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ABSTRACT. Self-healing allows increasing the service life of materials by overcoming some
issues caused by mechanical failures. We propose a new concept to bring room temperature self-
healing properties to thermoplastic elastomers. A macromolecular additive whose interacting units
can interfere with the hard segments of the thermoplastic elastomer accelerates chain dynamics
and brings self-healing properties to the composite material with a limited detrimental effect on
mechanical properties. By applying this concept to silicone-based elastomers, we have obtained
an autonomously self-healing material with a relatively high elastic modulus for this type of

elastomers.

KEYWORDS. silicone, self-healing, chain stopper, hydrogen-bond

INTRODUCTION

Materials that are able to heal spontaneously have been a long-standing dream of engineers and
scientists working in a wide variety of applied fields such as coatings!?, rubbers?, composites?,
asphalt pavements®, or cementitious materialsé. Indeed, self-healing materials can provide a much
longer service time and can significantly improve reliability for numerous applications’. As far
as polymer materials are concerned, three main strategies have been explored!?:
microencapsulation of healing agents'!, reversible covalent bonds'>!® and reversible physical
interactions!+!%. The latter has been naturally adopted when repeated autonomous self-healing is
required. Finding a good compromise between healing dynamics and mechanical strength!’,

necessitates fine-tuning of the structure and dynamics.



In the case of self-healing elastomers, several concepts have been put forward to obtain both self-
healing and high elastic modulus. For example, it is possible to introduce glassy domains'® or
particles!? in a self-healing elastomer or to combine two networks exhibiting different dynamics®.
While these approaches have demonstrated some effectiveness, they all share the common feature
that the materials were designed from scratch (i.e. they are not based on an existing elastomer),

which means a significant cost when industrial production is considered.

A potentially much more practical approach would be to design an additive that could be
introduced in a limited amount into an already known elastomer matrix to impart self-healing
features to the new composite material. Thermoplastic elastomers (TPEs) that are based on the
microphase separation of soft segments and hard segments?! are particularly well-suited for such
an approach. Processing and recycling of these materials are possible at high temperature thanks
to the fast dynamics of the hard segments. In contrast, at room temperature the 'frozen' dynamics
of these phase-separated segments maintain the rubbery network topology. The nanostructuration
and content of these segments, when controlled, allow a fine adjustment of the mechanical
properties of the TPEs (stiffness, strength...), but prevent autonomous self-healing. The addition
of a liquid* or a plasticizer® to physically cross-linked elastomers has been reported as a mean to
obtain this property, however the resulting faster dynamics of the cross-links leads to a steep

decrease in elastic modulus of the material, even at high strain rate.

In order to try to reach a better compromise, we decided to investigate the design of
macromolecular additives with two requirements: (1) the presence of suitable interacting groups
that could accelerate the dynamics of the hard segments, and (2) a high molar mass that would
create new transient cross-links that should help maintain good elastic properties of the final

composite material.



RESULTS AND DISCUSSION

To test this concept, we have chosen as a matrix a hydrogen-bonded thermoplastic elastomer (T)
constituted by the alternation of polydimethylsiloxane (PDMS) soft blocks and bis-urea hard
blocks (Figure 1A)%*. The chosen additive (1) has a structure very similar to the matrix to ensure a
good miscibility, except that an ethyl group was introduced on each urea moiety (Figure 1B).
Alkylated ureas are good hydrogen bond acceptors but poor hydrogen bond donors; therefore they
are expected to interact with the matrix bis-ureas, but disturb the physically elastic network
because of the steric hindrance caused by the ethyl groups. Such perturbation is well-known and
has been named as a "chain-stopper" effect in the case of low molar mass bis-ureas that form
supramolecular polymers in solution?, because the alkylated urea groups shorten the chains made

of hydrogen bonded ureas (Figure 1C)?%.
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Figure 1. (A) Structure of matrices T and I (hydrogen bond stickers are highlighted in red and
orange, respectively). (B) Structure of additives (alkylated ureas preventing hydrogen bonding
are highlighted in blue). Additives 1, 2 and 3 have been tested with matrix T; additive 4 concerns

matrix I. (C) Illustration of the "chain-stopper" concept.



Both matrix T and additive 1 were obtained in a single step by polycondensation of
toluenediisocyanate (TDI) with telechelic aminopropyl- or ethylaminopropyl-terminated PDMS,
respectively?®. They were dissolved in a common solvent, mixed together and cast as films. The
corresponding blend (T1) contains 8wt% of additive 1. A low molar mass methylated mono-urea
(2) was considered as a reference additive. The corresponding blend (T2) contains 2wt% of

additive 2, which corresponds to the same molar fraction of added urea groups as in T1 (10mol%).

