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Glycerol-Based Polyurethane Nanoparticles Reduce Friction

and Wear of Lubricant Formulations

Fabian Uebel, Héloise Thérien-Aubin,* and Katharina Landfester

The relative motion of two surfaces in direct contact results in friction and
wear. This affects every moving surface, contributing to a quarter of the
worldwide energy consumption. The addition of lubricant can reduce friction
by separating the surfaces, making more energy-efficient systems. Lubricants
are composed of a base oil and a series of additives. Molecules like glycerol
can improve the efficiency of a lubricant system. However, the direct addition
of hydrophilic molecules to hydrophobic lubricant oils is challenging due to
their poor miscibility. The encapsulation of glycerol, or other hydrophilic
additives, in nanocarriers will enable the design of additive systems delivering
poorly miscible molecules to the lubricant. Here, glycerol is encapsulated in
cross-linked glycerol nanocapsules. The nanocarrier is dispersed in a lubricant
oil and placed between two metal surfaces. The release of the additive, from
the nanocarriers, is triggered by the force applied on the nanocarriers by the
metal surfaces in contact. The release observed is dependent on the applied
force and mechanical properties of the nanocarrier, which can be controlled
during the synthesis. The addition of those mechanoresponsive nanocarriers
improved the long-term performance of the lubricant and represents a step
toward the reduction of friction between metal-metal contacts.

Consequently, developing new surfaces,
materials, or additives to reduce friction and
wear would significantly impact our energy
consumption.

Two interacting surfaces in relative mo-
tion create a tribological pair. The friction,
the force resisting the movement, of the tri-
bological pair can be partially ascribed to
the direct contact of the surfaces, which the
presence of microscopic roughness can en-
hance. The addition of a lubricant creates a
lubricating film in the tribological system,
which can separate the two interacting sur-
faces. This reduces the friction and makes
the tribological contact more energy effi-
cient.

Depending on the load applied at the con-
tact, the sliding speed of the surfaces, and
the viscosity of the lubricant, different lu-
brication regimes can be reached (bound-
ary, mixed, and hydrodynamic).>* While
direct contact between the surfaces occurs

1. Introduction

The energy consumption of our modern society is immense,
and we require actions to deal with the increasingly severe en-
ergy crisis we are facing today.!!! Friction and wear between mov-
ing surfaces contribute to 23% of the total worldwide energy
consumption.?] Most of this energy (20%) is consumed to over-
come friction, and 3% is associated with wear-related failures.
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in boundary lubrication, only limited con-

tacts between asperities are observed in the
mixed regime, and the surfaces are fully separated by a lubri-
cating film in the hydrodynamic lubrication regime. The min-
imization of hydrodynamic shear is one of the key approaches
to optimizing a lubricant system by tuning its rheological prop-
erties. This often means decreasing the lubricant viscosity to
the lowest possible value, while maintaining the tribological sys-
tem in a mixed or hydrodynamic lubrication regime to mini-
mize direct contact between the surfaces. Another approach in
reducing the friction in tribological contacts consists in the ad-
dition of friction modifiers in low concentrations. Compounds
such as organo-molybdenum complexes, functionalized poly-
mers, nanoparticles, or amphiphilic organic molecules are widely
used as friction modifiers.®] Typically, the addition of friction
modifiers leads to the formation of a monolayer at the surface—
oil interface due to their amphiphilic character.[) The addition of
this layer of friction-modifying molecules can reduce shear forces
by interacting with the nonpolar oil and the polar metal surface
simultaneously. In most lubricant systems, both friction modi-
fiers and viscosity modifiers are used simultaneously.

One of the Achilles’ heels of lubricant systems is their deterio-
ration over time during their service. This leads to immense eco-
nomic and environmental costs by creating the need to replace
the lubricant system frequently. In addition to friction modi-
fiers, other additives are used to extend the life of the lubricant
system, such as antioxidants, corrosion inhibitors, antiwear and
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Figure 1. Synthesis of GlyNCs. a) Polyaddition reaction of glycerol droplets and 2,4-toluene diisocyanate. b) SEM images of GlyNCs. TEM image of
GlyNC c) before the removal of the encapsulated free glycerol and d) after removal of the unreacted glycerol.

