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Abstract

Hypothesis: To disperse high concentration of Cgo fullerene in water, we propose to use an
emulsification-evaporation process in presence of an amphiphilic polymers whose chemical
structure has been chosen for inducing specific interaction with fullerene The viscosity
enhancement provided by self-assembly of the amphiphilic polymers in water should result in
high stability of the suspensions. The organic solvent has also to been chosen so as to
maximize the initial fullerene concentration.

Experiments: The concentrations of polymer and fullerene, the solvent type and the volume
fraction of the organic phase have been varied. Their influence on the concentration of the
fullerene dispersions and on the size and shape of the resulting nanoparticles have been
investigated by UV-Visible spectroscopy, light scattering and cryo-transmission electron
microscopy experiments.

Findings: The resulting nanoparticles consist of aggregates of Cgo fullerene stabilized by the
cationic polymer with morphologies/sizes tunable through fullerene and polymer
concentration. At high fullerene concentration, nanoplatelets are obtained that consist in thin
2D nanocrystals. Their suspensions are very stable with time due to the viscosity of the
dispersing aqueous medium. The concentration of fullerene nanoparticles dispersed in water

is as high as 8g/L which corresponds to an upper limit that has never been reached so far.

Keywords: Cg fullerene, nanoplatelets, amphiphilic polymer, emulsification-evaporation,

directed assembly

1. Introduction

The dispersion of Cgo fullerene in water is a key issue due to numerous potential applications
in medical[1-9] and materials sciences, [10-12] but remains a challenge because of the very
hydrophobic nature of Cg.[13] It can be achieved through chemical modification of Cgo with
hydrophilic moieties.[14-20] As a result, the solubility in water can reach values as high as
several hundreds of g/L as reported for fullerols.[21, 22] However, these chemical
modifications involve tedious synthesis and purification steps[23] and affect the optical and
biological activities of Cg.[18, 22] To overcome these difficulties, dispersion of neat Cgo
fullerene in water has been attempted using various processes. Many of them imply the
solubilization of Cg in an organic solvent followed by transfer to water and removal of the
organic solvent leading to aqueous colloidal suspensions of fullerene. The solvent transfer can

be achieved in different ways: i) emulsification in water of a solution of fullerene in an



organic solvent not miscible with water,[5, 24] ii) successive transfers of solvents from
organic apolar solvents to organic polar ones and then to water by successive matching of
miscibility,[24, 25] iii) nanoprecipitation/dialysis into water using a water-miscible organic
solvent.[26, 27] These methods vyielded particles with various morphologies.
Nanoprecipitation from THF produced faceted 3D nanocrystals,[28] while sonication of
toluene/water emulsion led to amorphous spherical particles.’! Beside the morphology of the
colloids that can be produced, a key parameter that has deserved much attention is the
maximum concentration of fullerene that can be dispersed in water and which often requires
the assistance of a polymer. Up to 0.6 g/L of fullerene can be dispersed in water by
nanoprecipitation through the use of pullulan bearing cholesteryl groups, which acts as a
stabilizer [29] and up to 1.3 g/L in the presence of a peptide.[30] The efficiency of the
emulsification-evaporation method to disperse fullerene has not been studied much, but it was
found at best to be 1.4 g/L.[31, 32] Furthermore, the emulsification-evaporation method has
already proven to be up-scalable and was used to produce inks for photovoltaic devices. [33,
34]

Generally, the use of molecular or polymeric surfactant is required to obtain concentrations of
fullerene dispersed in water higher than a few ppm.[35-37] In the present study, we used an
amphiphilic polymer (noted 75C12) consisting of a polystyrene backbone bearing surfactant-
like moieties (Figure 1). It has already been shown that this polymer is able to efficiently
disperse nanoparticles such as quantum dots, both in aqueous solution and in bulk material
[38-40] and to stabilize as well latex particles obtained by emulsion and mini-emulsion radical
polymerization.[41] Based on its chemical structure, both hydrophobic and =n-stacking
interactions are expected to occur with Cgo. In aqueous solution, it has been reported that neat
75C12 self-assembles into worm-like micelles that branch and form a percolating network at

higher concentrations. [42]
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Figure 1. Chemical structure of the amphiphilic copolymer 75C12, 75 stands for the relative

molar ratio in % of cationic moieties which contain dodecyl (C12) side chains.



In this paper, we report on the formation of Cg, nanoparticles in water assisted by 75C12 via
an emulsification-evaporation process. The amount of fullerene transferred into water was
quantified using UV-spectroscopy. The dispersed nanoparticles were characterized in terms of
size, molar mass, morphology, and stability. We will show that the processing parameters
(type of solvent, fullerene and polymer concentrations, phase volume fractions) strongly
influence the concentration and the type of fullerene nanoparticles that are dispersed in water.
The maximum concentration of fullerene nanoparticles that could be dispersed in water in this
manner was 8 g/L, which is six times higher than the highest value reported so far. We will
show that in some cases fullerene nanocrystals are formed in the form of elongated thin

platelets.

