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ABSTRACT

Fullerenols are fullerenes derivatives enriched on hydroxyl groups that are obtained usually as nanoag-
gregates dispersed in water. These materials are used in energy-related and biological applications, and
they have been reported as radical scavengers, antioxidants and stable radicals. However, most synthe-
ses demand highly toxic solvents to dissolve precursor fullerene, potentially dangerous reagents such as
hydrogen peroxide, and prolonged reactions. Herein, a novel and faster procedure for fullerenol prepa-
ration based on the reaction between fullerene Cgy and potassium hydroxide in a polar solvent is re-
ported. Initially, fullerenol radicals are formed, followed by air oxidation that promotes charge loss and
simultaneous clustering into nanoaggregates with diameters up to 90 nm. Dried fullerenol has about 12
oxygenated groups per Cgo. Then, an aqueous dispersion was prepared with dispersed material having
lyophobic behavior but maintaining the modification degree. This low-modified fullerenol remains dis-
persed indefinitely in organic medium due to electrostatic and solvation colloidal interactions arising
from the functional groups. As a result, stable organic dispersions with concentrations up to 10 mg mL™!
were obtained. This work opens new possibilities on fullerenol preparation and new perspectives con-
cerning the achievement of stable colloids of carbon nanomaterials due to the unprecedented stability

and mass concentration of the reported fullerenol dispersions.

© 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Fullerenols are fullerenes derivatives modified with hydroxyl
[1-8] and some other minor functional groups like hemiketal,
epoxide and carbonyl [3-5]. While fullerenes are soluble in or-
ganic and non-polar solvents such as benzene, toluene, CS,, 1-
naphthalene, among others [9], fullerenols interact strongly with
water and polar organic solvents due to the functional groups
[1,3,7]. Surface functionalization provides unique properties to
fullerenols as high catalytic activity in electrochemical hydrogen
evolution [8] and radical-scavenging ability [10,11]. They have been
used as antioxidants [12], stabilizing agents for metallic nanoparti-
cles [13], in drug delivery [14], or to facilitate electron transport in
perovskite solar cells [15].

The achievement of stable and concentrated dispersions or so-
lutions of carbon materials without using passivating agents and
maintaining their metallic or semiconductor behavior simultane-
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ously is still a great challenge. Functionalization efficiently im-
proves the hydrophilicity of carbon-based materials (or lyophilic
character), and strong intermolecular interactions with polar sol-
vents allow the preparation of concentrated systems [16,17].
Kokubo et al. [1,2] have prepared highly functionalized fullerenols
with approximated formulas Cgg(OH)sg, Ceo(OH)49 and Cgo(OH )44,
which are soluble in water as individual molecules in concentra-
tions up to 64 mg mL~! under neutral conditions [1,2] due to the
high hydrophilicity of these materials. However, surface modifica-
tion disrupts the electronic structure, resulting in insulator carbon-
based materials like graphene oxide [18,19]. Although pristine Cgq
has low electrical conductivity [20], it is semiconductor and this
property is fundamental for the applications related to electric,
electronic and electrochemical devices. Therefore, surface modifi-
cations should be minimized if those applications are intended.
Most works concerning fullerenol preparation report less func-
tionalized materials with up to 26 hydroxyl groups per fullerene
unit [1-5,7,17,21]. Such modification degree usually is not enough
to provide solubility as individual molecules and much less con-
centrated systems than those reported by Kokubo et al. [1,2]
are obtained, but it contributes to increase the affinity for po-
lar solvents. Low-modified fullerenols are composed by dispersed
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nanoaggregates with mean diameters between about 50 and 300
nm [3,5,17,21], mass concentration [3,6,22,23] ranging from 0.075
to 3.5 mg mL~! (or close values usually), and have colloidal proper-
ties dependent on the functionalization degree and dispersant [17].

Carbon-based colloids without passivating agents as these
fullerenol nanoaggregates are stabilized mainly by solvation and
electrostatic interactions [16], and both are linked with the pres-
ence and concentration of functional groups. While solvation is
generated by intermolecular interactions between modified surface
and solvent molecules, electrostatic stabilization is achieved when
charged functional groups are bonded to the surface such as depro-
tonated hydroxyl groups reported for fullerenol nanoaggregates in
water [5,7,8,23]. The advantage of this stabilization is the prepa-
ration of stable carbon-based dispersions (or metastable for long
periods) without modifying the surface significantly. Since small
amounts of charges (or charged groups) are enough for colloidal
stability [24,25], the low modification of such systems preserves
part of the electronic structure and conductivity.