Tensile measurements (Figure 2A and Table 1) show that both additives reduce both stiffness and
strength compared to the pure matrix. As expected, the low molar mass additive (blend T2) acts
also as a plasticizer, reducing the modulus and involving very large plastic deformation until
fracture (strain at break of 2000%). Interestingly, the addition of the high molar mass additive
(blend T1), significantly reduces the stretchability — strain at break is then commensurable with
the one of the pure matrix — and implies an increase in the stress at break by 2-folds compared to
blend T2. From the mechanical behaviour at the early stages of deformations, this effect can be
related to a significant increase in the yielding stress and the modulus (see insert). Comparatively
to the matrix, the macromolecular additive (blend T1) induces a decrease in the tensile modulus
of only 20%, i.e. modulus is around 1 MPa, whereas the blend containing the low molar mass
additive (T2) is characterized by (1) a decrease of 50% in stiffness, (2) the absence of strain

hardening and (3) a large creeping, as visually obvious from the photograph (Figure 2C).
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Figure 2. (A ,B) Stress-strain curves for the matrix T (black) and blends T1 (red) and T2 (blue).
Thick lines are used for uncut (pristine) samples. Dashed (resp. thin) lines are used for samples
cut across half their width 24 h before testing (resp. just before testing). Insert in (A): focus on

the low strain region. Measurements and healing were performed at 22°C. (C) Picture of



rectangular shaped strips of the matrix T and the blends T1 and T2, 24 h (at 22°C) after shaping.

Sample T2 has visibly crept.

Table 1. Mechanical properties of matrices (T, I) and blends (T1, T2, T3, 14).

Tensile modulus Stress at Strain at Self-healing
(MPa) break (MPa) break (%) efficiency (%)°

pristine 1.20 0.47 +0.05 600 £ 60

T healed? 0.40 + 0.04 490 + 50 50
freshly cut® 0.33+0.03 230+ 30
pristine 0.96 0.27+0.03 770 + 80

T1 healed? 0.26 £0.03 820 + 90 90
freshly cut® 0.17+£0.02 110 +20

T2 pristine 0.59 0.12 £0.01 2050 + 200

T3 pristine 0.65 0.26 £ 0.03 640 £+ 70
I pristine 3.6 29403 480 + 50
14 pristine 1.9 1.9+0.2 470 + 50

2 Samples were cut across half their width and tested after resting 24 h at 22°C.
b Samples were cut across half their width and immediately tested.
¢ Measured as the stress at break recovery: (Ghealed - Gfreshly cut) / (Gpristine - Ofreshly cut)
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Figure 3. Dynamics of the matrix T (black squares) and blends T1 (red circles) and T3 (green
triangles) obtained by combining DMA and rheology measurements: (A) Storage moduli (filled
symbols) and loss moduli (open symbols) versus temperature (heating rate: 2°C.min™"); (B)

Master curves at 30°C (same symbols); (C) Characteristic relaxation times for the o’ process



(o) and the terminal relaxation process (T.m) resulting from the building of the master curves.

The Tim, resulting from the isochrones G'/G" crossover (A) are added as cross symbols.

To probe self-healing, samples were cut across half their width, the created surfaces were then put
back into contact and tensile measurements were done immediately after, or 24 h after cutting
(Figure 2B). Healing efficiency was estimated from the stress at break recovery versus the freshly
cut samples, using the pristine sample to normalize the data (see Table 1 for the precise definition).
The pure matrix exhibits limited self-healing properties with an efficiency of 50% after 24 h at
22°C, which shows that hydrogen bond dynamics in the pure matrix is slow but not completely
frozen??. This result is significantly improved in the case of the blend T1 for which the healing
efficiency reaches 90% at the same temperature®. Healing kinetics is thus faster for the blend T1
than for the matrix T. Therefore, the high molar mass additive 1 improves self-healing kinetics,
but unlike the low molar mass additive 2, it does not act as a plasticizer. The tensile behaviour is
qualitatively similar and only a moderate decrease of tensile modulus is measured compared to the

pure matrix.