2. Experimental Section/Methods

Materials: Toluene (Fischer Scientific, analytical reagent grade), chloroform (Sigma-Aldrich,
>99.0%), carbon disulfide (Sigma-Aldrich, >99.9) and ultrapure water (Millipore) were used
as received. Cgo fullerene (purity 99.9%) was purchased from MST-Nano Co., Ltd. (Saint-
Petersburg, Russia) and dissolved either in chloroform, toluene or carbon disulfide by
magnetic stirring during 24 hours in brown vials in order to protect them from light. These
solutions were stored in the dark at room temperature prior the emulsification steps.
Saturation concentrations were determined by UV-visible spectroscopy.

Polymer synthesis: The synthesis has been already described. [43]In this work, a copolymer
with 75%mol cationic units with C12 pendant alkyl chains was obtained, with M, = 4.10"
g/mol and D=1.5 as determined by size exclusion chromatography and light scattering
experiments. Same micro- and macroscopic behavior were found as for the polymer 80C12
described elsewhere.[42, 43] The polymer solutions were prepared in water or in chloroform
by dissolving it at 80°C or 20°C respectively during 15 hours.

Preparation of the Cgp dispersions in water: 4 mL of mixtures of aqueous and organic phases
and with various composition (see table 1) were sonicated with an ultrasound horn tip at
frequency of 20 kHz at 36% amplitude in continuous mode. It resulted in emulsions that were
further sonicated until the organic solvent was fully removed by evaporation after a few
minutes.

Extraction of Cgo from water: In order to quantify the amount of fullerene that was dispersed
in water (see main text), it was extracted from water into toluene according to Deguchi et al.
[27]1 mL of aqueous suspension was mixed with 1 mL of 1%wt of NaCl and 2 mL of toluene.
After stirring, the aqueous phase turned from yellow to colorless, and the extraction from
water to toluene was proven to be complete by checking the absence of any trace of fullerene



in water by UV-vis. The extinction coefficient for fullerene in toluene was determined
experimentally using Beer-Lambert law for solutions of known concentration. and was found
to be equal to 87 L/g/cm at 336 nm (see Figure S7b).

UV-visible spectroscopy: The absorbance was measured as a function of the wavelength
between 200 nm and 800 nm in quartz cuvettes with an optical path length of 1 cm using a
Cary 50 Bio spectrophotometer (Varian Medical Systems, Palo Alto, CA, USA).

Differential refractometry: The refractive index increments (dn/dC) were measured with an
Optilab refractometer (Wyatt Technology, Santa Barbara, CA, USA) using an emulsion
without any polymer and fullerene treated in the same manner as a blank. Dispersions with
various concentrations were analysed. The refractive index increment (dn/dC) of fullerene in
water was determined using a sample without polymer. It was found to be equal to 1 mL/g
(Figure S9a), which is much higher than dn/dC = 0.19 mL/g reported for 75C12 in water.
[42]For a dispersion containing both polymer and fullerene derived from M5, the measured
dn/dC was equal to the weighted average of that of Cgo and 75C12 (Figure S9b).

Light scattering: Measurements were done at T=20°C on a CGS-3 (ALV GmbH, Germany)
compact system with an LSE-5004 correlator. The scattering angle (0) was varied from 12° to
150° and the wavelength of the laser (A) was 632.8 nm. The scattering wave vector q is given
by q=4m.n.sin(6/2)/A, with n the refractive index of the solvent. Static Light Scattering (SLS)
was performed to measure the Rayleigh ratio (Ry) of the dispersions according to:

_ Isolution—Isolvent ref
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where lsoution, lsolvent @aNd lres Stand for the scattering intensity of, respectively, the dispersion,
the solvent and toluene which is used as a reference with Ry"'=1.35.10° cm™.
At low concentrations where the effect of interactions can be neglected Ry is related to the

weight average molar mass (M) and the z-average radius of gyration (Rg) of the solute:
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with nys the refractive index of toluene and Na Avogadro's constant.
With Dynamic Light Scattering (DLS) one measures the autocorrelation function g;(t) that

was fitted to a distribution of relaxation times (t) using the REPES routine:[44]

g:(t) = [A(®) exp (— E) dt = [ A(7) exp(—=D.q?.t) dt (4)



In dilute solutions where the effect of interactions can be neglected and for particles smaller
than g, the relaxation is due to their translational diffusion and t is related to the diffusion
coefficient (D) as: t = 1/(Dq?). The hydrodynamic radius (Ry) can be calculated from D

using the Stokes-Einstein equation:
KT

D= (5)

- 6mnsRy

with k the Boltzmann constant, T the temperature and ms the viscosity of the solvent. Typical
distributions of sizes are shown in Figure S19 for dispersions prepared with methods M1, M2
and M3. At low Cpq, a single population is observed, with a size distribution that broadens
with increasing Cyo and shifts toward lower Ry values. For Cpo >10 g/L, two populations
could be distinguished, but we have only considered the size of the fast mode of relaxation,
the slow one corresponding to scatterers with concentration that can be neglected. In this
specific case, the polymer contribution could no longer be neglected and the weight-averaged
dn/dC of both 75C12 and Cgy was used. For samples prepared with method M4 and M5, a
single population was observed whatever C,,. So as to neglect the interactions, prior their
light scattering investigation samples were diluted down to 5 mg/L fullerene with NaCl
solution (5 mM).