Stable fullerenol dispersions composed of low functionalized
nanoaggregates have been reported by different authors. Most
preparation routes are based on monophasic systems using pris-
tine fullerene Cgy [3]| or low modified fullerenol [1] and hydro-
gen peroxide in water, or biphasic ones using toluene to dissolve
fullerene Cgg, plus sodium hydroxide [5,26] or hydrogen perox-
ide [27], and tetrabutylammonium hydroxide as phase catalyst.
However, these procedures are based on prolonged treatments
[1,5,6,27], highly toxic solvents as toluene [5,27], and/or potentially
dangerous reagents as hydrogen peroxide [1,2,27]. Therefore, novel
preparation routes have to be proposed to bring fullerenol synthe-
ses closer to the principles of Green Chemistry.

In this work, we have reported the achievement of a sta-
ble fullerenol dispersion using pristine Cgg, potassium hydroxide
and N,N’-dimethylformamide (DMF) under inert atmosphere and
at ambient temperature. In the first step, this mixture produces
fullerenol radicals unstable towards oxygen. After oxidation by
air, the destabilization of these radicals induces aggregation into
nanostructures, and oxidation also increases the functionalization
degree of the fullerenols. The modification degree of the final ma-
terial has been probed as about 12 oxygenated functional groups
per Cgp cage. Those oxygenated groups provide colloidal stability
for fullerenol nanoaggregates, which are stabilized by solvation and
electrostatic interactions and present lyophilic behavior in DMF.
Such high affinity for the solvent has allowed the preparation of
fullerenol colloids with concentrations up to 10 mg mL~'. Next, an
aqueous fullerenol dispersion was prepared using the organic solu-
tion of fullerenol radicals. After water transfer, the dispersed ma-
terial presents lyophobic behavior but maintains a low functional-
ization degree. Finally, we have proposed a simplified mechanism
for fullerenol synthesis and nanoaggregate formation based on the
experimental evidences.

2. Experimental section
2.1. Materials

Fullerene Cgo (99.5 %), N,N'-dimethylformamide (DMF) (99.8 %,
anhydrous), potassium hydroxide (> 90 %, flake), tetrabutylammo-
nium hydroxide (TBAH) (> 99.0 %) were acquired from Sigma-
Aldrich, and potassium chloride (99.0 %) from Vetec. All aque-
ous solutions and dispersions were prepared with deionized wa-
ter collected in a Millipore equipment, model Direct-Q 3UV, with
electrical resistivity higher than 18.2 M2 cm. Stirring plates from
Heidolph, model MR Hei-Tec, with a maximum stirring speed of
1400 rpm and heating capacity up to 300 °C were used to prepare
fullerenol and KOH mixtures.
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2.2. Modification of Cgy with KOH in DMF and preparation of organic
dispersion

Fullerene Cg modification with KOH was conducted based on
the literature [28]. Briefly, 78 mg of KOH and 20 mL of DMF were
added in a 50 mL round-bottom glass flask. This mixture was
stirred at 500 rpm under N, purge for 5 min (keeping a polymeric
cannula inside DMF solution). After that time, 20 mg of fullerene
Ceo was added to the mixture, and the stirring and purge were
kept for 1 h (ambient temperature). At the end of this period, a
dark purple mixture was obtained with remaining solid Cgy and
KOH at the bottom of the flask. The supernatant (sample A) was
added to another glass flask without solid material. After exposi-
tion to atmospheric air, the purple mixture turns gradually into
dark brown, indicating the formation of fullerenols. It was stored
in a glass vial and named as sample B.

2.3. Preparation of aqueous fullerenol dispersion

The aqueous dispersion was prepared using a similar procedure
from the literature to prepare aqueous fullerene dispersions [17].
Deionized water (18 mL) was added to a glass vial and sample A
fresh oxidized (just after air exposition) was added slowly in two
portions of 1 mL each, resulting in aqueous fullerenol dispersion
(10 % in volume). A colour change from purple to brown was ob-
served after transferring the DMF mixture to water, indicating the
formation of fullerenol dispersion. It was stored in a glass vial and
named as sample C.

2.4. Solid fullerenol samples

Sample B was transferred to a clean watch glass and dried at
50 °C using a hot plate inside a fume hood, avoiding dust and
other impurities. The recovered solid was named sample D. Most
of the sample characterization was conducted with this fullerenol
dried at 50 °C (sample D), except Fourier-transform infrared spec-
troscopy (FTIR) that was performed with a sample prepared as de-
scribed before and dried at 150 °C in an oven (after drying at 50
°C) to remove most of DMF. A similar drying procedure was ap-
plied to aqueous fullerenol (sample C), prepared following the pre-
vious procedure but with only 20 % of water (volume) instead of
90 % in the conventional procedure. This sample was dried at 50
°C just after water addition, and the recovered solid was named
sample E.

