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ABSTRACT: In this work, we report that the surface hydroxylation of C4, molecules is
the most likely mechanism for pristine Cg, fullerenes/Cg, fullerene aggregate
stabilization in water, being independent of the method of Cg, fullerene aqueous

solution preparation.

B INTRODUCTION

Nanocarbon materials are used in a wide variety of biomedical
applications, including biosensorics, targeted drug delivery,
chemotherapy, cellular imaging, and diagnostics.1 For example,
the pristine Cg fullerenes as a unique class of carbon allotropes
are able to penetrate the cell membrane,>® to exhibit
antioxidant properties,”* and, being nontoxic (at least at low
concentration),’ to exert specific health effects (e.g, anti-
bacterial,” antitumor,® and drug carrierg).

Biomedical applications require a dispersal of Cg, fullerene in
a solvent, with aqueous dispersions being preferred because of
biocompatibility, safety, or environmental concerns. Although
pristine Cg, fullerenes have extremely low water solubility, they
can form stable colloid solutions containing individual Cg,
fullerenes as well as Cg, fullerene aggregates (clusters) in water
when subjected to extended mixing, sonication, or solvent
exchange'*™'¢ (to be further referred to as a Cg, fullerene
aqueous colloid solution (CgFAS)). However, the origin of
stabilization of such particles in water still remains poorly
investigated.

At least two approaches have been suggested in order to
explain the stability of fullerene particles in water solutions.
One of them'” postulates the formation of a water shell around
Cg molecules stabilized simultaneously by the H-bonding
network between the water molecules and charge transfer from
water to the Cg, fullerene. Another one'® suggests that the
sonication process induces the covalent attachment of water
hydroxyls to Cg fullerene carbons, resulting in the formation of
alcohol moieties that enable Cg, fullerene dissolution. The
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problem here is that the properties of CgFAS (including
biological properties) as well as the mechanism of water
solubility may depend on the method of preparation of Cg,
fullerene aqueous solution.'*'*'” Indeed, these two approaches
differ by the underlying method of CgFAS preparation
although the sonication step is presented in both methods.
The question therefore arises as to whether the mechanism of
solubility of Cg, fullerene in water depends on the method of
CgoFAS preparation. This question has been investigated in this
article.

B EXPERIMENTAL SECTION

Sample Preparation. For the preparation of C¢FAS, we used a
saturated solution of pure Cg, fullerene (purity >99.99%) in toluene
with a Cg molecule concentration corresponding to maximum
solubility near 2.9 mg/mL and the same amount of distilled water
in an open beaker. The two phases that formed were treated in an
ultrasonic bath. The procedure was continued until the toluene had
completely evaporated and the water phase became yellow. Filtration
of the aqueous solution allowed us to separate the product from
undissolved Cg, fullerenes. The pore size of the filter during the
filtration of the aqueous solution was smaller than 2 um (Typ
Whatmann 602 h1/2).

The purity of the prepared C4FAS samples was determined by
HPLC and GC/MS techniques using standard protocols. Insoluble
impurities in C4FAS were determined by ultracentrifugation: it was
found that their amount is less than 1 pg/mL. Toluene from the

Received: January 3, 2014
Revised: ~ March 24, 2014
Published: March 24, 2014

dx.doi.org/10.1021/1a404976k | Langmuir 2014, 30, 3967—-3970


pubs.acs.org/Langmuir

Langmuir

synthesis could not be detected in the water by GC/MS analysis.
Moreover, the 'H NMR spectrum (400 MHz) of CFAS did not
reveal any residual proton signals.

The concentration of Cy, fullerene in the prepared C4FAS sample
was determined as the concentration of total carbon in aqueous
solution (Analytik Jena TOC analyzer multi N/C 3100). In our
experiments, the C4FAS samples with 0.15 and 0.026 (approximately
6 times less) mg/mL concentrations of Cg, fullerene were used.

Sample AFM Characterization. The state of Cg, fullerene in
water was monitored using atomic force microscopy (AFM, Solver Pro
M system, NT-MDT, Russia). In the AFM study, the samples were
deposited by precipitation from an aqueous solution droplet onto a
cleaved mica substrate (V-1 grade, SPI Supplies). The sample
visualization in the AFM experiments was carried out in a semicontact
(tapping) mode using NSG10 (NT-MDT) probes.

