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Elaboration and rheological characterization of nanocomposite
hydrogels containing Cg, fullerene nanoplatelets

Théo Merland,**® Mathieu Berteau, > Marc Schmutz, © Stéphanie Legoupy,  Taco Nicolai, ° Lazhar
Benyahia, ® and Christophe Chassenieux®

Nanocomposite hydrogels were elaborated that consisted of a physical network formed by an amphiphilic polymer in
which Cgp fullerene nanoplatelets were embedded. Characterization showed that the nanoplatelets within the polymer
network were aggregated. The presence of these nanoplatelets led to an increase of the shear modulus of the hydrogels,
that cannot be explained by a filler effect alone. The nanocomposite gels displayed similar rheological behavior, both in
linear and non-linear domains, as neat hydrogels at higher polymer concentrations. We suggest that the particles

reinforced the gels by

Introduction

Polymer hydrogels are an attractive class of materials because of
their ability to resist flow under gravity even though they mainly
contain water, which is advantageous for ecological, health and
economic reasons. They consist of a polymer matrix swollen by
water. Two types of hydrogels can be distinguished. Chemical gels,
where the polymer chains are covalently crosslinked, display
stronger mechanical properties but cannot self-heal after breaking.1
Physical gels rely on temporary junctions that allow the gels to
recover after rupture, but have weaker mechanical properties than
chemical gels in general.2 However, hydrogels are brittle and poorly
deformable because of their low ability to dissipate stress and
possibly due to structural defects leading to heterogeneities of the

networks.>”

Therefore, several strategies are adopted to reinforce hydrogels,
such as enhancing the homogeneity of the networks by using well-

defined chemical structures,®® building a second polymer network

o 7,9, 10
that can act as a sacrificial network,

10-13

, adding electrostatic

interactions or incorporating solid particles that interact

specifically with the polymer matrix, yielding nanocomposite
hydrogels.”’16 These particles act as dissipaters under stress.
Nanocomposite hydrogels display higher elastic moduli than neat

hydrogels, and can bear higher strains and stress before breaking.14
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additional connections between the polymer chains.

Their high deformability comes from the alignment of the particles
in the perpendicular direction to stress, allowing the polymer chains
linked to them to stretch.”*® Since bonds are established between
particles and polymer chains, there is no need to crosslink the
polymer chains directly.20 Most nanocomposite hydrogels rely on
hydrogen bonding by using clay or silica particles, but other weak
interactions can also be exploited, such as hydrophobic interactions
or -1t stacking, e.g. by using nanocarbons as reinforcing particles.

21, 22 23,24
are

In most cases, carbon nanotubes and graphene oxide
used thanks to their thermal or electrical properties. However, their
use in aqueous media is hindered by the difficulty to exfoliate

them.”

It could thus be of interest to incorporate functional particles in
polymer hydrogels to bring additional properties on top of
mechanical reinforcement. In particular, for the design of organic
photovoltaic devices, fullerene is often used as electron acceptor.25
Fullerene is also used as an efficient antibacterial material in

%27 19 design gels that encapsulate fullerene will

aqueous medium.
therefore have good potential for application. However, since
fullerene is poorly soluble in water, it is often used in organic
solvents which are toxic and poIIutant.25 For this reason, only few
examples of fullerene-containing hydrogels are reported in
literature.”® * Wakai et al. reported hydrogels obtained by self-
assembly in water of fullerene derivatives bearing poly(ethylene
glycol) (PEG) chains.®® Another study described physical hydrogels
resulting from complexation of modified fullerene with a peptide.29
In both cases, a major drawback of these gels is that they required
chemical modification of fullerene, that is often extensive and can
deteriorate the physical properties of fullerene. Only one study
reported the incorporation of pure Cg in hydrogels, and did not
give insight into the mechanical nor opto-electrical properties of the
gels.31 Therefore, there is an open field for the design of hydrogels

containing pure Cg. In particular, dynamic physical gels would be of



32, 33

great interest for the formulation of inks that would contain

stable fullerene particles at rest and flow under stress.