Cryo-TEM: A lacey carbon film (Ted Pella) is rendered hydrophilic with a glow discharge
(Elmo-Cordouan Technologie) just before depositing 5uL of the solution. The solution is
blotted to form a thin film with a home-made freezing machine (T=22°C and humidity 80 %
RH) and the grid is plunged rapidly in a liquid ethane bath maintained at liquid nitrogen
ebullition point. The water film is forming an amorphous ice layer in which the structures are
well preserved in their native state. The grid is transferred under liquid nitrogen on a Gatan
626 cryo holder and transferred into the TEM (Tecnai G2 sphera FEI). The grids are observed
under low dose conditions at 200 kV and images taken with an Eagle 2K ssCCD camera (FEI).
Confocal microscopy: Confocal Laser Scanning Microscopy pictures were taken with a Zeiss
LSM 800 (Carl Zeiss Microscopy GmbH, Germany). One drop of a 1 g/L solution of
Rhodamine B was added to the samples prior dispersion. After the latter step, one drop of
emulsion was placed on a glass slide and sealed with a cover slip. We hypothesize that the
chromophore preferentially labels the polymer because of the presence of rings around the
droplets. Pictures of 512x512 pixels were taken with a water-immersion objective HC x PL
APO 63 x NA=1.2 and a magnification of 1. The incident laser beam had a wavelength of 548

nm and the fluorescent light was collected between 560 and 700 nm.

3. Results



3.1. Preparation of aqueous Cg colloidal suspensions

Dispersions of Cg, in water were prepared by modifying the emulsification-evaporation
method reported for toluene/water by Andrievsky et al. [45] and using also chloroform
(CHCI3) and carbon disulfide (CS,) for solubilizing Cgo. Cgo has widely different solubility
values in these solvents (the limit solubility for Cg being 90 mg/L, 2.8 g/L and 7.6 g/L
respectively for CHClIs, toluene and CS;) and display lower boiling points than toluene. The
Cso concentration in CHCI3 was set at 0.09 g/L, whereas three concentrations were tested in
CS; (0.09, 1 and 7.6 g/L). 75C12 is soluble in CHCI3, but not in CS; nor in toluene. For the
former solvent, we then tested the effect of adding 75C12 dissolved initially in the aqueous
phase or in the organic phase. For the other solvents, the cationic amphiphilic polymer 75C12
was added to the agueous phase at concentrations between 35.10° and 35 g/L. The different
conditions tested here are summarized in Table 1. The volume fraction of the organic phase

(Dorg) Was 25% when not specified, but for two methods, it was varied between 10 and 75%.

Table 1. Summary of the various conditions used to disperse Cgo in water.

Method  Organic Polymer concentration® (g/L) / Ceo CcoOncentration in Volume fraction
solvent solvent organic phase (g/L)  of organic phase

M1 CHCl, 1.10° to 35/ CHCl; 0.09° 25%

M2 CHCl, 35.10° to 35/ H,0 0.09° 25%

M3 CS; 35.10° to 35/ H,0 0.09 25%

M4 CS; 0.35t0 35/ H,0O 1 25%

M5 CS; 1to 35/H,0 7.6° 25%

M6 CS; 35/H0 7.6° 10 to 75%

M7 CS: 10/ H,0 7.6° 10 to 75%

® Final concentration in water after evaporation of the organic solvent; ™ saturation

concentration for Cgo fullerene in the organic phase.

The organic and aqueous phases were mixed and emulsified with an ultrasound horn tip, as
described in the experimental section. In all cases, the emulsions consisted of droplets of the
organic phase embedding Cg dispersed in a continuous aqueous phase. The morphology of
the emulsions was inspected using confocal laser scanning microscopy (CLSM) as described
in the experimental section. Examples for different systems are shown in the supplementary

information (Figures S1 to S5). In all cases, droplets with diameters between 1 um and 10



pm were formed. Sonication led to an increase of the temperature to about 80°C within 5
minutes and consequently to evaporation of the organic solvent. It was found that with
increasing sonication time the droplet size decreased until complete evaporation of the
organic solvent, which could take up to 6 min for CS, and 10 min for CHCI3;. We noted that at
high 75C12 concentrations (10, 35 g/L) all of the organic phase was emulsified within 1 min
of sonication. However, at lower concentrations (1 g/L) complete emulsification took longer
and occurred while the solvent was evaporating. The color of the final aqueous dispersions
ranged from faintly yellow to dark brown, depending on the concentration of dispersed

fullerene, see Figure S6.

