra et al.[6] described the preparation of
KC¢o and K,Cgp and studied their reactivity with different molecules and water, and they
claimed that C602' reacts with water and produces a yellow solution of Cg that is stable for
few weeks under inert conditions. However, Cgy solutions in oxygen-free water should be red
and not yellow. A yellowish colour is typically observed for dispersions of fullerenes.[19-23]

Herein, we report (i) the re-examination of the oxidation step of fulleride solutions that
leads to the generation of metastable dispersions in THF, (ii) the transfer to water, producing,
aqueous dispersions of Cg, in analogy to aqueous dispersions of graphene[27,28] and carbon
nanotubes,[29,30] (iii) that these dispersions are stable regardless of the presence or not of
functionalized fullerenes (e.g. fullerenols).

The generated aqueous dispersions exhibit concentrations up to 200 mg L', mean
particle sizes between 25 and 70 nm and zeta potentials from -10 to -50 mV depending on the
precursor used and on the specific ratio between fulleride solution and water. The degree of
Ceo functionalization is higher when higher charged fullerenes (K¢Cgp) are used in the
dissolution step. Thus, at lower charge ratios (KCg), metastable dispersions can be prepared
that barely have any content of functionalized derivatives, and are not re-dispersible in water
once dried due to their lyophobic nature. In contrast, dispersions exhibiting higher content of
functionalized fullerenes can be dried and re-dispersed, evidencing the coexistence of Cg
nanoparticles and fullerenols, which dramatically alters the physicochemical properties of
fullerenes. Moreover, a sample of fullerenol containing no nanoparticles has been isolated and
exhibits about 15 functional groups in average and is barely water soluble as expected for this

low number of hydroxyl functions. These observations highlight the complexity and the



coexistence of water based aqueous dispersions of Cgy and fullerenol solutions and the need
for discriminating between the effects of these different chemical species.

This work demonstrates a pathway to produce in large quantities, concentrated
aqueous dispersions of Cg composed by small nanoparticles. Additionally, it forms a basis
for further studies to understand the electronic band structure and the nature of electrical
charges in analogous dispersed systems such as carbon nanotubes and graphene. Furthermore,
this study demonstrates that functionalized fullerenes and dispersed fullerenes can co-exist
and urges caution for explaining specific phenomena or observed behaviour of those or
related systems in biological, medical, and material science applications by considering either

solely fullerenols or only dispersed fullerenes.

2. EXPERIMENTAL SECTION
2.1 Materials and chemicals

Fullerene Cgp was acquired from Merck (>99.998 %), metallic potassium (98 %),
toluene (> 99.8 %) and tetrahydrofuran (THF) from Sigma-Aldrich (> 99.8 %, HLPC, non-
stabilized). Deuterated toluene was acquired from Sigma-Aldrich (99% deuterated) and
deuterated water from Sigma-Aldrich (99.9 % deuterated). THF was purified by a Pure Solv
400-4-MD solvent purification system (Inert Corporation) that is attached directly to the glove
box (Model: S1-DL, Inert Corporation), equipped with an oxygen purifier and H,O and O,
sensors. The as purified THF was distilled over NaK alloy prior to use inside the glove box.
Typical O, concentrations during manipulation inside the glove box are ~0.4 ppm O,/H;O.
Water was deionized in a Millipore equipment, model Elix 10, and the resistivity was equal to

18.2 MQ. Stirring plates were acquired from Velp Scientifica, model MST Magnetic Stirrer.



2.2 Safety remark

The possible user of the reported synthesis protocol is reminded of the specific hazards
related to the use of potassium metal. Safety precautions are advised for storage, handling and
waste treatment. Potassium metal is extremely dangerous in contact with water or moisture,
releasing hydrogen with enough heat to cause ignition or explosion. Peroxide formation may
occur in containers that have been opened and remained in storage. May produce corrosive

solutions on contact with water.