We recently reported the formation of Cgq nanoplatelets in water
mediated by an amphiphilic polymer.34 This polymer is able to yield
physical gels behaving as yield-stress fluids for concentrations
higher than 4 wt%.>> Therefore, we propose the incorporation of
fullerene nanoplatelets within these hydrogels since we already
know that they interact strongly with the polymer. Here we
describe the synthesis of the hydrogels, the characterization of the
dispersion state of the fullerene nanoplatelets in them and their
dynamic mechanical properties.

Experimental section

Materials. Carbon disulfide (Sigma-Aldrich, >99.7%), toluene
(Thermo Fischer, analytical reagent grade) and ultrapure water
(Millipore) were used as received. Cq fullerene was purchased from
MST-Nano Ltd. (Saint-Petersburg, Russia) with a purity higher than
99.9%. It was dissolved in excess in carbon disulfide over 24h under
magnetic stirring in aluminium-foiled vials. The concentration of
these saturated solutions was 7.6 g/L as determined by UV-visible
spectroscopy. They were stored in the dark and filtered through
0.2um pore size filters prior to use.

Polymer synthesis. Amphiphilic copolymer 75C12 was synthesized
according to procedure described by Limouzin-Morel et al*® A
copolymer with 75 mol% grafted units was thus obtained with
Mn=4.104 g/mol and D=1.5 as determined by size exclusion
chromatography. Solutions of 75C12 in ultrapure water were
obtained by mixing both components and heating the mixtures at
80°C in a thermostated bath overnight.

Preparation of nanocomposite hydrogels. The preparation of
suspensions of fullerene nanoplatelets has been reported
elsewhere.® Briefly, 1.6 mL of fullerene saturated solution in
carbon disulfide were mixed with 2.4 mL of 75C12 solution in
ultrapure water with Cy,=10 g/L. The system was emulsified using
an ultrasonic horntip with a frequency of 20 kHz and an amplitude
of 36%. The ultrasound treatment was pursued continuously,
causing heating of the emulsion and therefore evaporation of
carbon disulfide. Sonication proceeded until full removal of CS2,
which took ca. 8 minutes. During this process the sample lost its
milky aspect and turned into a brownish turbid solution. The
dispersion had a fullerene concentration of 4 g/L as determined by
UV-visible spectroscopy. The operation was repeated in parallel
several tens of times. Then all the dispersions were gathered into a
round-bottom flask and freeze-dried. The obtained composite
powder, as well as pure polymer and fullerene, were analyzed by
TGA between 20 and 1100°C to quantify the content of polymer
and fullerene, see next section. The composite powder consisting of
fullerene nanoplatelets embedded in the amphiphilic polymer was
subsequently dispersed in ultrapure water and heated at 80°C
overnight to obtain nanocomposite hydrogels. In some cases,
composite powders were mixed with neat polymer (also in the form
of powder) in order to vary polymer and fullerene concentrations.
This procedure had no influence on the rheological properties of
the gels (see Figure S1), which indicated that the amount of
remaining solvent should be below the ppm scale. For light
scattering and UV-visible spectroscopy, samples were diluted down
to ca. 5 mg/L fullerene by diluting a small amount of gel in ultrapure

water followed by a thermal treatment at 80°C for at least two
hours.

Thermogravimetric analysis. The composite powders consisting in
fullerene nanoplatelets embedded in amphiphilic polymer were
analyzed with a TGA 2 (Mettler Toledo, USA). 10 mg of powder
were heated from 20 to 1100°C with a 10°C/min temperature ramp
under nitrogen flow at 80 mL/min. Four weight losses were noticed
at ca. 100°C (water loss), 250 and 400°C (polymer), and 800°C
(fullerene, in good agreement with Iiterature)37, see Figure S2. The
amount of fullerene in composite powders was determined as the
remaining weight at 600°C, where a plateau is observed between
polymer and fullerene degradation.