antifoam agents, or viscosity index improvers.’! The addition
of a new component to the lubricant oil is often limited by
miscibility. For example, glycerol adheres to metal surface and
creates a new interface of solid surface/glycerol film/lubricant
oil, which allows for the reduction of shear forces by generating
a new low-shear-strength glycerol film.[®?] However, the addi-
tion of glycerol to nonpolar hydrophobic lubricant oils is not
possible due to the poor miscibility of glycerol in most base oil
used industrially. Therefore, glycerol is either used in aqueous
lubricants!!® or as derivatives, such as glycerol monooleate, in
hydrophobic lubricant oils. However, the friction-reducing effect
of glycerol derivatives is limited, compared to pure glycerol.311]
Consequently, the delivery of glycerol and other hydrophilic
friction-modifying agents to a hydrophobic oil could signifi-
cantly reduce the friction in a lubricated system by forming a
film at the surface of the metal contact. In order to introduce
enough glycerol in hydrophobic-based oils, new delivery mecha-
nisms need to be developed, like the encapsulation of hydrophilic
compounds in responsive nanocapsules to circumvent their poor
miscibility.

Nanoparticles are a new class of lubricant additives.['>1*] Their
size allows them to enter the contact region between the lubri-
cated surfaces.['>] At the contact, nanoparticles can influence the
lubrication either through rolling, sliding, or exfoliation, depend-
ing on the contact pressure at the tribological contact and the
nanoparticle morphology.['! In comparison with organic addi-
tives, many nanoparticle additives are thermally more stable and
can operate at elevated temperatures, extending the range of tem-
perature at which the lubricant systems can be used.l'”] Com-
bining the intrinsic friction-reducing properties of nanoparticles
with the ability to encapsulate and release additional friction-
modifying molecules inside the nanoparticles will lead to the de-
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velopment of a novel class of lubricant additives able to control
and extend the life cycle of the lubricant.

Mechanoresponsive release is an ideal approach to de-
sign smart additives for lubrication. Release triggered by a
mechanoresponsive mechanism triggered could occur under the
influence of external forces on a nanocarrier!™®! and can be har-
nessed to release friction modifiers when the forces present in a
tribological contact exceed a predetermined threshold. This ap-
proach will lead to the design of self-regulating systems, where
increasing forces, for example, due to the lubricant depletion, in-
duce the release of fresh lubricating molecules from the nanocar-
riers, restoring the original low-friction properties.

Here, we establish the synthesis and characterization of
mechanoresponsive nanocarrier additives able to release glyc-
erol. First, the partial polymerization of glycerol with a cross-
linking agent yielded glycerol-based nanoparticles composed of
a solid polyurethane network surrounding unreacted free glyc-
erol. These nanocarriers were compatible with traditional hy-
drophobic lubricant systems based on poly(a-olefin) (PAO) and
displayed a strong friction-modifying effect in steel-steel con-
tacts. This type of nanocarrier is an elegant approach to deliver
hydrophilic additives, like glycerol, in hydrophobic lubricant sys-
tems, resulting in the control of the tribological properties in a
metal-metal contact.

2. Results and Discussion

Figure 1 shows the synthesis of the glycerol nanocarriers
(GlyNCs). First, a miniemulsion of nanometer-sized glycerol
nanodroplets in toluene, stabilized by the presence of polyglyc-
erol polyricinoleate (PGPR) used as a surfactant, was prepared by
microfluidization (Figure S1, Supporting Information).[*! Then,
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Figure 2. a) TGA decomposition analysis of GlyNCs with different NCO:OH (blue: 0.625; red: 0.75; green: 1.0; magenta: 1.25), pure glycerol (orange
dashes), and glycerol-free GlyNCs (black dashes). b) Weight ratio of unreacted glycerol and formed polyurethane network of GlyNCs with different cross-
linking ratios. c) FTIR spectra of GlyNCs with different NCO:OH ratio (blue: 0.64; red: 0.32; green: 0.16; grey dots: pure glycerol). Inset showing the

formed polyurethane linkages from 1150 to 1750 cm~".