In the following, we further investigate these materials by looking at various parameters
influencing self-healing properties, namely chain dynamics, and phase separation (incompatibility
and structure). The first phenomenon studied was the chain dynamics. Figure 3A shows isochronal
curves from combined DMA and rheology measurements in the -50 to 200 °C domain. For -50 <
T < -20 °C, the matrix T and the blend T1 show a plateau with a similar storage modulus (£’ ~ 4.5
— 5 MPa), in line with tensile experiments®*. The modulus value is the consequence of (i) the

formation of physical crosslinks formed by the associated stickers effectively permanent over an
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association time that is larger than the observation time, and (ii) the phase separation of the stickers
which can lead to the formation of a reinforcing structure (filaments as shown later)*. For T > -20
°C, the matrix and the blend T1 show two consecutive relaxation processes as noticed by two
drops in G’, shifted to lower temperatures for the blend. The first relaxation o’ is assigned to the
dynamics of the hard domains, i.e. a cascade of lifetimes of the sticker association*. By increasing
the temperature, this lifetime is decreased, as well as the effective number of mechanically
effective stickers within the observation timescale. This decrease is followed by a pseudo-plateau,
and finally by the flowing of polymer chains. Introduction of the additive in the blend decreases
the temperature of the o’ relaxation, suggesting a shorter sticker association lifetime. Similar
observations arise from the temperature of the terminal relaxation (E'/E" crossover temperature),
which is decreased by 37 °C (at 1 Hz) for T1 compared to the matrix T. The evolution of the
materials relaxation times with temperature were more deeply characterized by frequency sweeps
at different temperatures (Figure S6). Rheological master curves were built at a reference
temperature of 30 °C i.e., around the temperature at the E’> maximum on the isochronal curve
(Figure 3B). As shown in this figure, time-temperature superposition principle works remarkably
well, suggesting that there is no sharp change in the relaxation processes in the whole temperature
range. Regarding the terminal relaxation, as expected, the slopes tend toward 2 and 1 for G' and
G", respectively. From the master curves, it is possible to estimate that the G'/G" crossover
frequencies are 7.3 10~ and 8.4 10 Hz for T and T1, respectively (at a reference temperature of
30 °C). This estimation shows the impact of the additive on the terminal relaxation of the material:
the blend T1 exhibits a crossover frequency one order of magnitude higher than the corresponding
matrix, reflecting the enhanced dynamics introduced by the additive. This result is in perfect

agreement with the improved self-healing of the blend demonstrated at a similar temperature
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(22°C). To go a step further, the relaxation times deduced by building the master curves are
reported in Figure 3C. The relaxation times T, are estimated from the frequency at the maximum
of the G" peak and the terminal relaxation times T.m, at the time of G'/G" crossover. From the
Arrhenius fitting of these characteristic times, activation energies (E,) can be estimated. For the o’
process, E, is found very similar for the matrix and the blend (ca. 78 kJ.mol"!"). This activation
energy is consistent with the activation energy of bidentate hydrogen bonding (59 kJ.mol')*!. An
activation energy can also be deduced for Tim (108 kJ.mol ") which is slightly larger than the one
calculated for 1., as seen in Figure 3C. Once again, the values are similar for the matrix T and the
blend T1. A more interesting result is that introducing the additive has more impact on the terminal
relaxation times. Indeed, whereas t,- was decreased by a factor 2 for the blend, Tim is decreased
by a factor 10, indicating much faster chain dynamics. T.., is often closely connected to healing
time, and the extrapolation of T, at 25 °C (1/T then equal 3.35 x 10 K-!) provides an estimation
of the required time for the material to heal. Consequently, the lower value of T, for the blends
may explain the faster healing kinetics observed for T1 compared to the matrix T. To sum up, the
relaxation mechanisms of the blend are accelerated by the addition of the supramolecular additive
while keeping mechanical properties at conventional strain rates very similar to the neat matrix

(Figure 2A).

Next, the impact of the additive on the micro-phase separation was analysed to check if the
observed change in dynamics could be ascribed to a change in microstructure. Figures 4A,B
display ambient tapping-mode AFM phase images recorded from the films cross-section, while
Figure 4C shows the corrected scattered intensity I(q) obtained from USAXS and SAXS
experiments. Concerning the matrix T, the AFM data shows microphase separation into filaments