UV-visible spectroscopy. Fullerene concentrations in suspensions
and hydrogels were determined by diluting them down to ca. 5
mg/L and measuring the UV-vis absorbance in water at the
maximum around 340 nm. The absorbance was converted into
fullerene concentration with an absorption coefficient equal to 105
L.g'l.cm’1 (as previously described).34 To verify that the procedure
previously used for fullerene dispersions was still reliable for
nanocomposite hydrogels, the fullerene was extracted from them
following the procedure described by Deguchi et al®® 1 mL of
hydrogel dilution was mixed with 1 mL 1 wt% NaCl aqueous solution
and 2 mL toluene. Then the mixture was emulsified at 3000 rpm
using a Vortex shaker and the organic phase was collected after
phase separation. Absorbance was measured at the maximum at
336 nm and concentration was computed using Beer-Lambert law
with an absorption coefficient equal to 87 L.g'l.cm'1 (as determined
by calibration curve). Both values of fullerene concentration
obtained from measurements in water and toluene were in good
agreement as shown in a previous work.>

Light Scattering. Measurements were done at 20°C on a CGS-3 (ALV
GmbH, Germany) compact system with an LSE-5004 correlator and
a laser having a wavelength of 632.8 nm. The scattering intensity
and auto-correlation function were measured as a function of the
scattering angle (8) from 12° to 150°. The apparent molar mass,
gyration and hydrodynamic radii were obtained from these data as
detailed in Supporting Information.

Cryo-Transmission Electron Microscopy (cryo-TEM). A lacey carbon
film (Ted Pella) supported on a copper grid was hydrophilized with a
glow discharge (EImo-Cordouan Technologie). 5 pL of the solution
were then directly deposited on the film. The solution was blotted
to form a thin film with a home-made freezing machine (T=22°C and
humidity 80 % RH) and the grid was rapidly immersed in a liquid
ethane bath maintained at the liquid nitrogen ebullition point, in
order to form an amorphous ice layer containing well-preserved
structures. The grid was then transferred under liquid nitrogen on a
Gatan 626 cryo-holder and transferred into the TEM (Tecnai G2
sphera FEl). The grids were observed under low dose conditions at
200 kV and images taken with an Eagle 2K ssCCD camera (FEl).

Rheology. Measurements were carried out at 20°C on a Discovery
HR-3 rheometer (TA Instruments) using a cone-plate geometry with
20 mm diameter, 28 um truncature and 1°0’2"” angle. For all
samples, the samples were studied at steady state and the linear
domain was determined at an angular frequency of 10 rad/s prior
to frequency-dependent measurements at 1 % strain, which was in
the linear domain for all samples. Low-viscosity paraffin oil was
deposited around the sample to prevent any water evaporation.

Results
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Elaboration of hydrogels. As explained in the experimental section,
composite powders consisting in the amphiphilic polymer 75C12
and Cg, fullerene were prepared by freeze-drying a large quantity of
aqueous colloidal suspensions. The composition of the composite
powders was obtained by TGA, see experimental section and Figure
S1. The nanocomposite hydrogels were obtained through re-
dispersion of the composite powders in water. In this way, several
series of hydrogels were prepared with either constant fullerene or
polymer concentration, respectively noted Cgy and C,,. The
polymer concentration was deduced from the polymer content in
the composite powder. Cq values were computed from UV-visible
absorption spectra measured in water, see experimental section. In
this way, hydrogels with C,, ranging from 33 to 58 g/L keeping
constant Cg, to 10 g/L were obtained, as well as samples with
constant C,,=40-50-65-85-100 g/L and various values of Cg
comprised between 0 and up to 50 g/L. The latter concentration is,
to our knowledge, the highest concentration ever reported for
fullerene in aqueous medium up to date, the previous one being 8
g/L.34

Dispersion state of nanoplatelets. The dispersion state of particles
within the hydrogels was assessed by cryo-TEM and static light
scattering as shown in Figures 1/S3 and S4, respectively. Both
techniques show that the nanoplatelets are aggregated when
embedded in the hydrogels, whereas they were individually
dispersed in the aqueous suspension. The cryo-TEM images show
that the nanoplatelets remain intact, but several are stacked on top
of each other. Static light scattering results indicate a general
increase of the scattering intensity after the drying/re-dispersion
treatment. At low q values, the plateau value which is equal to the
weight average molar mass is increased by two orders of magnitude
by comparison with the original dispersion. The angular
dependency of the scattered intensity is also stronger after freeze-
drying, indicating an increase of the gyration radius. However, all
the samples displayed reproducible scattering profiles, which
means that no matter the concentration at which they were
prepared, the aggregation state of Cg, particles was the same. From
this we can conclude that the nanoplatelets aggregate during
freeze-drying and the re-dispersion at 80°C fails to break these
aggregates. One attempt to promote exfoliation consisted of
magnetic stirring or sonication during this step. However, due to
the high viscosity of the dispersions, the nanoplatelets remained
aggregated.