2.5. Homocoagulation experiments with organic dispersion (sample
B) and aqueous dispersion (sample C)

Homocoagulation experiments were conducted using sample B
(organic dispersion) mixed with solutions of TBAH in DMF with
different concentrations or using sample C (aqueous dispersion)
mixed with aqueous solutions of KClI with different concentra-
tions. The mixtures were prepared by adding 900 pL of the re-
spective dispersions and 900 pL of the respective electrolyte so-
lution, which are 2 times more concentrated than the desired final
concentration, in 2 mL glass vials. One mixture was prepared us-
ing the respective pure solvent (no salt) and the final electrolyte
concentrations in both sets of experiments were equal to 5%1076,
1%107°, 510>, 1¥10%, 5¥10~4, 1¥10-3, 5%10-3, 1*10~2, 5%10—2
e 17101 mol L' (already considering the dilution by a factor of
2 due to mixing with equal volumes of dispersion and electrolyte
solution). Samples were homogenized by hand and left to rest for
12 h. After that period, pictures were taken to register the homo-
coagulation results.
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Fig. 1. Schematic representation of fullerenol preparation: (i) modification of fullerene Cgo with KOH in DMF purged with N, (step 1; sample A), followed by O, oxidation
and formation of nanoaggregates (sample B); water transfer to produce aqueous dispersion (sample C); Drying process of samples B and C to obtain the respective solid

fullerenols (samples D and E, respectively).

2.6. Concentrated organic dispersion

Freshly oxidized fullerenol (sample A) was transferred to a
round-bottom glass flask and DMF was removed using a rotary
evaporator with water bath at 50 °C and pressure of 3-5 mbar. Af-
ter evaporating most of the solvent (about 95 %), a concentrated
liquid mixture was obtained with concentration close to 10 mg
mL-1. Therefore, to collect an appreciated volume of this concen-
trated dispersion, it is necessary to start with about 200 mL of
sample A. In this case, sample A was synthesized using 10 times
of each reagent and solvent, and using a 200 mL glass flask. This
mixture was stirred and purged for 4 h.

3. Results and discussion

A new procedure to obtain stable fullerenol dispersions is re-
ported by combining two experimental evidences from the litera-
ture: (i) KOH reacts with Cgg in DMF and produces fullerenol rad-
icals like [Cgo(OH)x]~ [28], and (ii) organic solutions of fullerides
(Ceo™, n = 1 or 6) can be oxidized with O, and produce sta-
ble fullerene dispersions with variable content of fullerenols [17].
Fig. 1 shows a schematic representation of the fullerene modifica-
tion. The first step of fullerenol preparation was adapted from the
literature [28] and conducted by mixing Cgg and KOH in DMF un-
der inert atmosphere (sample A) (details in the Experimental sec-
tion). In the second step, the supernatant was transferred to an-
other glass flask, exposed to atmospheric air to promote oxidation
and stored at least 1 day before analysis (sample B). Some hours
after the contact with atmospheric air, fullerenol nanoaggregates
are formed and reach a stable state. The supernatant containing
fullerenol was also used to prepare aqueous fullerenol dispersion
(sample C) just after air oxidation (details in SI). Both dispersions
were dried to obtain solid fullerenols (samples D and E, respec-
tively).

Naim and Shevlin have reported the reversible modification of
fullerenes Cgg and C;¢ with KOH in toluene [29], and Litvinov
et al. have used KOH as a modifier for Cgq in DMF to prepare
fullerenol radicals [28]. Contact of fullerene Cgy with KOH in DMF
under N, atmosphere produces a dark purple supernatant after 1
h, as Fig. S1 presents. After air exposition, this dark purple mixture
slowly changes to dark brown, which is the first indication of the
fullerenol formation. The reaction between [Cgo(OH)]~ (formed af-

ter hydroxide addition to fullerene) and pristine Cgg can occur, and
it produces Cgg~, because the first is a stronger donor according to
the literature [28]. However, Cgy~ is the minor product and the for-
mation of [Cgo(OH)x| ™ is favored when the reaction is conducted in
DMF [28]. These reactions occur due to the lower standard reduc-
tion potential of Cgg in DMF [30,31]. Meanwhile, in other solvents
like THF or acetonitrile the mixture of Cgq and KOH results in light
brown suspensions, indicating the formation of diluted dispersions
(or suspensions) without molecular intermediates like [Cgo(OH)x] ™,
which are important for increasing mass concentration as well as
the functionalization degree.