of random orientation and with an average inter-filament distance on the order of 15-20 nm. The
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X-ray scattered intensity of the matrix shows at low q (q < 0.10 nm), a q*? regime, which may
be due to a 3D heterogeneity on a large scale (i.e. more or less organized bundles or domains). The
explored q domain does not cover small enough q values to extract a characteristic dimension for
these scattering objects. Nevertheless, it is possible to evaluate a correlation distance from X-ray
measurements: subtraction of the fitted curve at low q reveals a weak peak centred at q ~ 0.3 nm-
I, This value corresponds to ca. 22 nm, which is close to the distance between filaments evaluated
from AFM. This therefore confirms our interpretation. Another peak is evidenced at larger q, with
a maximum at q ~ 1.45 nm'. This distance (4.3 nm) is close to the end-to-end distance of the
PDMS soft blocks calculated with the freely rotating chain model (3.3 nm)?*2. We therefore assign
it to the distance between the hard blocks of the segmented PDMS-urea copolymer?*. Since the
distance between filaments (22 nm) is longer than the end-to-end distance of the soft blocks (4.3
nm), it means that some stickers are trapped into the soft phase probably in the form of small

clusters with dimensions way lower than those of the filaments observed in AFM.

Blend T1, also exhibits a filament-like microstructure (Figure 4B) but with a more homogeneous
spatial distribution. The less defined nanostructuration in filaments is confirmed by the
SAXS/USAXS pattern (Figure 4C) where no peak can be extracted at q ~ 0.3 nm!. Other than that,
the blend exhibits the same features as the matrix chains, i.e. a peak at @ ~ 1.45 nm! and a q3?
dependence at low q value however shifted to smaller q. Therefore, strong microphase separation
occurs also for the blend, and the improved self-healing kinetics brought by the additive, which is

related to faster chain dynamics, comes from a less constrained microstructure.
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Figure 4. Tapping-mode AFM phase images at room temperature of the matrix T (A) and the
blend T1 (B) (films cross-section). (C) Scattered intensity (azimuthally integrated signal from
the isotropic 2D scattering pattern) of the matrix T (black) and the blend T1 (red). Fits (dash-
dotted lines): the matrix T is fitted thanks to the summation of a g~ exponential decay and two
peaks (the low q peak being of very weak intensity); only one peak is necessary for the blend T1
with the g3~ decay, to perfectly fit the I(q) curve (it is the same as the high q peak used for the fit

of the T curve).
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The striking difference between additives 1 and 2 (see Figure 2C) prompted us to study the impact
of the additive molar mass on the balance between stiffness and self-healing of the blends. Additive
3 was synthesized from the same reactants as additive 1, but with an excess of soft block precursor
in order to obtain much shorter chains. Additive 3 contains an average number of stickers per chain
10 times lower than 1 (Table S1)*3. The corresponding blend (T3) contains 8 wt% of additive 3,
i.e. the same weight fraction of additive as in T1. Stress-strain curves (Figure 5) obtained at a strain
rate of 0.06 s' show some differences between the blends T3 and T1. As reported in Table 1, the
stresses at break are almost the same for both blends, but T1 exhibits a higher tensile modulus
compared to T3. Such result is not surprising considering that T3 contains smaller and more mobile
chains. In addition, this smaller additive is able to connect fewer supramolecular clusters than the
longer one, which may also explain the decrease of tensile modulus observed from T1 to T3*. In
contrast, the temperature sweep rheological measurements for both blends (Figure 3A) are very
similar, except at low temperature (below 25 °C), where the slightly higher elastic modulus of T1
confirms the tensile modulus results. Frequency sweep rheology (Figure 3B) also shows that the
additive molar mass has a moderate impact on chain dynamics, with similar crossover G'/G"
frequencies for T3 (7.6 10* Hz) compared to T1 (8.4 10 Hz). Apparently using an additive with

a higher molar mass (T1) brings better results in the balance between stiffness and chain dynamics.
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the initial slopes.

Figure 6 provides a molecular representation consistent with our results. As shown by the SAXS
and AFM data (Figure 4), the presence of the additive reduces the size of the hydrogen bonded
clusters, which in turn accelerates the relaxation mechanisms probed by mechanical spectroscopy
(Figure 3). Remarkably, the acceleration occurs independently from the molar mass of the additive,

while the stiffness of the blend is improved for the additive with the highest molar mass (Figure

5).
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Figure 6. Cartoon representation of the effect of the chain stopper additive. The alkylated urea

stickers (blue spheres) of the additive interfere with the hard domains (red blocks) of the matrix
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but if the additives have a high molar mass, they can still provide connections between hydrogen

bonded clusters.