2.3 Synthesis of KCg (1a2) and KCgp (22)

Preparation and dissolution of fullerene salts were performed in a glove box filled
with argon (5 mbar above atmospheric pressure). KCqp and K¢Cgy were prepared by molten
potassium intercalation based on procedures from literature on nanotubes[31] and
graphite.[28] Briefly, in a 2 mL glass vial, 8.8 mg (0.23 mmol) of cleaned metallic potassium
(free of oxide layer) and 162.2 mg (0.23 mmol) of fullerene Cgy were mixed for KCey and
29.7 mg (0.76 mmol) of potassium and 91.2 mg (0.13 mmol) of Cgp for K¢Ceo. The solid
mixture was heated on a hot plate at 180 °C and stirred with a stainless-steel spatula for 5 min
until melting of the potassium was observed. Afterwards, the solid was heated for 55 min
more minutes at 180 °C and stirred each 10 to 15 min. Afterwards, the sample was cooled to

room temperature to yield the respective salt KCg (1a, see Figure 1) and K¢Cg (22).

2.4 Dissolution of KCg (1b) and KCe (2b), oxidation and preparation of aqueous
dispersion

For all dissolutions, absolute THF (see preparation above) was used. The dissolution
was carried out by placing 4 mg of KCgy or K¢Cep in a 21 mL glass vial and adding 20 mL of

absolute THF. Subsequently, the mixture was shaken by hand and kept for about 15 min



inside the glove box, and was additionally shaken by hand each few minute. Both salts are
soluble in THF and spontaneously produce fulleride solutions, KCgg as a dark red solution and
KeCeo as a light orange one. The supernatant was isolated in each case, yielding fulleride

solution (1b) from KCgy and (2b) from K¢Ceo.

2.5 Oxidation of the fulleride solution and preparation of the respective dispersion (1c;
2¢)

The solutions (1b) and (2b) were removed from the glovebox, the vials opened at
ambient atmosphere and air was bubbled four times with a 1.5 cc glass Pasteur pipette
through the solution to promote oxidation of fulleride solutions. A color change was visible
from dark red (1b) or light orange (2b) to brown (1c¢) or light gray (2¢). Both dispersions (1¢)
and (2¢) were isolated and were stable for at least two months, without solvent evaporation

and stored in contact with minimum amount of air as possible (no free volume inside the glass

flask).

2.6 Preparation of the aqueous dispersions (1d; 2d)

Aqueous dispersions were prepared by mixing the dispersions (1c¢) and (2¢) with
deionized water in different mass proportions. 20 mL glass vial was filled with a weighted
amount of deionized water and the vial was placed on a balance. Afterwards, the respective
dispersion, directly after the oxidation step, was added by means of a glass Pasteur pipette.
Then, the vial was kept in a hood for 2 days to allow THF evaporation. Aqueous dispersions
of (1d) and (2d) were obtained having mass ratios of 1:8, 1:4, 1:2 or 1:1 respectively by
combining 2.00, 3.75, 6.00 or 8.00 g of the respective oxidized fulleride solution (1¢, or 2c¢)

with 16.00, 15.00, 12.00 or 8.00 g of water to achieve the above mentioned mass proportions.



The generated aqueous dispersions (1d; 2d) are slight to dark orange and are stable for at least

6 months.

3. RESULTS AND DISCUSSION

The aqueous dispersions of Cg reported here, (see Figure 1, details in Experimental
Section and in ESI), were prepared starting from reduced fullerenes, (la and 2a,
stoichiometry KCgo and K¢Cg respectively) which can be directly dissolved in polar solvents
such as tetrahydrofuran (THF) (solutions 1b and 2b). By oxidation of the solutions (1b, 2b)
with air, the total charge in both systems is significant lowered, which causes aggregation
within the samples, leading to the formation of dispersions of Cgy nanoparticles in THF (1c,
2¢). These dispersions in THF can be added to water, and, after evaporation of THF, aqueous
dispersions containing Cgo nanoparticles are obtained that are stable for months (1d, 2d). The
initial amount of charge in 2a is much higher than in 1a, and is lowered significantly by the
oxidation step and simultaneous production of significant amount of fullerenols (3) by side
reactions.