3.2. UV-visible light absorption of Cg, dispersed in water

Figure S7a displays a typical UV-visible absorption spectrum for an aqueous dispersion of
Ceo. In the UV region, two bands were observed at 260 nm (1) and 340 nm (1) as well as a
broad band with low amplitude close to 440 nm (I11). An absorption band was also observed
at 220 nm but since the polymer absorbs strongly at this wavelength, we will not consider it in
the following. For the other wavelengths, the absorbance spectra have been corrected for the
contribution of the polymer in order to recover the sole fullerene absorption spectrum, see
Figure S7a. The absorption spectrum of Cg dissolved in toluene is shown in Figure S7b and
shows a single absorption band at 336 nm.

The absorption peak Il is used in the literature to quantify the concentration of Cgo dispersed
in water. However, the reported values of the extinction coefficient vary a lot between
different authors (Andrievsky=94.4,[31] Deguchi=71.2,[27] Scharff=5.62,[46] Chen=26.3
[47] L/g/cm). Here, we determined the Cg concentration for a range of aqueous Cgo
dispersions by extraction into toluene[27] and measuring the absorbance at 336 nm using the
experimentally determined extinction coefficient =87 L/g/cm. Knowing the Cgp
concentration, we have determined an average value for the extinction coefficient at 340 nm ¢
= 105+15 L/g/cm, which is close to the value reported by Andrievsky et al.[31]. In the
following, we used this extinction coefficient for determining the amount of the fullerene

dispersed in water which was further confirmed by extraction into toluene.

3.3. Concentration of Cg in water
Figure 2a displays the concentration of Cgo (Crui) that could be dispersed in water as a
function of the concentration of 75C12 (Cpop). Cpor Was kept lower than 35 g/L, because at

higher concentrations 75C12 forms a gel in aqueous solution. In Figure S8c, the same data



are plotted in terms of the yield defined as the ratio between Csy and the theoretical Cg
concentration if all Cg in the emulsion had been effectively dispersed. The reproducibility of
the results can be judged from the spread of the data shown in Figure 2 when obtained at the
same conditions. The amount of Cg that dispersed in water increased with increasing 75C12
content until it reached a plateau value. For a given Cg, concentration in the organic phase (90
mg/L), the same plateau value was reached but at a lower polymer concentration for
chloroform than for CS; (see Figures S8a and S8b) and much less polymer was needed to
reach the plateau if it was dissolved in chloroform together with the Cgo. If more Cgp was
dispersed in CS,, then more polymer was needed in the aqueous phase to reach the plateau.
The maximum amount of Cg that could be dispersed depended on the Cg concentration in the
organic phase, but not on the type of solvent. However, the maximum yield was found to be
between 70 and 90% independent of the Cgo concentration whether in CHCI3 or in CS,, see
Figure S8b-c. At best, a fullerene concentration equal to 2.3 g/L was obtained with method
M5 and Cpe=35 g/L.
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Figure 2. Concentration (a) and hydrodynamic radius (b) of fullerene nanoparticles dispersed
in water as a function of the polymer concentration and with different methods of dispersion

as indicated in the legend of the figure.

3.4. Size and molar mass of the Cg particles

The average molar mass (My), radius of gyration (Ry) and hydrodynamic radius (Rn) of the
dispersed Cgo particles were determined by static and dynamic light scattering techniques, as
described in the experimental section. The contribution of the polymer to the scattered light

compared to that of the Cgo particles was in most cases negligible, because the contrast of the



latter was 25 times larger (see Figure S9). Ry was found to be proportional to R, with R¢/Rh =
1.3, see Figure S10a. Here we will discuss only Ry, that can be determined accurately over a
wider range of particle sizes, but the influence of C,o on both Ry and My, is also reported in
the supporting information (see Figure S11). For dispersions prepared from chloroform, Ry
was comprised between 40 and 50 nm at low polymer concentrations whatever the initial
location of the polymer (M1, M2), see Figure 2b.

This size is much larger than an individual fullerene molecule, which has a radius of 0.35 nm,
indicating that aggregates were formed. Upon further increasing Cpo, Rn decreased by almost
one order of magnitude, down to a few nanometers. It should be noted that the R, of 75C12 in
dilute aqueous solution is approximately 4 nm,[42] i.e. similar to R, observed here at higher
polymer concentrations. It is possible that at these high polymer concentrations and small
particle size, the contribution of the polymers can no longer be neglected. The size of the
particles in dispersions prepared from CS, at the same fullerene concentration as in
chloroform (M3, see Figure S10b) also displayed a significant decrease with increasing Cpol,
but the decrease started at higher C,o. When the fullerene concentration in CS; was increased
to 1 g/L (M4), the size of the particles decreased only weakly with increasing C,, from about
60 nm to about 40 nm. With 7.6 g/L (M5) Ry, varied between 60 nm and 100 nm, but did not

depend systematically on Cpg.