>
w

N

N
T

Stress (MPa) o

Strain 5%

Stress (MPa)

O n n n n
0% 100%  200%  300%  400%  500%

Strain
B os
1
__06 A I
& g
S =
€

— £ 14
9 0.4 S
o 0.1 ‘ ‘
s 0.1 1 10 100 1000

0.2 Time (s)

0+ : : : :
0 1000 2000 3000 4000 5000
Time (s)

Figure 7. Mechanical properties for matrix I (black) and blend 14 (red). (A) Stress-strain curves

(22°C). The insert shows the initial slopes. (B) Stress relaxation curves at 22°C. The insert shows

the log-log stress relaxation curves. (C) Self-healing results after 6 days at room temperature.

17



The black line (2.5 cm) represents the length of the original cut (that was made across the whole

thickness of the film).

In order to prove the generality of the concept, an analogous but stiffer matrix was selected (I,
Figure 1). This isophoronediisocyanate (IPDI) based PDMS-urea segmented copolymer, is a
commercially available material (GENIOMER® 80). The structure of the additive (4) was adapted
to the matrix (Figure 1) to favour miscibility, and mechanical and self-healing tests were performed
on the matrix I and the blend I4 that contains 10 wt% of additive 4. Strain-strain curves, reported
in Figure 7A, lead to the same observations made for TDI-based materials: the additive moderately
decreases the tensile modulus and the strain at break (Table 1). Meanwhile, stress relaxation
behaviour (Figure 7B) seems to exhibit faster processes at long timescale (t > 100s) for the blend
than for the matrix*. With lower relaxation time for the blend, a faster self-healing may be

expected.

Self-healing was tested at room temperature: matrix and blend samples were cut with a razor blade
and kept at room temperature. After 6 days it is clear (Figure 7C) that the matrix I does not show
any healing, whereas the cut has almost entirely disappeared for the blend I4. This observation
confirms that the additive brings self-healing properties with only a limited decrease of the rigidity

of the initial thermoplastic elastomer.

CONCLUSION

We have demonstrated a new concept (Figure 6) to bring self-healing properties to a thermoplastic
elastomer. Adding a polymer with interacting units that can interfere with the thermoplastic

elastomer hard segments allows accelerating chain dynamics while showing limited detrimental
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effect on the rigidity. We have applied this concept to silicone based elastomers and obtained an
autonomously self-healing material with an elastic modulus of 1.9 MPa, which is a remarkable
feature for this type of elastomers deprived of inorganic fillers*738. Future works will focus on the
use of such additives on the formulation of other segmented copolymers using supramolecular

interactions.

EXPERIMENTAL SECTION

Matrix synthesis: The material sources and experimental procedures are provided in supporting
information. In short, matrix T was synthesized by addition of a,w-bis(y-
aminopropyl)poly(dimethylsiloxane) (M, = 3240 g.mol!) to TDI in a THF solution, with a yield

of 82%.

Additives synthesis: The additives were synthesized by a similar procedure from the relevant
diisocyanate (TDI or IPDI) and N-ethylaminoisobutyl terminated polydimethylsiloxane (M, =

2430 g.mol ™).

Additive/matrix formulation and film preparation: Blends were prepared by solvent casting. A
calculated amount of matrix and additive were dissolved independently in tetrahydrofuran (10mL
of THF per gram of polymer). After stirring for 5 hours, the two solutions were combined and
stirred for one night. Then the solution was poured into a partially closed polypropylene mold to
allow slow solvent evaporation. After 1 day, the mold was open and the film was left 1 more day
at room temperature. Then the mold was placed in a vacuum oven (10~ mbar, 60°C) for 1 day.
After the thermal treatment, the films were removed from the mold and stored at room temperature.

The film thickness was measured to in between 0.5 and 1 mm.
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Tensile testing: Tensile tests were performed on a standard tensile Instron machine, model 5565.
The device used a 100 N load cell (with a relative uncertainty of 0.1% in the range from 1 to 100
N) and a video extensometer which follows the local displacement up to 120 mm (with a relative
uncertainty of 0.11% at full scale). Monotonic tensile tests were carried out on strip shaped
samples. They were cut from the films and had a reduced section of 5 mm-width x 0.5 to 1 mm-
thickness. The gauge length (initial distance between jaws) was taken constant (L, ~ 20 mm) for
all the tests. Tests were carried out at a velocity of 1.2 mm.s'! (corresponding to a nominal strain
rate of 0.06 s') until failure. All samples were marked with two dots within the reduced section,
for their recognition by the video extensometer. During the test, the force (F) and the displacement
(AL) were recorded and the nominal stress (o0 = F/Sy) and the nominal strain € (¢ = AL/L,) were
calculated. Regarding stress relaxation experiments, the samples were stretched up to 20% strain
at a velocity of 10 mm.s! (corresponding to a nominal strain rate of 0.5 s''), then the strain was
fixed over time and the resulting stress was recorded. Initial time was set when the stress reaches

its maximal value.