The formation of KCgy and K¢Cep by the direct mixing of molten potassium and
fullerene has been performed in analogy to the synthesis of reduced carbon nanotubes and
intercalated graphite[28,31] and the resulting salts have been studied by XRD patterns (see
Fig. S1, ESI) and Raman spectroscopy (see Fig. S2). The data suggest that the salts are
predominantly KCgp and K¢Cgp with minor contamination of Cg in the latter case.[2,32-35]
Upon addition of THF to the Cg salts (1a, 2a), a spontaneous dissolution can be observed that
produces dark red (1b) or light orange (2b) fullerenide solutions in minutes without the need

for stirring.
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Figure 1. Preparation of aqueous dispersions containing fullerene nanoparticles by two
different pathways 1,2 starting from solid Cg: (1) Reduction of fullerene by potassium metal;
stoichiometry KCg (1a) and K¢Csp (2a); (i1) Dissolution of salts 1a and 2a in THF generating
fulleride solutions 1b and 2b; (ii1) Oxidation of the fulleride solutions by air generating the
THF dispersions 1c¢ and 2¢; (iv) Transfer of the THF dispersions to water and formation of the
aqueous dispersions 1d and 2d after THF evaporation; Fullerenols (3) have been isolated
from sample 2b after evaporation of the THF and extracting of the residue by toluene in a

Soxhlet extractor followed by column chromatography.

UV-Vis-NIR spectrum of 1b exhibits bands at 991 and 1074 nm, typical of the Cego
anion,[6,16,17,26] and bands at 827 and 985 nm, characteristic of Ce> dianion,[6,17,26]
suggesting that a mixture between the two fullerene anions is present in solution (see Figure
2A). UV-Vis-NIR spectrum of 2b shows a band at 335 nm with low intensity characteristic of
fullerene electronic transition, also seen in the spectrum of solution 1b. According to
literature, the electronic states of Cgo are not too much affected by anion formation,[36] so

some electronic transitions of pristine fullerene can also be seen in doped Cey.



N
o
1

—1h
] —1c
1.6
g ]
c1.2
]
2 |
o
£0.8-
<
(A)
0.4
0.0 —

200 400 600 800 1000 1200
Wavelength / nm

0.6+ —2b
— 2C
80.4-
[ —
©
2
o
7]
8
<(0.2-
(B)
0.0

"200 400 600 800 1000 1200
Wavelength / nm

Figure 2. UV-Vis-NIR spectra of samples 1b and 1¢ (A); Inserted: pictures of samples 1¢ and

1b irradiated by green laser; UV-Vis-NIR spectra of samples 2b and 2¢ (B).

Both fulleride solutions were then bubbled with air to promote oxidation and a visible
colour change was observed in each case (see Fig. S3). This oxidation step lowers the overall
charge density, leading to a destabilization of the solutions and the formation of Cq
nanoparticles in THF. The change from solution (1b) to dispersion (1c¢) can be visualized by
the Tyndall effect: the formation of aggregates of size close to the wavelength of an incident
radiation provokes scattering (see insert in Figure 2A). This is confirmed by DLS
measurements that show particles with mean diameter equal to 200 nm for sample 1¢ (see

Table S1 in ESI). This behaviour change, from solution to dispersion, does not depend on the
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initial electron density as in both cases metastable THF dispersions (1¢, 2¢) could be
generated. Alternatively, if solution 1b, not oxidized, is added to oxygen-free water, there is
no color change and the solutions remains stable as long as protected from air (see Fig. S4 in
ESI). Indeed, only oxygen and not water can oxidize Cgy in agreement with reports[17,26,37]
on related systems.

The formation of metastable dispersions (1¢, 2¢) in organic media that are stable for
weeks after exposition of fulleride solutions to air has not been reported in the literature to the
best of our knowledge, although fullerenes are known to produce dispersions in polar
solvents.[3,38—40] This interpretation can be corroborated by UV-Vis-NIR spectra of 1¢ and
2¢, as in both cases the characteristic absorption bands between 700 and 1300 nm of the
respective anions vanish and the peaks below 400 nm characteristic of neutral Cg( broaden and
increase (see Figure 2A and 2B).

Just after the oxidation step, THF dispersions 1¢ and 2¢ were added to water in
different proportions (1:1, 1:2, 1:4, 1:8, (dispersion:water)) avoiding transferring any
suspended or precipitated material, especially in the case of KsCg that is less soluble in THF.
The mixtures were placed in a fume hood and left opened for 2 days to allow THF
evaporation and formation of aqueous dispersions 1d and 2d. Dispersions 1d and 2d are
stable at least for several months and they are yellow to red-brown, depending on the
concentration and on the precursor salt (see pictures inserted in Figure 3 (A) and (B)). The
concentration of the respective sample ranges from 2.7 to 200 mg L™ (in relation to Cgo, see
Table S1 and details in ESI) and agrees with the proportion used in the synthesis. The
colloidal nature pointed out by the Tyndall effect shown in Fig. S5 as well as the yellow-
brownish colour are in accordance with other reports on Cgy aqueous dispersions.[19,23]

Figure 3 shows UV-Vis spectra of the dispersions 1d (A) and 2d (B) and for both sets of

11



samples, the same spectral profile is observed corroborating the observation that the generated

dispersions are similar regardless of the initial charging ratio.