Fig. 2A presents the UV-Vis-NIR spectrum of sample A. Bands
at 993 and 1074 nm are referent to Cgy~ anion [17,28,30-32], and
at 927 and 1034 nm are attributed to fullerenol radicals. Simi-
lar absorptions were observed for [Cqo(OH)x]~ reported by Litvi-
nov et al. [28] and for [Cgg(OH);g]~ reported by Mohan et al. [21].
These fullerene and fullerenol radicals are unstable in the presence
of oxygen. The intensities of NIR bands decrease gradually due to
air exposition until they completely vanish after about 6-8 h, as
present in the spectra of Fig. 2B. The spectrum of sample B in
Fig. 2A does not present bands in the NIR region, which indicates
the absence or very low concentration of radicals.

Sample A exhibits intense absorption bands below 400 nm
and weak absorptions between 450 and 650 nm, which are also
present in the spectra of Cgy solution in DMF (Fig. 2A) and in
toluene (Fig. S2). These bands are referent to allowed and pro-
hibited electronic transitions, respectively [20,33]. They are also
present in the spectrum of fullerene anions (Cgy"~), since the for-
mation of anions does not alter the electronic structure of fullerene
in great extent [34]. However, these bands became less defined af-
ter oxidation as Fig. 2A shows, indicating changes in the electronic
structure caused probably by the surface modification of the car-
bon material on sample B.

According to the literature [35], the presence of O, in mixtures
of Cgg and OH~ contributes to increase fullerene hydroxylation be-
cause oxygen can capture electrons from Cgy~ or [Cgo(OH)x]™ an-
ions allowing further reactions with hydroxide. The spectra from
Fig. 2 corroborate this charge loss by oxygen. Similarly, the contact
between Cgy~ and O, also results in surface modification with oxy-
genated groups [17]. The gradual increment in the broad absorp-
tion between 400 and 500 nm along time presented in Fig. 2B in-
dicates the formation of dispersed fullerene nanostructures [17,36]
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Fig. 2. UV-Vis-NIR spectra of sample A (before oxidation) and sample B (after oxi-
dation); inserted: picture of diluted sample B (20 % in DMF) irradiated with green
laser and under ambient (left) or reduced illumination (right) (arrow points the
laser track) (A). UV-Vis-NIR spectra of sample A obtained in the first 6 h after the
synthesis keeping the cuvette partially open to atmosphere (small aperture) (B).

and/or low hydroxylated fullerenols [1,6,27]. Therefore, the radicals
destabilization by oxygen has a fundamental role in increasing the
functionalization degree and also in the formation of nanoaggre-
gates.

The picture inserted in Fig. 2A shows that diluted sample B
(20 % in DMF; sample B is dark brown, and scattering is visible
only in diluted mixtures) presents a weak Tyndall effect (arrow),
which indicates the presence of dispersed material. The laser track
is very weak under ambient light (left picture), but when the am-
bient light is reduced the scattering can be seen (right picture).
Such weak scattering indicates small particles and/or lyophilic be-
havior for sample B. Similar scattering is observed for sample C,
but much stronger as presented in Fig. S3. Samples B and C have
mass concentrations of 0.41 and 0.04 mg mL~! respectively (after
subtracting potassium content). Indeglia et al. [37] have conducted
a detailed study probing that fullerenols with mildly modification
degree (up to 24 oxygenated groups per fullerene cage) exist as
individual molecules in neutral aqueous solution at concentrations
below 0.002 mg mL~! (2 mg L~1), therefore it is expected that the
prepared organic and aqueous dispersions are mainly composed by
nanoaggregates.

Dynamic light scattering (DLS) result is presented in Fig. 3A in
terms of number intensity as a function of size instead of scatter-
ing intensity as recommended by Kokubo for DLS analysis of solu-
ble fullerenols [2,35]. DLS measurement confirms that sample B is
formed by nanoaggregates. These nanostructures have two size dis-
tributions, with lognormal profiles, one between 6 and 10 nm and
the other between 60 and 90 nm, with mean sizes of 8.2 nm and
76 nm, respectively. This bimodal distribution was also observed
by Indeglia et al. [37] in concentrated fullerenol dispersions.

A solution was prepared by stirring pristine fullerene Cgy in
DMF under nitrogen purge to evaluate the presence of nanoclus-
ters. This mixture presents a light pink color after centrifugation,
but it turns into light yellow a few hours after the preparation,
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Fig. 3. DLS result for sample B in DMF (A); Image of atomic force microscopy (AFM)
acquired in topography mode of sample B over a silicon substrate (B).

indicating the presence of dispersed Cgy. Nanoclusters with sizes
between 85 and 140 nm are present in the freshly centrifugated
mixture as Fig. S4 shows, which is expected because Cgq is not sol-
uble in DMF in a great extent. However, those aggregates can be
present just after preparation (in the pink mixture) or can be pro-
duced after oxygen exposition during the DLS analysis. DLS result
for sample A has a similar tendency as Fig. S4 shows, with sizes
between 25 and 50 nm. However, the presence of nanoaggregates
at the beginning of the reaction between Cgg and KOH cannot be
disregarded, as well as the presence of nanostructures in sample A
just after the contact with oxygen.