a toluene soluble cross-linking agent, toluene diisocyanate (TDI),
was added to the continuous phase. Then, at the interface of the
glycerol droplets and the continuous toluene phase, a polyad-
dition reaction between the alcohol groups of the glycerol and
the isocyanate groups of the TDI led to the formation of a
polyurethane network. Only a fraction of the glycerol reacted
and the cross-linked polyurethane network formed at the inter-
face trapped the unreacted glycerol molecules, as observed with
other alcohol-containing systems.!?2!] The reaction led to the for-
mation of spherical nanoparticles (Figure 1) and even though a
large fraction of the glycerol remained unreacted (Figure 2 and
Figure S2, Supporting Information), the formation of a core—
shell structure, observed in other systems, was not observed
here. The interfacial polymerization of precursor nanodroplets
can yield different conformations of nanocarriers. Here, the mor-
phology of the GlyNCs was studied by transmission electron mi-
croscopy (TEM). Figure 1c shows that the as-prepared GlyNCs
appeared as spherical nanoparticles. However, due to the lack
of contrast between unreacted glycerol and the glycerol-based
polyurethane network, the efficient differentiation between the
carrier material (polyurethane network) and the payload (unre-
acted glycerol) was challenging. The transfer of the GlyNCs to
water allowed the removal of unreacted glycerol, leaving only the
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polyurethane network. The TEM of the washed GlyNCs showed
that the polyurethane network had a sponge-like morphology
(Figure 1d). This morphology was likely obtained because of
the existence of no (or limited) phase separation between the
polyurethane network and the unreacted glycerol during the in-
terfacial polymerization and the partial miscibility of TDI in glyc-
erol.

Controlling the amount of cross-linker, more specifically the
ratio of isocyanate groups (NCO) to hydroxyl groups (OH),
yielded GlyNCs with different compositions. The variation of the
NCO:OH ratio from 0.625 to 1.25 resulted in an increase in the
formation of the polyurethane network as determined by TGA
analysis (Figure 2a), FTIR spectroscopy (Figure 2c), and NMR
spectroscopy (Figure S2, Supporting Information). The TGA
curve showed a two-step degradation process for the GlyNCs
containing free glycerol. The first degradation at ~225 °C corre-
sponded to the degradation of free glycerol, and the second degra-
dation, starting at 375 °C, to the degradation of the polyurethane
network. The relative weight loss of each degradation steps was
used to determine the composition of GlyNCs with different
NCO:OH ratios (Figure 2b). The GlyNCs were further analyzed
by FTIR (Figure 2c) and NMR spectroscopy (Figure S2, Support-
ing Information). The formation of the urethane linkages during
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the polymerization led to the apparition of new vibration mode
at 1702 (C=0), 1532 (C-N), and 1228 cm™' (O-C=0) (Figure 2c,
inset). As the NCO:OH ratio increased, the number of urethane
linkages increased, leading to an increase in the intensity of the
IR peaks associated with the urethane. Simultaneously, the peak
associated with the vibration of the alcohol groups (23300 cm™!)
decreased.

In turn, the composition of the GlyNCs influenced the me-
chanical properties of the nanocapsule. Atomic force microscopy
(AFM) was used to measure the Young’s modulus of GlyNCs
with varying NCO:OH ratio (Figure 3). After casting a dilute
suspension of GlyNCs on a glass slide, individual and isolated
GlyNCs were imaged by AFM (Figure 3a) in quantitative imag-
ing mode. Quantitative imaging mode allowed recording a force—
displacement curve at each pixel of the image, which was used to
calculate the Young’s modulus of the GlyNCs by imaging a de-
fined section of the GlyNC. Each GlyNC displayed a narrow Gaus-
sian distribution of Young’s modulus (Figure 3b). The modulus
of the GlyNCs increased from 231 to 851 MPa, when the ratio
of NCO:OH increased from 0.625 to 1.25. Therefore, controlling
the amount of cross-linker used during the synthesis allowed to
modulate the Young’s modulus of the resulting polyurethane net-
work, and thus tune the mechanical properties and behavior of
the GlyNCs.

After the synthesis, the GlyNCs (initially dispersed in toluene)
were redispersed in PAO2, and the GlyNCs fully preserved their
colloidal stability and remained fully dispersed (Figure S1b, Sup-
porting Information) after the solvent transfer. This colloidal sta-
bility, provided by the presence of PGPR at the oil/nanoparticle
interface, prevented the settling of the GlyNCs despite the higher
density of glycerol in comparison to PAO2, atleast on a time scale
of several days. However, the GlyNCs can be removed from the
PAO either by filtration using a membrane with pores smaller
than the GlyNCs or by 20 min of centrifugation at a speed gener-
ating a centripetal force of more than 5000 X g.