ARTICLE

Figure 1. Representative cryo-TEM pictures of Cgo nanoplatelets dispersion in water
before (a) and after redispersion following their freeze drying (b). Short white arrows
show micelles (spherical + worm-like) formed by self-assembly of 75C12; long white
arrows show the carbon-lacey supporting membrane; long black arrows show fullerene
nanoplatelets; short black arrows show isotropic fullerene nanoparticles. Some higher
magnifications of the same pictures are shown in the Supporting Information (Figure
s3).

It should be mentioned that prior to cryo-TEM and light scattering
analysis, the samples have been diluted. For cryo-TEM, the samples
were diluted in order to decrease their viscosity (down to C,,=10
g/L and Cg,=4 g/L). For light scattering, the samples were diluted
approximately thousand-fold to avoid light absorption. Maybe the
nanoplatelets were less aggregated before dilution as in general,
the presence of macromolecules at high concentration helps
exfoliating such 2D nanoparticles by intercalating between the
particles.39’ % |t should be mentioned that we observed the
presence of a minority of isotropic nanoparticles, which are
aggregates of fullerene. They remained intact after re-dispersion.

Linear rheological properties. The mechanical properties of the
nanocomposite hydrogels were assessed by rheology. In Figure 2,
the storage (G’) and loss (G”’) moduli, accounting respectively for
the elastic and viscous contributions of the hydrogels, are plotted as
function of the angular frequency (w). All the hydrogels behaved as
viscoelastic liquids since at low frequency, G'<G” and exponents of
2 and 1 (expected for liquids) were observed respectively for G’ and
G” as function of frequency. G’ and G” crossed at a frequency w,
and at high frequency, G’>G”. However, no plateau value for G’ is
observed at high frequency, where it is expected for a viscoelastic
liquid where G’ should tend to a constant value equal to the shear
modulus (G) describing the stiffness of the network. That is why the
shear modulus of the gel has been considered as being the value for
G’ at w=100w.. When fullerene particles are added to the hydrogel
matrix with Cp,=50 g/L, an increase of both G’ and G” is observed.
Adding particles gradually increases G up to a factor 4 for a
fullerene concentration of 13 g/L. Interestingly, the crossing of G’
and G” is shifted to lower frequencies when particle concentration
increases, which means that the average relaxation time is
increased.
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Figure 2. Evolution of storage (closed symbols) and loss (open symbols) moduli over
angular frequency for various fullerene concentrations (indicated in legend) at Cp,=50
g/Land T=20°C in the linear response regime.
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Figure 3. Evolution of the shear modulus at 20°C as a function of a) polymer
concentration for hydrogels without (pink hexagons) or with 10 g/L (blue circles)
particles. b) Elastic modulus vs fullerene concentration for hydrogels with various
polymer concentrations indicated in legend. The dashed lines correspond to the Guth &
Gold model computed from Eq.1.

Figure 3a displays the evolution of the shear modulus with C,, for
neat and composite hydrogels with a constant concentration of
fullerene particles of 10 g/L. The polymer concentration
dependence of G displays the same pattern for neat and
nanocomposite hydrogels but the increase of G occurs at lower C,
for the composite hydrogels which means that the percolation
concentration was shifted to lower Cg, in presence of fullerene
nanoparticles. Elastic moduli were systematically higher in presence
of fullerene for a fixed C,.