Since no passivating agent was added to control particle mor-
phology, spherical particles were expected in sample B. The
SEM image from Fig. S5 corroborates the formation of fullerenol
nanoaggregates with spherical-like morphology after oxidation. In-
dividualized particles shown in the SEM image present sizes of the
same order of magnitude as those values determined by DLS. Still,
they are usually larger due to the aggregation that occurs during
the sample drying. Some aggregates are larger and have micromet-
ric sizes also due to the drying process.

AFM image presented in Fig. 3B confirms the spherical mor-
phology of fullerenol nanoclusters from sample B, which has ag-
gregates with mean height next to 8 nm corroborating the DLS
results. Image from Fig. 3B also presents small particles seen as
dots with heights of about 1.2 to 1.4 nm, and they are attributed
to individual fullerenol molecules, which is in accordance with the
value of 1.34 nm reported by Indeglia et al. [37] The presence of
individual fullerenol molecules is due to the favorable intermolecu-
lar interactions between the functional groups from fullerenol sur-
face and the solvent molecules. Pristine Cgy does not interact to
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a great extent with DMF and tends to produce larger particles in
such medium as DLS result has shown. The coexistence of indi-
vidual molecules and nanoaggregates presented in the AFM image
from Fig. 3B and the mean diameter as a function of mass con-
centration reported in the literature [37] suggest that fullerenol
molecules are not irreversible bonded to each other, which indi-
cates that hydrophobic or similar non-covalent interactions are re-
sponsible for the cohesion of fullerenol molecules in each cluster.
Raman spectrum of pristine Cgy is presented in Fig. 4A and
shows the characteristic Raman modes at room temperature [38].
Sample D was prepared by drying sample B. It has much less in-
tense Raman modes, as shown in Fig. 4B, with a profile similar
to carbon materials with high defect concentration like graphene
oxide [39] or pyrolytic carbon materials [40]. This Raman pro-
file is in accordance with that reported by Santiago et al. [27] and
by Ravelo-Nieto et al. [41] and it corroborates the formation of
fullerenols. The insertion of functional groups on Cgq surface de-
creases the molecule symmetry. Therefore, novel modes are ex-
pected to appear and most probably with lower intensity [20,42].
Different points of sample D presented the same spectral profile
when Raman spectrum was acquired using low laser power, with
a low number of accumulations and less exposition time (e.g. 2 ac.
of 10 s each using 0.16 mW). Therefore, the spectrum from Fig. 4B
can be assigned as the Raman profile of fullerenol (sample D).
When a single spot was irradiated by prolonged time and using
higher power (e.g. 5 ac. of 30 s each using 0.65 mW), narrow bands
were produced and they coexist with the broad ones as Fig. 4B
presents. These narrow signals have maxima at 270, 493 and 1462
cm~! and are attributed to the fullerene Raman modes, which in-
dicates that Cgy was partially regenerated probably due to the loss
of functional groups during laser irradiation. The A; mode at 1462
cm~! is the pentagonal ‘pinch’ and is characteristic of the icosa-
hedral structure, whereas the Ag mode at 493 cm~! is the breath-
ing mode and confirms the maintenance of the cage-like structure
[20]. Raman spectra of fullerene derivatives can be found in the

early literature, and since that time the decomposition of samples
during analysis was not ruled out [42]. Changes in sample D can
be visualized by optical images presented in Fig. 4C, which were
acquired before and after the Raman analysis. The dark spot was
formed after prolonged laser irradiation and corroborates sample
changes.

Raman profile from Fig. 4B could be attributed to graphitic
structures since the fullerene cage could open after the modifi-
cation with functional groups. However, the emergence of those
narrow bands after prolonged irradiation indicates that the icosa-
hedral structure is maintained after modification with KOH. Oth-
erwise, these bands would not be formed, and a graphitic-like
profile would be observed. The maintenance of the cage struc-
ture after surface functionalization is in accordance with AFM im-
age from Fig. 3B, which presents spherical particles. The height
of individual objects with spherical morphology are characteris-
tic of fullerenol. Graphene oxide or fullerene fragments, which can
be compared to molecules such as corannulene [43], should have
lower height. Therefore, the spectral changes observed for sample
D are attributed to the lower symmetry of fullerenol compared to
pristine Cgg.