3.5. Influence of the volume fraction of the organic phase

The effect of the volume fraction of the organic phase (®og) Was studied using saturated
solutions of Cg in carbon disulfide and aqueous solutions of 75C12 at fixed concentrations of
35 (M6) and 10 g/L (M7). Figure 3a shows that the amount of fullerene that was dispersed in
the aqueous phase increased strongly with increasing ®qrq Up to about 40% and then either
reached a plateau around 4 g/L for M7 or increased weakly up to 8 g/L at ®qq=75% for M6.
Please note that this values are far above ones that has been reported so far in the literature as
stated in the introduction. The yield increased with increasing ®oygy until it reached a
maximum between ®qq=25% and 40% at Cyo=35 g/L and closer to ®og=40% at Cpe=10 g/L
(see Figure S12a). In spite of the decreasing yield, the actual concentration of fullerene in the
aqueous dispersion did not decrease at higher ®qr, because the decrease of the yield was
compensated by the decrease of the volume fraction of the water phase.

The influence of @y 0N the hydrodynamic radius of the particles is plotted in Figure 3b. For
both polymer concentrations, the smallest sizes were observed when @y <25%. At higher

®qrq the size increased by approximately a factor 2. Particles prepared at C,,=35 g/L were



systematically larger than the ones prepared at Cpo=10 g/L. ®og influences both Ry and My, in

the same way as for Ry, (Figure S13).
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Figure 3. Concentration of fullerene particles dispersed in water (a) and their hydrodynamic
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radius (b) as function of the volume fraction of CS, for methods M6 and M7. The polymer

concentration in the aqueous phase is indicated in the figure.

3.6. Stability of the fullerene dispersions

The extent of sedimentation of Cgy under gravity with time was studied by measuring the
concentration of Cgp in the supernatant for samples prepared from method M5 with Cyg
varying from 1 g/L to 35 g/L, results are reported in Figure S14. During more than 2 months,
samples at Cpo=1 and 35 g/L remained very stable showing almost no sedimentation under
gravity. However, at Cpo=10 g/L, Cs decreased by a factor of 2 during the same ageing time
most likely due to slow aggregation of the particles. The latter being slowed down at Cy,=35
g/L, due to the self-assembly of 75C12 resulting in viscosity of the continuous phase two
orders of magnitude higher than at 10 g¢/L[48] The destabilisatioon of samples with
Cpo=10g/L can be however prevented by decreasing the concentration of fullerene particles in
the dispersion that is by diluting it with 75C12 at the same concentration than in the
continuous phase see Figure S14b. We note that simple handshaking of the samples led to

complete redispersion of the particles that had sedimented which hints at its reversible temper.

3.7. Morphology of the Cg particles
Figure 4 shows the relationship between M,, and R}, for fullerene nanoparticles prepared with

various methods. Within the scatter, a power law M,, « Ry,> was found for R,>30 nm, which



would mean that these particles had approximately the same density whatever their size. The

smaller particles deviated upward from this behavior indicating that they were denser.
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Figure 4. Weight average molar mass of fullerene particles as a function of their

hydrodynamic radius.

The dispersity of the particles size has been evaluated by sequentially filtrating the samples on
membranes with various porosity. After each filtration step, UV-visible absorption spectra
were collected in order to determine the fullerene concentration, see Figure S15. It appeared
that the dispersity increased when C,o Was increased, see Figure S16.

Cryo-TEM images of Cg particles dispersed in water using method M5 with Cp,=10 g/L are
shown in Figures 5a and S17. We can distinguish two kinds of structures. The first one
indicated by the long black arrow in Figure 5a are thin faceted platelets displaying some
crystalline order. A few particles display some twinning as can be seen in Figure 5b. The
second kind of structures (short black arrow) are thicker objects. In a few of them, small white
spots can be seen that may have been caused by beam damage though the images were taken
under low dose conditions. Alternatively, they can represent small defects in the crystal. In
both cases, it could indicate the presence of 75C12 macromolecules inside the structures. In
the amorphous water layer, worm-like micelles (WLM) are observed at higher defocus values
(short white arrow) corresponding to self-assembled 75C12 in water. [42] The long white
arrow corresponds to the Carbon-Formvar lacey supporting film. Similar morphologies for the
fullerene nanoparticles are observed for dispersions formed with method M7 with Cp,=35 g/L
and ®og=75% (Figure 5b). WLM are less visible in Figure 5b because the images were taken

at a lower defocus value. When @y Was decreased from 25% to 10%, only a small number of



isotropic objects are seen (short black arrow in Figure 5c¢). The majority of objects are the
WLM (white short arrow in Figure 5c). Dispersions prepared with method M4, i.e. starting
with less fullerene, with Cp,=10 g/L also displayed only a few small platelets together with
small isotropic particles (Figure 5d). Dispersion made with method M1 with C,,=10 g/L
only contained small isotropic particles (Figure S18a) as did a dispersion that contained no

polymer (Figure S18b).

Figure 5. Cryo-TEM pictures for samples a) M5 (Cpo=10 g/L, ®org=25%), b) M7 (Cp0=35
g/L, ®org=75%), €) M6 (Cpoi=35 g/L, Porg=10%) and d) M4 (Cpo=10 g/L, Oorg=25%). Short
white arrows indicate polymeric worm-like micelles; the long white arrow shows Carbon-
Formvar lacey supporting film; short black arrows show small isotropic fullerene particles;

the long black arrow shows a fullerene nanoplatelet.