2.5 1d
i | —1:8
20- ‘—1:4
—1:2
§ —_1:1
€1.5-
2 |
[]
21.0-
< E
0.5- (A)

400 500 600 700
Wavelength / nm

200 300

Absorbance
o
—
o
1

200 300 400 500 600 700
Wavelength / nm

Figure 3. UV-Vis spectra of aqueous dispersions 1d (A) and 2d (B) prepared with different
concentrations of fulleride solutions and water as indicated inside each graphic. Inset: pictures
of aqueous dispersions 1d in (A) and aqueous dispersions 2d in (B) prepared with different

proportions of fulleride organic dispersions and water.

The overall total absorption is related to the number of dispersed nanoparticles and
increases with the ratio between fulleride dispersion and water used. In the corresponding
spectra, (Figure 3) absorption bands at 216, 260, and 337 nm can be seen that are linked to
electronic transitions of fullerene, present in Cgo solutions.[3,23] The same bands can be

observed in Cg saturated solution in THF (see Fig. S6). The broad band between 400 and 500
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nm is characteristic of Cgy dispersions[21,23] and is observed in both set of experiments.
These bands are not present in spectra of fullerene solutions (1b, 2b), but are also visible in
the THF dispersions (1¢, 2¢) (see Figure 2) and are responsible for the dispersions color.

In order to understand the chemical nature of those samples, THF dispersions (1c, 2¢)
have been dried and brown powders have been retained. The solid residues of 1¢, 2¢ and Cg
have been analysed by infrared spectroscopy (IR) (Figure 4). Cg¢ has four active IR
vibrations,[2] two modes with maxima at 1180 and 1426 cm™, and the other two next to 530
and 580 cm™ that are not shown. The residue material of 1¢ has a similar IR profile to pristine
fullerene, except for a band next to 2800 cm™ that may be attributed to C-H stretching

vibrations.

—C60 = Dried 1c = Dried 2c

Transmittance / a.u.

13500 3000 2500 2000 1500 1000
Wavenumber / cm

Figure 4. Infrared spectra of pristine Cgp and dried residues from samples 1¢ and 2¢; Inset:
pictures of residue from sample 1c¢ redispersed with water (I) and toluene (II), and residue

from sample 2¢ redispersed with water (III) and toluene (IV).

Peaks that may be attributed to C-H vibrations are also present in the residue materials
of 2¢, at about 2900 cm™'. More importantly, sample 2¢ has a distinct profile differing from
the other two, with intense and broad absorption bands at 1000, 1363, 1608, and 3150 cm'l,

which are attributed to C-OH bending, and C-O, C=0 and O-H stretching respectively.[21,41]
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This different spectral profile indicates that residue materials of 2¢ has a higher content of
oxidized fullerene species, fullerenols, than the the residue material of sample 1c. Elemental
analysis showed 88.0 % and 56.7 % of carbon and 5.7 % and 20.1 % of oxygen for the
residue materials of 1¢ and 2¢ respectively, corroborating the IR results for a higher degree of
functionalization for sample 2c.

The residue sample of 1c¢ and 2c¢ have been extracted by toluene exhibiting the
characteristic purple colour of Cg in this solvent[3] for both samples (see insert in Figure 4, 11
and IV). However, only the residue solid of 2¢ and not that of 1¢ can be redispersed in water
in appreciable extent, as the characteristic brown colour can only be seen in flask (III) and not
in flask (I) from Figure 4. This observation corroborates the evidence for surface modification
and the higher content of fullerenol for samples with higher initial charging ratios.[3,8,21]
Both residue samples of 1c¢ and 2¢ have been dissolved / re-dispersed in deuterated toluene
and deuterated water and °C NMR analysis were performed (see Fig. S7). Consistent with the
purple color of the toluene dissolution, *C NMR spectrum shows the characteristic signal of
Ceo at 143 ppm.