FTIR spectrum of pristine Cgy is presented in Fig. S6 and it
shows four vibration modes with maxima at 527, 576, 1183 and
1429 cm~!, which is in accordance with the literature [44]. The
spectrum of sample D presented in Fig. S7 has a different pro-
file with bands at 1098 and 1384 cm~! referent to vC-O and
6sC-0O-H vibrations. A narrow band with intensity maximum at
1652 cm~! is attributed to vC=C mode. A large band at 3450
cm~! with a shoulder at 3250 cm~! is assigned to O-H vibrations
[2,4,6,11,23,27,45] due to ambient water and hydroxyl groups from
fullerenol. Differently from other reports [2,11], there is no signal
at about 1700 cm~! (sample without DMF, dried at 150°C), which
indicates a low content of carbonyl or carboxyl groups attached to
the fullerenol surface. Nevertheless, both Raman and FTIR results
corroborate fullerene modification.
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Thermogravimetric analysis (TGA) of pristine Cgy exhibits a sin-
gle mass loss between 430 and 560 °C as presented in Fig. 4D,
which corresponds to the carbon combustion [46,47]. In contrast,
TGA for sample D presented in Fig. 4D has eight processes of mass
loss, and this profile confirms fullerene modification (details in SI)
[1-4,6,27]. Thermogravimetric analyses (TGA) of samples D and E
are presented in Fig. S8, and they show that there is almost no dif-
ference between both samples since the distinct profile up to 200
°C is attributed to remaining DMF in sample D. TGA and elemental
analysis (CHN) of these two samples (details in SI) revealed that
both dried samples (D and E) have similar composition. It means
that water in contact with the supernatant enriched in fullerenols
(sample A, freshly oxidized) does not increase the modification de-
gree.

X-ray photoelectron spectroscopy (XPS) revealed the concentra-
tion and types of functional groups formed on fullerenol. Carbon
1s XPS spectra of pristine fullerene and sample D are presented
in Fig. 5A and 5B, respectively. Fullerene Cgy has one strong signal
(97.8 %) referent to sp? carbon (284.8 eV) and the characteristic
shakeup satellites [48] starting at approximately 286.7 eV (differ-
ence of 1.9 eV between the first satellite and the main peak) [20].
There is a small contribution (2.2 %) of oxygenated carbon (286.0
eV) that can be attributed to C-O-C groups formed by the reac-
tion with oxygen, since Cgg was stored under ambient atmosphere.
Shulga et al. [49] have reported the oxidation of fullerene by inter-
stitial oxygen and the formation of oxidized species with generic
formula (0;)xCgg, Which are probably responsible for that XPS sig-
nal. Sample D presents more signals referent to oxygenated car-
bon and lower content of sp? carbon (72.2 %) due to the surface
modification. Other four carbon peaks are present in the XPS spec-
trum of sample D besides the peak at 284.7 eV, and they are at-
tributed to (i) monohydroxylated carbon (C-OH; 285.7 eV) (11.9 %),
(ii) monooxygenated carbon (C-O-C; 286.8 eV) (9.1 %), (iii) dioxy-
genated carbon (hemiketal; 287.6 eV) (4.1 %), and carbon of car-
boxylic or similar groups (288.5 eV) (2.7 %) [5,26,37,50,51].
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TGA, CHN and XPS results indicate stoichiometry close to
K[Cgo(OH)3.5(0)7.g]DMF for sample D, which represents a mean
number of 12 functional groups per fullerene (details in SI). DMF
content in the solid material can be variable and is lower for solids
dried at higher temperatures or stored for prolonged periods. Since
fullerenols with such low functionalization degree are poorly solu-
ble in polar organic solvents or water [1], this stoichiometry is at-
tributed to the mean composition of the nanoaggregates from sam-
ple B and not as individualized species like K[Cgo(OH)4(0)g]. These
insoluble fullerenol molecules aggregate into nanoclusters after air
exposition. However, the aggregation tends to stop or become very
slow due to the formation of a stable colloid, as observed for sam-
ple B.

Although the contact with water does not increase the modi-
fication degree of fullerenols appreciably, it changes the colloidal
properties of the resultant dispersion. The result of homocoagu-
lation experiment conducted using sample C and KCl solutions is
presented in Fig. 6A and indicates that the aqueous colloid has
lyophobic nature. Therefore, it is mainly stabilized by electrostatic
repulsion. An energy barrier against aggregation of about 26*kgT
was estimated using Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory for spherical particles [24] (Fig. S9) (calculation details in
SI). Such barrier provides kinetic stability enough for material pro-
cessability. This dispersion has been stored for 4 months at room
temperature, avoiding evaporation and excessive light exposition.