4. Discussion

The emulsification/evaporation process in combination with an amphiphilic cationic polymer
(75C12) has allowed by tuning both the nature and volumic fraction of the organic phase and
the concentration of polymer to disperse as high as 8g/L of Cg fullerene in the form of

nanoparticles either isotropic or in the form of nanoplatelets. To account for such a result, we



propose the following mechanism (see Scheme 1). Fullerene is initially dissolved molecularly
in the solvent which is latter on dispersed in the form of droplets in the aqueous phase by
ultrasonication. Ultrasounds also heat the emulsions causing evaporation of the solvent. When
the latter evaporates, the concentration of fullerene exceeds its limit of solubility leading to
nucleation and growth of Cg particles. As the droplets are orders of magnitude larger than
these particles (see Figures S1 to S5), it is clear that many nuclei are formed in each droplet
and then further grow and diffuse under Brownian motion within the droplets. When the
particles come in contact with the polymer, the latter binds to them. With chloroform, this can
occur inside the droplet or at the solvent/water interface, since the polymer is soluble in both
CHCI; and water. However, when CS; is considered, polymer cannot penetrate inside the
droplets and can interact with fullerene only at their interface. Therefore, the specific growth
into nanoplatelets is very likely to occur at the interface, which could explain their peculiar

2D morphology.
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Scheme 1. Schematic overview of the mechanism of Cg particle formation and dispersion by

the emulsification-evaporation method in the presence of the amphiphilic polymer.

This mechanism can explain why with increasing polymer concentration the yield increased
and the particle size decreased. In order to obtain effective coverage of the particles, the
polymer concentration relative to the Cgo concentration should then be more important to
consider than its absolute concentration. When plotting in Figure 6a the yield as a function of
the relative concentration, defined as the molar ratio of 75C12 repeating units to Cgo
molecules, rather than as a function of the total concentration shown in Figure S8b-c, the
results for various dispersions superimpose better. However, dispersions obtained with the
polymer dissolved in chloroform still show an increase of the yield at lower relative polymer
concentrations compared to samples in which polymer was initially dissolved in water. This is
possibly due to the fact that the in the former case, the polymer is more readily available to
bind to the particles. We indeed observed that the emulsions prepared with the polymer

initially dissolved in chloroform were more stable than when the polymer was first dissolved



in water. In the former case, the polymer diffuses to the interface more easily. The decrease of
the yield with increasing ®qrg> 25% (see Figure S12a) can also be explained by a decrease of
the relative polymer concentration as the total amount of Cg in the organic phase increased
and that of 75C12 in the aqueous phase decreased. However, this cannot explain the decrease
of the yield for ®yy< 25% (See Figure S12b). One possibility is that a small fraction of the
solvent wets the glass walls and therefore does not allow a fraction of the fullerene to disperse.
The effect of the polymer concentration on Ry, also better superimposes when plotted as a
function of the relative concentration, see Figure 6b vs. Figure 2b. It can explain why no
significant decrease of R, was found for dispersions made with method M5, because the
relative polymer concentrations tested were not high enough. Ry, levelled off with decreasing
Cpol at the same relative concentration at which the yield started to decrease. This suggests
that larger particles that were formed at lower polymer concentrations did not disperse well

leading to a decrease of the yield.
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Figure 6. Dispersion yield (a) and Ry, (b) as a function of the relative polymer concentration
expressed as the molar ratio between polymer repeating units and Cgo for dispersions

produced with different methods as indicated in the figure.

The size of the particles at low relative polymer concentrations increased with increasing
concentration of Cg dissolved in the organic phase. We speculate that growth was faster when
more Cgo Was present so that the particles were larger before interaction with the polymer
inhibited further growth.

The variety of the shape and the size dispersity of the Cgo particles renders it difficult to
interpret the observed relationships between R, and Ry and that between R, and My. Cryo-



TEM images showed that nanocrystals had formed in the shape of platelets when the
dispersions were prepared with higher concentrations of fullerene. Various shapes of Cgo
nanocrystals have been reported in the literature so far.[49-53] Formation of Cgy nanoplatelets
displaying rectangular shapes similar to what was observed in this study was reported with
aerosol. [52] However, in the latter study the higher contrast observed from in TEM may
indicate that the platelets were thicker than the one we report on. Also, when they were tilted,
they displayed a hexagonal geometry, which was not seen in the current investigation. In
water, nanocrystals are typically obtained when Cg is precipitated from THF, which produces
nanocrystals in the shape of parallelepipeds with sharp edges and high contrast in TEM.[28]

As far as we are aware, the particular round-edged rectangular platelet shape has not been
reported in the literature and may be related to specific interactions with 75C12. As these
nanocrystals are already dispersed in water, they are readily useable for potential applications.
Further study is needed to elucidate the detailed structure of the nanoplatelets, their properties

and the mechanism of their formation.