Then, we studied the influence of the addition of GlyNCs to
PAO?2 on the tribological properties of a steel-steel contact in a
ball-on-three-plates geometry (Figure 4a). During the tribologi-
cal measurement, the steel ball was pressed on three steel plates
with a known axial force F, and Stribeck curves (Figure S3a,
Supporting Information) were recorded by cycling the rotation
speed between 0 and 135 mm s~!. To ensure the acquisition
of reproducible results, the steel plates used in the experiment
were first polished to remove any pre-existing irregularities (Fig-
ure S4, Supporting Information). When ramping up the sliding
speed from 0 to 135 mm s7!, the coefficient of friction (CoF) was
recorded across different lubrication regimes (boundary-, mixed-
and hydrodynamic-lubrication), as defined by Stribeck.[*] After
the experiment, the wear scars on the steel plate surfaces were
analyzed (Figure 4b,c).'*] Figure 4d shows how the wear scars ob-
served after the tribological experiments were influenced by the
composition of the GlyNCs used as the additive in PAO2. Typi-
cally, the wear track depth, measured by optical topography, var-
ied between 1 and 6 ym depending on the lubricant system used.
In all cases, the area of the observed wear scars reduced signif-
icantly after the addition of the GlyNCs to PAO2. Furthermore,
the effect of the GlyNCs was influenced by the chemical composi-
tion. The maximal reduction in wear occurred for the suspension
of GlyNCs in PAO2 with the GlyNCs prepared at an NCO:OH ra-
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Figure 4. Tribological testing. a) Ball-on-three-plates geometry used for tribological measurements. b) Wear scar on a stainless steel plate as the result
of a tribological measurement of pure PAO2 at 5 N over 25 cycles. c) Wear track profile of the wear scar from (b). d) Wear scar areas obtained after 25
cycles at 5 N axial force for mixtures of just PAO2 and GlyNCs of different NCO:OH ratios in PAO at 5 wt% loading.

tio of 0.75, indicating a dual effect of the lubrication caused by
the presence of spherical nano-objects in the suspension and the
release of glycerol in the tribological contact.

In addition to reducing wear at the tribological contact, the
GlyNCs also influenced the CoF in the system. Therefore, we
studied the friction-reducing properties of GlyNCs in PAO2 at
different axial forces from 1 to 15 N, to see the effect of load on the
lubrication (Figure 5a). The lowest CoF was observed for the high-
est applied load of 15 N, while a significant reduction of the CoF
was already observed for 5 N. In comparison, the results obtained
for pure PAO2, at the same axial loads and number of Stribeck
cycle, showed higher friction.

Additionally, the effect of the concentration of GlyNC on the
tribological properties of the lubricant system was analyzed (Fig-
ure 5b). As the concentration of nanoparticles in suspension in-
creased, the viscosity of the oil increased,??) which could have
a negative effect on the lubrication of the tribological contact.
While the CoF decreased minimally with the addition of 1 wt%
of GlyNCs in PAO2 in comparison to pure PAO2, the CoF dras-
tically decreased with the addition of 5 wt% of GlyNCs, and was
moderately lower for the PAO2 containing 15 wt% of GlyNCs.
This reduction in friction clearly shows the outstanding ability of
GlyNCs as friction-reducing additives in lubricant oils.

The effect of the GlyNCs on the lubrication of the metal/metal
contact was also influenced by the cross-linking degree of the
GlyNCs. GlyNCs prepared with varying NCO:OH ratio were re-
dispersed in PAO2 at a concentration of 5 wt%, and the effect
of those lubricant systems on the friction in the ball-and-three-
plate contact was analyzed at different axial forces (Figure 5c).
Independently from the cross-linking ratio, higher axial loads al-
ways showed lower CoF than pure PAO2 under the same condi-
tions, with the 0.75 NCO:OH ratio displaying the lowest CoF. The
GlyNCs with this cross-linking ratio also showed the strongest
wear-reducing effect (Figure 4d). Interestingly, the 1.0 NCO:OH
ratio resulted in very similar friction for all axial loads used, and
led to the strongest reduction in CoF when small loads were ap-
plied (1 and 5 N) in comparison to the GlyNCs prepared with
other cross-linking ratios.
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XPS measurements were performed on the surface of the steel
plates after the tribological measurements. The XPS spectrum
recorded inside the wear scar area showed the presence of aro-
matic C-C (284.8 V), C-O (286.4 eV), 0-C=0 (289.1 €V), and
C-N (285.6 eV) linkages, while outside the wear scar area no C-N
linkages were found (Figure 6a). This clearly indicates that the
GlyNCs, cross-linked with aromatic TDI, have entered the tribo-
logical contact during the tribological measurement.