Figure 3b displays the shear modulus variation upon Cg, for
constant C, values. Nanocomposite hydrogels were systematically
stiffer than control samples, and increasing the particles
concentration resulted in an increase of shear modulus. The effect
is more important for lower C,, values. For example, a hydrogel
with C,,=40 g/L and C,=12 g/L displayed a 6-fold higher shear
modulus compared to the control, while a gel with C,,=100 g/L and
C:i=50 g/L had a G value 4 times higher than the neat one. When

considering the complex viscosity, defined as n* = 5\/6’2 +G'"?,
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instead of shear modulus, the same conclusion can be drawn
(Figure S5).

The influence of temperature on the rheological properties of the
gels was also studied by carrying out frequency sweeps at
temperatures ranging from 20 to 60°C, see Figure S6a. The gels
displayed a viscoelastic liquid behavior. G’ and G” were found to
cross at higher frequencies when the temperature was increased
implying that the terminal relaxation time decreased. A time-
temperature superimposition was obtained by shifting the
frequency with a coefficient a; with respect to a reference
temperature (Figure S6b). The shift factors a; display an Arrhenius
temperature dependence, see Figure S6c. The corresponding
activation energy is equal to 140 kJ/mol for both composite and
neat hydrogels, in agreement with previous observations for the
latter.”

Non-linear rheological properties. The behavior of the hydrogels
under strain was studied by applying increasing oscillatory stress on
the hydrogels. Control and nanocomposite hydrogels were
compared at iso-C,, (Figure 4). In all cases, at low strain, a linear
dependency of stress over strain is characteristic of the linear
regime. In this regime, 0=G.y, with o the stress, G the shear
modulus and y the strain, for a given frequency and temperature.

All gels (control or nanocomposites) with low elastic moduli
displayed shear-thickening before
However, shear-thickening was more marked in the presence of

rupture (see Figure S7a).

particles. The yield stress and strain, noted respectively o, and vy,
were taken at the point where stress reached its maximum value.
Beyond this value, the stress reaches a plateau value, which can be
attributed to shear-banding that is often observed in associative
polymer networks.** Therefore, these points were not considered.
Control and nanocomposite hydrogels with higher elastic moduli
(typically more than 10° Pa) did not show shear-thickening, see
Figure S7b.

The yield stress increased with increasing particles concentration
(Figure S8a), to a lower extent than shear modulus, whereas the
yield strain slightly decreased (Figure S8b).

ARTICLE

® Cpy=0 A
v 2 A
1000 | g 6.5 A ]
L 2
A .

(Pa)

10

100
Y (%)

Figure 4. Stress-strain curves obtained at T=20°C, w=10 rad/s for hydrogels with C,=50
g/L, for various fullerene concentrations as indicated in the figure.
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Discussion

Influence of fullerene particles on the stiffness. The increase of
the stiffness for the composite hydrogels may be due either to
specific interactions between the particles and the polymer
network or to a filler effect of the former. In the latter case, the
Guth & Gold model accounts for the increase of the shear modulus

of the matrix alone (Go)zo’ 42 according to:

G = Go(1+ 259, + 14.1,°) Eq. 1

with @, being the volume fraction occupied by the particles that is:

(pp = Cfull xd Eq 2

with d the particles density. Considering that the particles have the
same density as pristine Cgy, we used d=1.65. The results of the
model are plotted in Figure 3b and compared with the experimental
data. It is clear that if particles were behaving solely as fillers, a
much lower increase of G would be expected due to the low
concentration of particles added to the matrix. The model considers
spherical particles, but the consideration of anisotropic particles
barely modifies it.** Therefore, the reinforcement of the hydrogels
by incorporation of Cgq nanoparticles is likely to be caused by strong
interactions between them and the matrix.

Accordingly, considering G-Gg rather than G can give help at better
specifying the contribution of fullerene particles to the network.*®
By doing so, we consider that particles form an additional network.
G-Gy is plotted against particles
nanocomposite hydrogels in Figure 5. All the data collapse on a

concentration for all

single curve and follow a power law with an exponent equal to 3.5.
This value is close to what can be found in literature for colloidal
gels where particles strongly bind and bear stress by bending of the
particles chains.*
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Figure 5. Reduced shear modulus as function of the particle concentration for various
polymer concentrations as indicated in the figure. The dashed line represents a power
law relationship with an exponent equal to 3.5.