5. Conclusions

Agueous colloidal dispersions of Cgy nanoparticles have been produced using an
emulsification-evaporation method in the presence of an amphiphilic cationic polymer. Its
chemical structure has been chosen in order to promote, in water, interactions with fullerene
Ceo such as hydrophobic and n-m stacking ones. Furthermore, the amphiphilic and
polyelectrolyte nature of the polymer was expected to achieve the stability of the fullerene
nanoparticles through electrostatic repulsion combined with an increase of the viscosity of the
aqueous phase upon increasing polymer concentration. The concentration of fullerene
nanoparticles that can be dispersed in water went up to 8 g/L which is the highest value
reported so far for emulsification-evaporation as well as other processes aiming at dispersing
neat Cgo into aqueous colloidal suspensions as evidenced from Table 2. Such a high value is
explained both by the use of the polymer as well as the optimization of the processing
parameters (type, concentration and amount of the organic phase together with polymer
concentration). The latter also affect the morphology of the colloidal fullerene nanoparticles.
The most concentrated dispersions showed indeed the formation of nanocrystals in the form
of thin elongated platelets with lengths up to a few hundreds of nm. Such a 2D morphology is
likely to occur by interfacial growth of the colloids thanks to specific interactions with the
amphiphilic polymer. The fact that high amount of fullerene colloids can be produced in one

step is valuable for in the future integrating them into hydrogels formed by the amphiphilic



polymer to form full carbon-based nanocomposite hydrogels[54] displaying combined
functional properties of both components and mechanical reinforcement thanks to the strong
interactions between the polymer and the fullerene nanoparticles. Lastly, self-assembled
fullerene into 2D materials constitute an interesting class of materials for various application

fields such as sensors, solar cells, drug delivery, as recently reviewed. [55]

Table 2. Concentration of C60 fullerene that can be dispersed in water with various processes

and the assistance of various polymers.

Process Stabilizer Fullerene concentration (g/L) Ref.

Emulsification-

) Triton X-100 20.10° [51]
evaporation
Emulsification-
. None 1.4 [31, 32]
evaporation
Emulsification- Present
. 75C12 8.0
evaporation work
o Cholesteryl-
Nanoprecipitation ) 0.6 [29]
bearing pullulan
Drying/re-
.ry g. Peptide 1.3 [30]
dispersion
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Figure captions

Figure 1. Chemical structure of the amphiphilic copolymer 75C12, 75 stands for the relative
molar ratio in % of cationic moieties which contain dodecyl (C12) side chains.

Figure 2. Concentration (a) and hydrodynamic radius (b) of fullerene nanoparticles dispersed
in water as a function of the polymer concentration and with different methods of dispersion
as indicated in the legend of the figure.

Figure 3. Concentration of fullerene particles dispersed in water (a) and their hydrodynamic
radius (b) as function of the volume fraction of CS; for methods M6 and M7. The polymer
concentration in the aqueous phase is indicated in the figure.

Figure 4. Weight average molar mass of fullerene particles as a function of their
hydrodynamic radius.

Figure 5. Cryo-TEM pictures for samples a) M5 (Cpo=10 g/L, ®org=25%), b) M7 (Cp0=35
g/L, ®rg=75%), €) M6 (Cpoi=35 g/L, ®org=10%) and d) M4 (Cyo=10 g/L, ®orq=25%). Short

white arrows indicate polymeric worm-like micelles; the long white arrow shows Carbon-



Formvar lacey supporting film; short black arrows show small isotropic fullerene particles;
the long black arrow shows a fullerene nanoplatelet.

Scheme 1. Schematic overview of the mechanism of Cg particle formation and dispersion by
the emulsification-evaporation method in the presence of the amphiphilic polymer.

Figure 6. Dispersion yield (a) and Ry, (b) as a function of the relative polymer concentration
expressed as the molar ratio between polymer repeating units and Cgo for dispersions
produced with different methods as indicated in the figure.

Tables

Table 1. Summary of the various conditions used to disperse Cgo in water.

Method  Organic Polymer concentration® (g/L) / Ceso CcOncentration in VVolume fraction

solvent solvent organic phase (g/L)  of organic phase
M1 CHCls 1.10° to 35 / CHCls 0.09" 25%
M2 CHCls 35.10° to 35/ H,0 0.09" 25%
M3 CS; 35.10° to 35/ H,0 0.09 25%
M4 CS; 0.35t0 35/ H,0 1 25%
M5 CS; 1to 35/ H,0 7.6° 25%
M6 CS; 35/ H,0 7.6° 10 to 75%
M7 CS; 10/ H,0 7.6° 10 to 75%

® Final concentration in water after evaporation of the organic solvent; ™ saturation

concentration for Cgo fullerene in the organic phase.

Table 2. Concentration of C60 fullerene that can be dispersed in water with various processes

and the assistance of various polymers.

Process Stabilizer Fullerene concentration (g/L) Ref.