The release of free glycerol from GlyNCs was quantified us-
ing HPLC. After the tribological measurement, the entire sus-
pension of GlyNCs in PAO2 was collected. The samples analyzed
here were collected after performing 25 Stribeck cycles. After sep-
arating the GlyNCs from PAO2 by filtration, the released glyc-
erol was extracted from PAO2 with an acetonitrile—water mix-
ture. This mixture was analyzed by HPLC to quantify the amount
of released glycerol from the GlyNCs. The results obtained were
compared to a calibration curve prepared by dissolving known
amounts of glycerol in the acetonitrile-water mixture (Figure S5,
Supporting Information). GlyNCs used as additive can poten-
tially affect the friction in a tribological contact in two manners:
By the friction-reducing properties of the nanocarrier itself and
by the release of encapsulated glycerol, which would adhere to
the polar metal surface. The application of external loads at the
tribological contact can promote the mechanoresponsive release
from the GlyNCs and thus a reduction of friction is expected. As
Figure 6b shows, the amount of released glycerol increased with
increasing axial loads applied in the tribological contact. There-
fore, the lower friction observed for higher loads compared to
smaller loads (Figure 5a,c) originates from the presence of more
glycerol released from the GlyNCs. Although the fraction of glyc-
erol released is comparable for all tested axial loads, lower CoFs
were measured at higher axial load. Therefore, the lubricating ef-
fect observed with the GlyNCs at higher load can be attributed
to both the presence of the nanoparticles themselves, and the re-
lease of glycerol. The slow and limited release of glycerol from
the GlyNCs observed after 25 Stribeck cycles underlines the po-
tential of GlyNCs as lubricant additives to improve the long-term
performance of the base oil.

© 2021 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

‘[M acro-
olecular
Materials ana Engineering

www.advancedsciencenews.com

T
a) o1s0f 4
I . )
0.125 |- % L .

0.100

CoF
—i

0.075 | |

—p—
—p—
1

0.050 |- s

0.025 E

0.000 1 R 1 R I R 1
0 5 10 15

Axial Force (N)

b) o150l . ' i

0.125 - -

3 gl

»
1

0.100 -

CoF

0.075 -

=p—
—p—

0.050 |- I A

0.025 - -

0.000 L . L . L . L
0 5 10 15

GlyNCs loading in PAO2 (wt%)

c)o.s,.,...........

o
S
4 T
HEH
L
2 1

o
w
T
-
1

o
)
—
" .
e
1

ACoF / CoFPAO
=]
1
HH
1

0.0 -

0.6 07 0.8 0.9 1.0 1.1 12 13
NCO:OH ratio
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3. Conclusion

We demonstrated the synthesis of glycerol-based nanocarriers by
the reaction between glycerol nanodroplets and a cross-linking
agent. The partial polymerization of the glycerol led to the forma-
tion of sponge-like nanocarriers swollen with unreacted glycerol.
The control over the composition of the nanocarriers also allowed
for the control of the mechanical properties of the nanocarriers.
The Young’s modulus of the nanocarriers was measured for dif-
ferent chemical compositions, and the stiffness of the nanocar-
riers increased with the amount of cross-linker used during the
nanocarrier synthesis. Those nanocarriers were redispersed in
poly(a-olefin) to create smart lubricant systems. The tribological
studies of these lubricant systems in a ball-on-plates geometry
showed a strong influence of the GlyNCs on the behavior of the
system. Systematically, the addition of the GlyNC to the lubricant
system resulted in a decrease in wear and friction at the tribologi-
cal contact. In the presence of this lubricant additive, we observed
up to 58% reduction in friction and up to 65% in wear compared
to the pure lubricant. Ultimately, these results showed the com-
bined effect generated by the release of glycerol and the presence
of nano-objects in the tribological contact, which led to the con-
trol of the tribological properties of the system.