Sample C is formed by nanoaggregates with diameters between
20 and 200 nm as presents the DLS result from Fig. 6B. UV-Vis
spectrum of sample C is presented in Fig. S10 and also shows
a broad band between 400 and 500 nm that is characteristic of
fullerene dispersions and/or low-modified fullerenols. The mean
diameter of 90 nm after 7 days of sample preparation increases
to 134 and 195 nm after 21 days and 4 months, respectively. Al-
though no visible precipitate was observed, the DLS results pre-
sented in Fig. 6B show that the size distribution became wider
and the mean diameter has increased after 4 months. After that
period, part of the material starts to precipitate slowly. Size incre-
ment over time corroborates the lyophilic nature and the kinetical
stabilization of sample C instead of thermodynamic stability, since
these nanoaggregates are growing over time.

In contrast to the aqueous dispersion, organic fullerenol dis-
persion (sample B) does not exhibit homocoagulation with organic
electrolyte as presented in Fig. 6C. This indicates lyophilic-like na-
ture for fullerenol nanoaggregates in DMF, corroborating the weak
light scattering showed in the picture inserted on Fig. 2A, typical of
lyophilic colloids. Such types of dispersions are known to be able
to produce concentrated systems [16,24,25].

The literature reports variable values for mass concentration
of fullerenol dispersions that depends on the solvent and func-
tionalization degree, for example, 0.075 mg mL~! for Cgo(OH)15.20
in water [6], 0.33 mg mL~! for Cgy(OH)g-2H,0 in DMSO [3], 1.0
mg mL~! for Cgp(OH)z42g in water [22], up to 3.5 mg mL~! for
Na;[Cgo(OH)12(0),] in water [23]. Based on the lyophilic nature of
sample B, it was concentrated in a rotary evaporator (details in SI),
and mass concentrations up to 10 mg mL~! were obtained without
visible aggregation or precipitation, which is about 24 times more
concentrated than the original dispersion and is one of the most
concentrated fullerenol dispersion reported in the literature. Con-
sidering that lyophobic dispersions produce only diluted systems
[16], and the relatively low functionalization degree of sample B
compared to other modified carbon materials like graphene oxide,
the achievement of such concentrated dispersions is promising in
the field of carbon-based inks, and these systems can be used in
inkjet depositions or related applications.

Lyophilic-like nature of sample B suggests that the colloidal sta-
bility is provided by favorable solvation interactions between the
modified surface of the dispersed particles and solvent molecules.
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Fig. 6. Picture of homocoagulation experiment conducted with sample C mixed with aqueous solutions of KCI in different concentrations as indicated (A); Curves of number
intensity as a function of size obtained by DLS measurements of sample C (B); Pictures of homocoagulation experiment conducted with sample B and solutions of TBAH in
DMF with different concentrations as indicated (C); Curves of interaction energy as a function of the distance between two particles calculated using DLVO and extended
DLVO models for spheres and the experimental values of mean radius and zeta potential of sample B (D).

Besides that, nanoaggregates of this organic dispersion have a
mean zeta potential (¢) of -60 mV, which indicates that they are
also stabilized by electrostatic repulsion between electrical dou-
ble layers. Calculations based on DLVO theory for spherical par-
ticles were performed, and the results are presented in Fig. 6D
for the original version of the theory and for an extended ver-
sion that includes the solvation interaction (calculation details in
SI). Considering only electrostatic repulsion (Ug, positive) and van
der Waals (vdW) attraction (U,, negative), the calculation provides
an energy barrier next to 27*kgT for the total energy of interac-
tion (Ur (DLVO)), close to the value obtained for the aqueous dis-
persion. However, by including the solvation interaction (Us) (re-
pulsive for this system), Fig. 6D shows a very high repulsion bar-
rier without a maximum value (Up (ex-DLVO)), which indicates
undetermined stability typical of lyophilic systems. The combina-
tion of both repulsive interactions, especially solvation opposing
the van der Waals attraction, provides indefinite stability for this
organic colloid if properly stored (avoiding light, heat, and solvent
loss).

Based on the reports by Kokubo [35] and Husebo et al. [5] as
well as the experimental results concerning the surface modifica-
tion and simultaneous formation of nanoaggregates presented in
this work, some chemical reactions and a representation of the
nanocluster formation are proposed in Fig. 7, which shows a sim-
plified mechanism for the fullerenol preparation. In the first step,
hydroxide reacts with pristine Cgy and produces [Cgo(OH)]~ (Eq.
(1)) under inert conditions. Next, this fullerenol radical can re-
act with available Cgg (excess) and produce [Cgo(OH)]®, which is
a neutral radical, plus Cgp~ (Eq. (2)) as indicated by UV-Vis-NIR
spectra from Fig. 2. Finally, after air exposition, oxygen reacts with
[Ceo(OH)]* and [Cgo(OH)]~ (Egs. (3) and (4)) resulting in neutral
fullerenols like [Cgq(OH)].