Sample SANS Characterization. Small-angle neutron scattering
(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."” 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 measure-
ments, a vanadium standard was used. Treatment of the raw data was
performed by the SAS program with a smoothing mode enabled.”

Sample FTIR Characterization. Fourier transform infrared
(FTIR) spectroscopy was used to study the structural organization
of pristine Cy fullerenes in water (0.15 mg/mL). The FTIR spectrum
was recorded using a Perkin-Elmer BX-II spectrophotometer with a
spectral resolution of 1 cm™ in the range of 4.000—400 cm™'. A
C¢FAS sample was examined directly as a thin film placed between
two NaBr plates by the liquid membrane method. The sample (for
comparison) consisting of 20% Cg, fullerene powder and 80% KBr was
compressed (150 kgF) into a tablet with a size of 15 X 15 X 0.1 mm>.

B RESULTS AND DISCUSSION

In this work, we aimed to ascertain whether the mechanism of
aqueous solubility of Cg, fullerene particles may depend on the
method of C¢FAS preparation. Two representative methods of
stable C4FAS preparation have been selected, which have so
far been the most well characterized in terms of the
morphological properties of the resultant fullerene solution
and the mechanism of fullerene aqueous solubility.

Method 1'®*' is based on prolonged mixing of the Cg,
fullerene powder and water with ultrasonic processing of the
mixture and belongs to the group of methods that use extended
mixing in water. It has been reported'® that the aqueous
solubility of Cg, fullerene prepared by this method is a
consequence of the formation of C—OH groups on the surface
of Cg, molecules, which facilitates the dissolution.

Method 2'*'**! is based on the technology of transferring
Cg fullerenes from toluene (or other organic solvents) to an
aqueous phase with the help of ultrasonic treatment and
belongs to the group of solvent-exchange methods of C4FAS
preparation. It has been reported'” that the aqueous solubility
of Cg fullerene prepared by this method is a consequence of
the formation of a stable water shell around fullerene molecules
resulting from the H-bonding network and charge transfer from
water to fullerene.

We used method 2 to determine whether the formation of
C—OH groups may also occur during C¢FAS preparation. The
first necessary step in such an analysis is the structural
characterization of the prepared Cg, fullerene solution.

Characterization of C4,FAS. To characterize the compo-
sition of the prepared C4FAS, AFM and SANS measurements
were performed.
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The AFM picture in Figure 1 corresponds to various
concentrations of Cg, fullerene in water, viz. 0.15 (Figure 1la)
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Figure 1. AFM images of C, fullerenes on the mica surface, which
were precipitated from the C¢FAS system at 0.15 (a) and 0.026 (b)
mg/mL concentrations (3 months after preparation).

and 0.026 (Figure 1b) mg/mL. It demonstrates randomly
arranged individual C4y molecules with a diameter ~0.7 nm and
their bulk spherelike aggregates with a height of 2—50 nm.
The experimental SANS curves for the C4FAS system at two
Cgo fullerene concentrations (0.15 and 0.026 mg/mL) are
presented in Figure 2a. The absence of specific peculiarities on
the curves suggests that the particles are polydisperse in size. It
should be noted that a 0.026 mg/mL concentration of Cg,
fullerene is the minimum value at which the SANS signal can be
detected. (The signal is close to the background level.) One can
see similar SANS curves in the case of a 0.15 mg/mL
concentration of Cg, fullerene after 3 and 6 months of
preparation, which points out similar aggregate structures in
both solutions. The experimental SANS curves were processed
by indirect Fourier transform according to ref 20. The
satisfactory fit was obtained only for a 0.15 mg/mL
concentration of Cg, fullerene in the CgFAS system. The
pair distance distribution, P(r), inside Cy, fullerene aggregates,
obtained using spherically symmetric basis functions, is shown
in Figure 2b. The resulting values of the radius of gyration, R, =
18.4 + 0.8 nm (after 6 months of preparation) and Rg =157 +
0.2 nm (after 3 months of preparation), correspond to the
radius for homogeneous spheres equal to 20 nm and are in
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Figure 3. Comparison in the FTIR spectra of the C4,FAS system (0.15
mg/mL) and the original pristine Cg, fullerene powder.
E-‘-’ 0,002+
C4FAS is the broad, intense band near 1107 cm™" attributed to
C-OH stretching.26 The FTIR spectrum of C4FAS is also
\ characterized by the C—H stretching bands at 2957-2850
\\ cm™!, which are obviously absent in pristine Cgq, fullerene
0,000, . . . . \ powder. Given the composition of the CgFAS system, the
0 10 20 r nm 30 40 50 observed C—O vibrations strongly suggest that the Cq