Emulsification-

) Triton X-100 20.10° 52
evaporation
Emulsification-
. None 1.4 32,33
evaporation
Emulsification- Present
. 75C12 8.0
evaporation work
o Cholesteryl-
Nanoprecipitation ) 0.6 30
bearing pullulan
Drying/re-

. . Peptide 1.3 31
dispersion







Supporting Information for
Self-Assembly in water of Cg fullerene into isotropic nanoparticles or
nanoplatelets mediated by a cationic amphiphilic polymer

Théo Merland®, Clément Drou®, Stéphanie Legoupy®, Lazhar Benyahia®, Marc Schmutz®, Taco
Nicolai®, Christophe Chassenieux®*

%Institut des Molécules et Matériaux du Mans, UMR CNRS 6283, Le Mans Université, Avenue Olivier
Messiaen, 72085 Le Mans Cedex 9, France.

®Univ Angers, CNRS, MOLTECH-ANJOU, F-49000 Angers, France.

‘Institut Charles Sadron, UPR CNRS 22, 23 Rue du Loess, 67034 Strasbourg Cedex, France.

*Corresponding Author : Christophe Chassenieux, E-Mail: christophe.chassenieux@univ-
lemans.fr



mailto:christophe.chassenieux@univ-lemans.fr
mailto:christophe.chassenieux@univ-lemans.fr

Emulsions macro- and microstructure characterization.
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Figure S1. Confocal images of CSy-in-water emulsions with Cpo=1 g/L and ®y;=10% at
different sonications times indicated above the pictures. Macroscopic pictures of the

emulsions are in insert.



Figure S2. Confocal images of CSy-in-water emulsions with Cpo=1 g/L and ®y;=25% at

different sonications times indicated above the pictures.

180 s

Figure S3. Confocal images of CSy-in-water emulsions with Cpo=35 g/L and ®yg=10% at

different sonications times indicated above the pictures.



Figure S4. Confocal images of CSy-in-water emulsions with various Cpo and ®og=10% after

1 minute of continuous sonication. Macroscopic pictures of the emulsions are in insert.

Figure S5. Confocal images of M1-2-3 emulsions with Cpo=1 g/L and ®uq=10% after 1

minute of continuous sonication. Macroscopic pictures of the emulsions are in insert.



Pictures of samples.

Figure S6. From left to right, colloidal suspensions with Cgy, = 1 mg/L (without polymer), 25 mg/L
(M2, C,=0.35 g/L), 0.26 g/L (M4, C,,=20 g/L) and 1.6 g/L (M5, C,,=10 g/L).

UV-visible spectroscopy.

400 450 500 550 600 650 700

a) b)
2.0 100
1.4
80 | 1.2
1.0
0.8
9 E 0 0.6
S ° 0.4
(@]
2 3 0.2
2 s 0.0
o | .
< E 40
@
=]
o 20 4
. . ; : 0 .
300 400 500 600 700 300 400

Wavelength (nm)

500 600 700 800
A (nm)

Figure S7. a) Absorption spectrum of an aqueous Cg dispersion obtained from M1 with 1 g/L
75C12 before (black solid line) and after subtraction of the contribution of 75C12 (red dashed

line). b) Absorption coefficient of Cgy in toluene. Insert is a magnification of visible light

region.



Concentration and yield of dispersion for Cg in water.
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Figure S8. Concentration (a) and yield (b-c) of fullerene dispersed in water as a function of
the polymer concentration for fullerene nanoparticles prepared with methods M1-3, results are

also shown for methods M4 and M5 on a separated figure for the sake of clarity



Differential refractometry.
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Figure S9. Concentration-dependence of refractive index (dRI) for samples prepared with
Cpo=a) 0 and b) 35 g/L.



Structure of the nanoparticles.
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Figure S10. a) Gyration radius as a function of hydrodynamic radius. b) Hydrodynamic
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radius as a function of polymer concentration for methods M1-3.
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Figure S11. a) Gyration radius and b) Weight average molar mass of M1-5 samples as
determined by SLS.



Influence of volumic fraction.
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Figure S12. Dispersion yield as a function of a) volumic fraction of organic phase in the
initial emulsions and b) relative concentration of 75C12 with respect to Cgo for M5-7 samples.

Polymer concentrations are indicated in legend.
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Figure S13. a) Gyration radius and b) Weight average molar mass of M6-7 samples with

various volumic fractions of organic phase in the initial emulsions as determined by SLS.

Polymer concentrations are indicated in legend.



Stability.
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Figure S14. Stability over time of M5 samples a) with various Cp as indicated in the legend.
and b) for sample with C,,=10 g/L which was diluted 3 times with a 10 g/L polymer solution
to keep Cpql cONstant.



Polydispersity of the nanoparticles
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Figure S15. UV-visible absorption spectra of diluted M5 samples (C,o = @) 10 g/L and b) 35

g/L) before and after filtration over various pore sizes indicated in legend.
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Figure S16. Percentage of particles concentration after filtration over various porosities

indicated in legend for two M5 samples with Cp,=10 and 35 g/L.



TEM pictures.

Figure S18. Dried TEM pictres of a) M1 sample (Cpo=10 g/L, ®og=25%) and b) particles
prepared without any stabilizer.



DLS.
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Figure S19. Distribution of sizes for a) M1, b) M2 and ¢) M3 samples at various polymer

concentrations indicated on the figures.