Neutral fullerenol [Cgo(OH)] can react with another hydrox-
ide and produce more hydroxylated molecules as [Cgo(OH),]~ (Eq.
(5)), which reacts with oxygen and starts the cycle again (Eqs.
(1)-(4)) until it reaches a mean functionalization degree of about
12 groups per Cgo. In principle, neutral radicals like [Cgq(OH)]®
also react with hydroxide although not represented in Fig. 7. The
reasons why the modification seems to stop are under investi-

gation (total time, temperature), but are not related to limiting
reagents because part of Cgy and KOH remain unreacted at the
end of the process (solids mixed with dark purple supernatant
(sample A)).

The modification degree is increased only in the presence of
oxygen, as indicated by the change in the spectral profile between
190 and 650 nm shown in Fig. 2, since oxygen captures elec-
trons from radicals and allows further hydroxylation [35]. More-
over, other functional groups are generated as the reaction pro-
ceeds in the presence of oxygen, which increases the oxida-
tion of some carbon atoms and produces hemiketal or epoxide
groups.

When fullerene anion Cgy~ is exposed to oxygen, it produces
Ceo plus O, (Eq. (6)) [17], and superoxide formed can also re-
act with Cgg and form [CggO,]~, similar to the modification of Cgg
with H,0, in alkaline medium [35]. [Cgo0,]|~ can be protonated by
ambient water (since atmospheric air was used to oxidize sample
A) and reduced to form Cgg(OH) plus water, similar to the mech-
anism proposed for the hydroxylation of carbon nanotubides [52],
or it can suffer rearrangements and produce two bonded -OH or
one -OH plus an epoxide on Cgq surface.

Oxygen contributes to the radicals destabilization and the resul-
tant neutral fullerenols are insoluble in DMF due to the low modi-
fication degree, which induces aggregation into nanoclusters (NCs)
(Eq. (7)). About clustering at higher fullerenol concentrations, In-
deglia et al. [37] have suggested that the amphiphilic character of
fullerenols persists even at high degrees of modification, enabling
cluster formation. Since sample A has a higher concentration than
the threshold reported by Indeglia et al. [37] and has mean de-
gree of functionalization relatively low, it spontaneously under-
goes such clustering after oxygen exposition and nanoaggregates
are produced on sample B. The presence of different fullerenol
molecules is commonly reported in the literature, and it is un-
der investigation for sample B. However, the probable heterogene-
ity of the fullerenol prepared in this work is in accordance with
the different possible reaction paths and intermediates proposed
in Fig. 7 as well as with the formation of nanostructures that pro-
tect some fullerenol molecules and expose others to oxygen and
hydroxide.
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Fig. 7. Mechanism of fullerenol formation: possible chemical reactions that can occur during sample preparation under inert (Egs. (1) and (2)) and oxidizing atmosphere
(Egs. (3)-(6)), and schematic representation of the spontaneous aggregation of low-modified fullerenol molecules into nanoclusters (NCs; Eq. (7)). Charged fullerenol radicals

are represented in blue.

Unlike previous reports, our results show that the aggregation
tends to stop or become very slow due to the formation of stable
fullerenol dispersion that remain dispersed because repulsive col-
loidal interactions are present. Such interactions emerge only when
nanoaggregates are formed. Electrostatic interactions are more rel-
evant for larger particles and small nanoclusters present mainly
vdW and solvation interactions. The latter compensates vdW at-
traction and is the main responsible for stability, especially for very
small clusters formed in the beginning of the oxidation. Moreover,
both repulsive interactions are related to the presence of functional
groups: (i) electrostatic repulsion between double layers of the
dispersed particles is generated by deprotonated hydroxyl groups,
and (ii) repulsive solvation interaction is due to the high affinity
between solvent molecules and fullerenol surface and it provides
lyophilic behavior for sample B.

4. Conclusion

This work demonstrates a pathway to produce concentrated
and stable organic dispersions of fullerenol, which can be prepared
in large quantities. Fullerenol was obtained as a stable organic dis-
persion using a two steps procedure. Initially, fullerenol-based rad-
icals were produced in an organic medium, then air oxidation in-
duced charge loss and the formation of fullerenol nanoaggregates
simultaneously. Such dispersion is stable indefinitely because of
electrostatic and solvation interactions are present balancing the
vdW attraction, and they arise from the functional groups. The col-
loidal stability of organic fullerenol dispersions (diluted or concen-
trated) exceed by far the period needed for processability.
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