Raman spectra of the residue samples of 1¢ and 2¢ exhibit a similar spectral profile to
pristine fullerene with the A, mode at 1463 cm’, suggesting that a significant content of Ceo
is preserved in each case after the oxidation step (see Fig. S8). Interestingly, the presence of
fullerenol in the aqueous dispersion is crucial for repeated re-dispersibility from the powder
and is only possible for sample 2¢. However, redispersed sample from residue of 2c¢ is
composed by nanoparticles of mean diameter close to 380 nm (see Table S1), suggesting that
those fullerenol nanoparticles are formed by a core made mostly of pristine Cgy and a shell
enriched in fullerenols. Thus, a purification has been performed, based on Soxhlet extraction
followed by column chromatography (details see Figure 1 and ESI) and a molecular fullerenol

sample (3) has been extracted. The first fraction contains non-functionalized fullerenes,
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indicated by the deep purple colour and analysed by mass spectrometry, UV-Vis, and NMR
(see Fig. S9-11). The remaining fractions contain differently functionalized fullerenols,
although no symmetric or pure product could be obtained. This observation highlights the
complex oxidation process and shows the demand to understand the fundamental reaction
steps occurring in more detail.

The molecular reaction mechanism for fullerenols formation is complex as evidenced
by the heterogeneity of the sample composition. Similar charged carbon materials (potassium
salts of carbon nanotubes), also sensitive towards oxygen and water from atmosphere, have
been studied extensively.[31] A similar mechanism is probably occurring for fullerides. Upon
discharging of the carbon lattice, the Cg molecules start to form nanoparticles, because the
electrostatic repulsion is diminished. When oxygen is used as oxidant, single electron transfer
is occurring and forming superoxide radical anions.[37] Those can either react with the
exposed surface of the nanoparticles, which leads to the generation of fullerenols or they can
disproportionate in water, which does not lead to functionalization. Thus, the larger the
amount of potassium, the larger the amount of produced fullerenols.

Aqueous dispersions 1d and 2d are composed of polydisperse nanoparticles (See Fig.
S12) with mean diameters between 25 and 70 nm as measured by DLS (see Table S1).
Interestingly, the final size of the particles in aqueous dispersions (1d, 2d) diminishes when
the amount of water increases vs that of THF dispersion (1¢, 2¢). Most of these nanoparticles
are formed by pristine Cgy as shown by IR, Raman and redissolution experiments, with more
functional groups in the case of 2d dispersions. The nanoparticles exhibit zeta potentials from
-10 to -50 mV as shown in Table S1, which is higher for aqueous dispersions obtained with
higher content of fulleride solutions (1:1). Aqueous dispersions 1d and 2d are homogeneous
in the whole volume and no aggregation was observed after one year of storage in closed

glass flasks.
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TEM images for aqueous dispersions (1d and 2d, 1:2 proportion) are shown in Fig.
S13 (a,b). In both samples, a size distribution is visible spanning from a few nanometers up to
about 60 nm, and a fraction of larger particles coexists with a fraction of smaller particles.
The apparent distribution is agreement with the average particle size distribution by DLS,
considering that the latter emphasizes larger particles. HR-TEM images for are shown in Fig.
S14 (1d) and S15 (2d). Crystalline nanoparticles can be found in aqueous dispersion 1d (Fig.
S14 a,b), evidenced by the FFT analysis (Fig. S14 ¢) of the respective particle (Fig. S14 b).
Nanoparticles observed for dispersion 2d are significantly less ordered as evidenced by the
FFT analysis (Fig. S15 ¢) of the respective particle (Fig. S15 b).

Due to the low degree of functionalization and to their non- re-dispersibility after
water addition (see Figure 4), dispersions 1d are lyophobic and the colloidal stability of those
is provided by electrostatic repulsion.[19,42—45] So, these dispersions can be considered as
model to apply DLVO theory for carbon-based systems,[30] as has been done for fullerene
dispersions made by other routes.[3,19,44-46] Figure 5A presents a graphic of total
interaction energy (Ur) as a function of distance for two identical spherical particles
calculated based on DLVO theory,[47,48] considering the experimental radius (half of the
diameters shown in Table S1) and zeta potentials for 1d dispersions, an approximate value for
Hamaker constant (1107 J) from literature,[3] and 1:1 electrolyte (1110 mmol L™). The
kinetic barriers against coagulation increase with concentration for dispersions 1d because
concentrated systems have bigger nanoparticles with higher zeta potentials as shown in Table
S1. These zeta potentials provide electrostatic stabilization for aqueous dispersions 1d. For
the most concentrated system, a kinetic barrier higher than 45kgT is achieved, which is
enough to keep the system stable for long periods.[47,49]