4. Experimental Section

Synthesis of Glycerol Nanocapsules: Glycerol nanocapsules (GlyNCs)
were prepared via inverse miniemulsion. The polar phase was composed
of glycerol (6.4 g; 5.2 mL; 69.5 mmol), Milli-Q water (0.32 g; 0.32 mL;
17.8 mmol), and CaCl, (70 mg; 0.5 mmol), and was stirred at 750 rpm
for 5 min. Simultaneously, the nonpolar phase was prepared by dissolv-
ing PGPR (0.64 g) in toluene (69.36 g; 80 mL; 0.868 mol). The two phases
were combined and stirred for 5 min at 1000 rpm. Then, the mixture was
pre-emulsified for 10 min with an Ultra-Turrax at 15 000 rpm. Finally, the
pre-emulsified mixture was passed through a microfluidizer (LM 10, Mi-
crofluidic corp.) equipped with an F20Y interaction chamber with channels
of 75 um at a pressure of 10 000 PSI for two cycles. After emulsification,
40 mL of the resulting miniemulsion was transferred to a round bottom
flask and stirred at 750 rpm. Subsequently, a solution of TDI (1.579 g;
1.294 mL; 9.066 mmol) in toluene (5.2 g; 6.0 mL; 56.5 mmol) was added
dropwise through a dropping funnel. The addition of TDI dissolved in
toluene was repeated at 1, 2, and 3 h after the first addition. Finally, the
mixture was allowed to react overnight at room temperature.

Purification and Transfer to PAO2: The as-prepared GlyNCs were pu-
rified by centrifugation (two cycles, 4 000 rpm; 20 min) to remove PGPR
and unreacted TDI. The toluene supernatant was removed and the precip-
itate was redispersed in fresh toluene. After another centrifugation cycle
(4000 rpm; 20 min) the precipitate was finally redispersed in cyclohexane.
A known amount of GlyNCs suspended in cyclohexane was added drop-
wise to 5 g PAO2 in a 20 mL vial while stirring vigorously to give different
loading of GlyNCs in PAO2 (5, 10, and 15 wt% GlyNCs relative to PAO2).
The mixture was stirred in an open vial overnight to evaporate cyclohexane
and obtain a suspension of GlyNCs in PAO2.

Tribological Measurements:  The tribological measurements were per-
formed by using a ball-on-three-plates geometry attached to a rheometer
(TA Discovery HR3). The stainless-steel plates were polished manually be-
fore the testing. The stainless-steel balls were used as received. A volume
of 0.3 mL oil containing different loading of GlyNCs was added to the ball-
on-three plates geometry, and the CoF was measured as the sliding speed
of the steel-ball was ramped up from 0 to 135 mm s~ followed by a ramp
down from 135 to 0 mm s~ This cycle was repeated either 5 or 25 times.

Quantification of Released Glycerol: After the tribological measure-
ment, the ball-on-three-plates geometry was rinsed with 15 mL cyclohex-
ane to collect the suspension of GlyNCs in PAO2 entirely. Subsequently,

© 2021 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 6. a) EDX measurement of metal surface after tribological measurement at the wear scar area (left) and outside the wear scar area (blue: C-C;
red: C—N; green: C-O; grey: O—C=0). b) Release of glycerol into the surrounding PAO after 25 cycles at different axial loads.

the mixture was filtered through a 250 nm syringe filter to remove
GlyNCs and obtain a clear liquid. The glycerol was extracted from
PAO2/cyclohexane after the addition of 15 mL acetonitrile:water mixture
(95:5).

After the separation of the two phases, the acetonitrile:water mixture
was recovered. The concentration of glycerol in the acetonitrile:water
mixture was quantified using a Hewlett Packard series 1100 HPLC sys-
tem equipped with a ERC RI-101 detector, using a polar Macherey-Nagel
NH(CHj3), column (250/4.6/5 um).

Characterization Methods: AFM measurements were performed with
a JPK3 nanowizard AFM equipped with Olympus microcantilevers with a
resonance frequency of 70 kHz and a spring constant of 2 N m~'. To de-
termine the Young’s modulus, the substrate surface was scanned in quan-
titative imaging mode with an applied force of 5 nN.

TEM was performed with a JEOL 1400 electron microscope and scan-
ning electron measurements with a 1530 Gemini LEO (Zeiss). Dynamic
light scattering measurements were performed using a Malvern Zetasizer
Nano-S90. Infrared spectroscopy was realized by using a PerkinElmer
Spectrum BX FT-IR system. TGA measurements were performed with a
TGA3 from METTLER-TOLEDO.
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