Considering the rather low volume fraction of particles, it seems
reasonable to consider that part of the polymer may act as a sticker
between particles to form the additional network. However, such a
network should be quite loose and display a lower exponent, close
to 2.* In addition, the anisotropy of the particles should also
decrease the value of the exponent as demonstrated by Kao et al.*®
The rather high value of the exponent could be explained by the
heterogeneity of the network as was recently discussed by Zhang et
alY as a heterogeneous network has a higher percolation
concentration and a larger exponent than a homogeneous one.
Another possibility is that particles act as connections between
polymer chains that increase the number of active elastic chains in
the network. In favor of this scenario, we note the absence of a
plateau value of G’ at low frequencies (see Figure 2) suggesting that
there is no additional network forming additionally to the polymer
one.

Influence of fullerene particles on the dynamics. The increase of
the average relaxation time 1 in the presence of particles (Figure 2)
indicates that the relaxation mechanism of the polymer is modified
when Cg is introduced within the gel.

It was possible to build a master curve for samples containing
fullerene at various concentrations for C,,=50 g/L (Figure 6a). For a
Maxwell fluid, the frequency dependence of G’ and G” is given by:

w?t?
G' = 2.2
1+ w?r Eqg. 3
. wT
G =l e Fa-4

with G the shear modulus, w the angular frequency and t the
average relaxation time. Maxwell’s model fails at describing the
behavior of both neat and composite hydrogels, because they

Journal Name

display a broad distribution of relaxation times. However, addition
of fullerene does not broaden further this distribution. Moreover,
since for whatever C;,, a master curve can be obtained, the
relaxation of the composites hydrogels proceeds in the same way as
neat ones though absolute values of relaxation time and shear
modulus differ.

Also, when tan 6 is plotted vs G, one can see that all data collapse
on a single curve (Figure 6b), showing once again that incorporation
of fullerene does not influence the shape of the distribution of
relaxation times.

For low G values, tan & values are quite high because the networks
are weak, then increasing G results in a decrease of tan 6. The
increase of the latter at higher G can be ascribed to the Rouse
relaxation observed at high frequencies.

High deformation. The rheological properties in the high strain
regime give information on the homogeneity of the network. The
stress (o0,) and strain (y,) at rupture, when plotted vs the shear
modulus in the linear regime, followed power laws with exponents
1/2 and -1/3, respectively (see Figure 7). This means that

Yr 6, 73/2 (see Figure S8c).
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Figure 6. a) Master curve obtained by shifting data of Figure 2 with factors noted
ac (X axis) and bc (Y axis). The reference was the sample with C¢,=0 g/L. The gra
solid lines display Maxwell model using Eq. 3&4 with G=160 Pa and t=3s. b) Tan
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measured at 10 rad/s as function of the shear modulus for gels with same
pr?lymer concentrations as in b), with y=1% and T=20°C. Dashed line is a guide to
the eye.

According to the Griffith model,*”® where such a scaling is
predicted, the stress at rupture should scale with (G/a)l/z,
where a is the size of the defect from which the fracture
originates. Since for control and nanocomposites the scaling
exponent is the same, we may conclude that the homogeneity

of the network is the same in both cases.

Conclusions

Nanocomposite hydrogels were obtained by co-assembling
amphiphilic copolymer with Cg, fullerene nanoplatelets. The
polymer was able to self-assemble to form physical hydrogels.
The addition of fullerene to the polymer network resulted in a
significant increase of the shear modulus, showing strong
interactions between the particles and the polymer matrix.
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Figure 7. a) Stress at rupture expressed as function of the shear modulus. Dashed

lineis a ﬁower law with a slope of 1/2. b) Strain at rupture expressed as function

of the shear modulus. Dashed line is a power law with an exponent equal to -
3.

1/

Nanocomposite hydrogels displayed similar dynamics and
deformation properties as the neat polymer network. These

ARTICLE

new materials behave as yield-stress fluids, which is interesting
as they can stabilize fullerene particles for months under
gravity and are able to flow under moderate stress, which
paves the way for the design of inks for the conception of
photovoltaic devices.
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