Mechanical spectroscopy: Mechanical spectroscopy measurements were conducted to determine
moduli of the matrix and the blends from -50 to 200°C. The Dynamic Mechanical Analysis (DMA)
was carried out from -50 to 25°C while rheological analysis was used for higher temperatures. The
DMA experiments were performed in tensile mode on a TA Instruments DMA Q800 under N,
atmosphere with a 2 °C.min! heating rate and 0.1% strain amplitude. The sample dimensions were
6.00 (Iength), 3.00 mm (width) and 0.70 mm (thickness) (+ 0.01 mm). Rheological measurements
were done on an Anton Paar MCR 702 TwinDrive at 2 °C.min"' under N, atmosphere. A 25 mm
parallel plate with 0.5 mm gap, a constant normal force of 0.1 N and 1% oscillatory shear

deformation were applied. Each sample was placed on the lower plate at 160 °C before reducing
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the gap by bringing down the upper plate. The G” and G’ moduli thus collected were multiplied
by a factor of 3 in order to be superposed to E’ and E’’ values obtained by DMA. No other shift
of the moduli values was used to correlate DMA and rheology data. The rheological instrument
was also used to build master curves for the samples. Samples were subjected to 1% oscillatory
shear deformation over a wide temperature range (from 30 to 160°C). The sample was annealed at
160 °C and frequency sweeps were isothermally carried every 10 °C down to 30 °C. A frequency
sweep ranging from 100 to 0.1 Hz was applied (100 to 0.01 Hz for 160°C). Five points were
recorded by decade distributed according to a logarithmic scale. Resulting curves were only shifted
along the frequency axis using time-temperature superposition (TTS) to build master curves. The

same shift factors were used for matrix T and blends T1 and T3.

Self-healing experiments: Two procedures were used to estimate self-healing efficiency:

- Strip shaped samples were cut, but only half-way across their width, so that the cut surfaces were
automatically placed in an optimum position. We found this procedure improved reproducibility
of the self-healing test, compared to fully cut samples for which perfect contact is not always
obtained. These half-cut samples were left for 24 h at room temperature with the cut surfaces in
close contact. Then tensile measurements were done, and healing efficiency was measured as the
stress at break recovery. Of course, it is necessary to take into account the fact that the tensile

strength of the freshly cut sample (Ggesniy cu) 1S DOt negligible. Therefore, the efficiency of healing

was CalCUIated as: (Ghealed - Gfreshly cut) / (Gpristine - cyfreshly cut)'

- Samples were cut directly into the mold used for the shaping. A slit (2.5cm) was made with a

razor blade, and then a plate of the same dimension as the sample (weight:10g) was placed on the
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top of the cut sample, to allow optimal contact between cut interfaces. Healing efficiency was

calculated from the decrease of the slit length.

Atomic force microscopy (AFM). AFM was conducted on a Dimension 3100 AFM device
connected to a Nanoscope V scanning probe controller (VEECO Instruments, Plainview, NY). All
images were obtained at ambient temperature in tapping mode using a pointprobe-plus® silicon
(PPP-NCH-50) from Nanosensors with a high resonance frequency of about 300 kHz. A lateral
resolution of 3-5 nm can be achieved by this configuration with a vertical resolution of 0.5 nm.
Surfaces of bulk samples were prepared by cryo-ultramicrotomy on a Leica UC7 microtome at -
150 °C using a diamond knife from Diatome. All AFM images thus show the bulk microstructure.
Very flat surfaces can be obtained with this technic and only phase images (highlighting a hard/soft

contrast) are shown.

Static small angle X-ray scattering (SAXS) and ultra-small angle X-ray scattering (USAXS): SAXS
and USAXS experiments were performed on the ID2 beamline of the European Synchrotron
Radiation Facility (ESRF), Grenoble (France). For SAXS measurements, the sample-detector
distance was 1 meter and the exposure time was set at 0.5 second while for the USAXS
investigations, the distance between sample and detector was 10 meters and the exposure time was
set at 0.05 second. A small shift has been applied on USAXS y-abscissa data to obtain an optimal
superposition with SAXS data in both common q domains. The SAXS/USAXS two-dimensional

(2D) patterns of samples have not shown any preferential orientation of the samples.
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