Dispersions 2d exhibit a higher contribution of solvation by water due to the presence

of fullerenols. Thus, their colloidal behaviour is more complex, and a combination of different
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effects is expected. It has been shown that fullerenols with about 15 hydroxyl groups are
barely water soluble and only with 36 or more functional groups, water solubility could be
reached.[15] The degree of functionalization of dispersions 1d and 2d and fullerenol sample 3
is way lower than this threshold value, as evidenced by mass spectroscopy (see Fig. S9), and
thus the stabilization of the dispersions is mainly provided by the electrical charges on
dispersed nanoparticles evidenced by zeta potential measurements rather than by functional
groups. However, the re-dispersibility of the residue sample of 2¢ is strongly connected with

the presence of functional groups.
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Figure 5. Graphic of total interaction energy in terms of thermal energy in function of
distance for two spherical particles according to DLVO theory for 1d dispersions (A); ESR
spectrum of concentrated 1b solution in THF (B); ESR spectrum of concentrated 1¢

dispersion in THF (C); ESR spectrum of concentrated 1d dispersion in water (D).
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Therefore, it is important to identify the origin of the charges in these dispersions
leading to negative zeta potentials, especially on low functionalized systems because reports
about stable radicals are related with higher content of fullerenols.[8] Thus, Electron Spin
Resonance (ESR) measurements where conducted on the samples 1b, 1¢ and 1d (Figure 5B-
D) prepared following the same procedure, but with higher material concentration (five times
the concentration of 1b used before).

ESR spectrum from solution 1b shown in Figure 5B has a broad signal (AHy, = 35 G)
at g = 1.9996 + 0.0003, characteristic of Cgp anion radicals[16,17,37,50] with an integrated
intensity of about 1.6*10” emu cm™ (8*10'7 equivalent S=1/2 Curie spins cm™). A second and
much narrower signal is present at a slightly higher g = 2.0003 + 0.0003, but with a linewidth
AHy,~ 3 G and a relative intensity 100 times smaller. This sharp signal is likely to arise from
C1200" impurities (n odd).[50] After oxidation by air-exposure, the ESR spectra are
significantly modified. The spectrum of dispersion 1¢ is at g = 2.0020 + 0.0003, with AHp, ~
1.8 G and the total intensity is decreased by almost two orders of magnitude down to 3.2*10™"'
emu cm”. The main line is slightly asymmetric due to an unresolved axial powder spectrum
lineshape. The small bumps on the wings are characteristic of a badly resolved triplet
spectrum with g ~ 2.0023 + 0.0003 and D ~ 5.8 G. The spectrum of dispersion 1d was
difficult to obtain because of the water transfer, however it is very similar to the spectrum of
dispersion 1¢ (g = 2.0023 + 0.0003, AH,, ~ 1.2 G, intensity ~2.0*10"" emu cm™). Most
charges have been lost upon oxidation from 1b to 1e¢, as expected. The remaining sharp signal
is not significantly different from the impurities arising from off the shelf Cg,[50] and should

probably be ascribed to those.
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4. CONCLUSIONS

The developed protocol for the synthesis of dispersions in THF or water is versatile
and concentrations up to 200 mg L™ of fullerene Cg in water can be reached. Oxidation of
fulleride organic solutions with oxygen leads to fullerene nanoparticles dispersed in THF, due
to charge loss of most fullerene molecules. This leads to aggregation into nanostructures,
forming a metastable dispersion. This dispersion can be transferred to water in different
proportions and after evaporation of the THF, aqueous fullerene dispersions composed by size
calibrated nanoparticles are generated. The content of functionalized species, i.e. fullerenols,
can be tuned by the amount of initial charges during the reduction and dissolution steps.
Those initial charges have a direct influence on the re-dispersibility of the Ceo dispersions.
Samples with a content of fullerenols can be redispersed, while those exhibiting almost no
fullerenols cannot. However, it should be pointed out that even barely functionalized
dispersions remain stable due to electrostatic repulsion between individual nanoparticles.
Colloidal stability has been checked for months, and are still stable after one year, exceeding

by far the minimum demand for processability.
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