Figure 2. SANS curves (a) for C4FAS systems at 0.15 (squares, 3
months after preparation; and circles, 3 months after preparation) and
0.026 (triangles, 3 months after preparation) mg/mL concentrations
of Cg, fullerene; the obtained pair distance distribution, P(r), (b) for
Cgo fullerene clusters in solution at a 0.15 mg/mL concentration (solid
line, 3 months after preparation; and dashed line, 6 months after
preparation).

agreement with the aggregate sizes, as seen via AFM (Figure
1a). The measured sizes are slightly smaller than those reported
previously” using essentially the same method of CFAS
preparation by toluene extraction, which may be associated
with different concentrations and/or minor differences in the
protocols of preparation employed, as noted before.”> At the
same time, the main morphological and spectroscopic proper-
ties of our CgFAS'"* are in good agreement with data
reported by other authors.'®*"**

In summary, the SANS and AFM data indicate that
polydisperse Cg, fullerene aggregates (0.7—90 nm in size)
present in the CyFAS system and the prepared fullerene
aqueous solution remain stable for quite a long time. These
features appear to be similar for different methods of C4FAS
preparation.

Origin of C4, Fullerene Solubility in Water. To clarify
the possible mechanism of Cg, fullerene hydrophilic character
after exposure to water, the FTIR measurements were
performed.

The FTIR spectrum of C,FAS (0.15 mg/mL) is shown in
Figure 3 together with the reference spectrum of pristine Cq
fullerene powder. The spectra display four intense peaks at
1423, 1180, 576, and 526 cm™ attributed to C—C vibrational
modes of the Cy, molecule.”® For the CgFAS system, however,
additional peaks are observed: the bands at 3372 and 1666
cm™" correspond to O—H stretching and bending, respectively.
But the most interesting feature of the FTIR spectrum of
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fullerene cage is hydroxylated and hydroxyls forming alcohol
functional groups exist in the structure of C4FAS.

The hydroxylation of the fullerene cage found in the present
work for C¢FAS prepared by method 2 is in agreement with
the same experimental evidence reported in ref 18 by FTIR for
CeFAS prepared by method 1. It strongly suggests that the
primary mechanism of Cg, fullerene solubilization in water is
the attachment of the OH groups to Cg, fullerene carbons,
which explains why the lone Cg, molecules and their clusters
exist at equilibrium in solution for quite a long time (see
above), a feature that is independent of the method of C4FAS
preparation. It also explains the irreversible character of the
adsorption/desorption isotherms reported earlier,”” the mini-
mal extraction of Cg, fullerene from water—colloid solutions by
toluene,”® and the ability of Cg, fullerenes from CyFAS to hold
water molecules even in vacuum.'” The covalent attachment of
the OH groups does not exclude the possibility of electron
transfer from water molecules to C, fullerene, enabling us to
explain the negative charge on fullerene particles.'”'®?®
However, the previous model of stabilization of hydrated Cg,
fullerene by water molecules joined together by an H-bonding
network'”*® needs to be corrected in view of the available
results of molecular dynamics simulations of hydrated Cg,
fullerenes®™>° reporting the weakening and breakage of the H
bonds between water molecules in the immediate vicinity of the
Cygo fullerene surface as a result of the overbalancing effect of
Cyo fullerene—water with respect to the water—water
interaction.

B CONCLUSIONS

It may be concluded that the surface hydroxylation of Cg,
molecules is the most likely mechanism for pristine Cg,
fullerenes/Cg, fullerene aggregates stabilization in water,
being independent of the method of C4FAS preparation.
The general importance of hydroxyls in the state of Cg
fullerenes in water has been noted by numerous workers in
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the past'”*"?! for different methods of fullerene aqueous
solution preparation, although the exact role played by
hydroxyls in the stabilization of C4FAS has so far been
unclear. The covalent attachment, revealed in the present work,
gives deeper insight into this problem. However, further studies
are required in order to clarify the mechanism by which this
attachment occurs.
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