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We report the synthesis and characterization of ultra-tough polylactide-based ionic nanocomposites via melt-
blending of commercial polylactide (PLA), imidazolium-functionalized poly(ethylene glycol)-based poly-
urethane (im-PU) and surface-modified sulfonated silica nanoparticles (SiO2-SOsH) using extrusion techniques.
The proximity of bulky pendant imidazolium cationic sites attached onto the highly functionalized polyurethane
to the anionic sulfonate groups at the silica nanoparticle surface readily allow maximizing dynamic ionic in-
teractions within the resulting PLA-based materials. This new design leads to a unique property profile that
combines ultra-toughness (no break) and ductility (up to 150%), without critical loss of stiffness as well as
improved thermal stability (up to 40 °C higher compared to neat PLA). In addition, we present a detailed
mechanistic study aiming at elucidating the energy-dissipative toughening in these PLA/im-PU/SiO»-SOsH
blends under quasi-static and high-speed loadings (ca. impact, tensile, 3-points bending). Relying on Small-Angle
X-Ray Scattering (SAXS), creep and rheological measurements, a toughening mechanism is finally proposed to

account for the impact behavior of the resulting ionic nanocomposites.

1. Introduction

Dynamic polymer systems, whereby specific bonds or interactions
can undergo reversible breaking and restoration under certain condi-
tions offer exciting opportunities for the development of unique smart
materials with tunable functionality. Shape-memory [1,2], self-healing
[3,4]1, piezoelectric [5] or mechanochromic [6] materials have been
developed, taking advantage of their ability to physically or chemically
respond to an immediate environmental change. Dynamic systems can
be classified into two categories, depending on the dynamic exchange
mechanism involved, depicted as either dissociative or associative. The
former exploits chemical bonds that break and then subsequently re-
form, while the later involves the breaking of the original crosslinks,
together with the simultaneous creation of a new covalent bond to
another anchoring point (meaning that the number of covalent bonds is
constant) [7]. Leibler et al. developed the so-called vitrimers based on
associative mechanisms, leading to thermosets combining high stiffness
and recyclability at molten state [8]. However, side-reactions or
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degradation are usually induced during material processing at high
temperature and thermosets cannot be easily reprocessed by traditional
means. Numerous methods involving a variety of dissociative
non-covalent dynamic interactions such as hydrogen bonding [9],
Diels-Alder cycloaddition [4], n-n stacking [10], metal-ligand coordi-
nation [11-13] and ionic bonding [14] have been thereby utilized to
create reprocessable physically crosslinked polymers. The latter is
illustrated by Surlyn®, a commercial poly(ethylene-co-methacrylic
acid)-based ionomer resin manufactured by Dupont™ [2]. Compared to
other physical crosslinks, the dynamic and reversible nature of electro-
static interactions present in ionic systems offers the possibility to
endow materials with enhanced dissipation of energy under mechanical
testing [15-17], elastic recovery properties [18] or even uncommon
strain-dependency [19]. As such, Mayumi and Long et al. [18,19] pro-
vided the stress-strain relation of model dual crosslink gels based on
permanent and ionic transient crosslinks. Using a three-dimensional
finite strain model, they ultimately proved that the gels show
rate-dependent mechanical response, suggesting that improved
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mechanical properties are closely tied up to the breaking and reattach-
ing of the transient ionic crosslink present in the network. Likewise, Rose
et al. [20] have focused on the time dependence of dissipative and re-
covery processes in nanohybrid hydrogels that combine a poly(N,
N-dimethylacrylamide) covalent network and physical interactions by
adsorption of polymer chains at the silica nanoparticle surface. Note that
these physical crosslinks are further able to dissipate strain energy
during their dynamic exchanges, thus delaying the macroscopic rupture
of the material [21].

Building on the ionic motif, our group recently designed multi-
responsive ionic nanocomposites that combine simultaneous improve-
ment in stiffness, toughness and extensibility [14]. In addition, the
nanocomposites exhibit unique strain-dependent behavior (i.e. the
deformation increases with increasing strain rate) and return to the
normal state after deformation including not only shape-memory but
also self-healing behavior that were attributed to the dynamic and
reversible nature of the ionic imidazolium-sulfonate interactions present
in the system. In another approach, biosourced polylactide (PLA) was
endowed with shape-memory properties by blending commercial PLA
with imidazolium-terminated glassy PLA and rubbery poly[e-capro-
lactone-co-D,L-lactide] oligomers and adding surface-modified silica
nanoparticles [1]. The silica nanoparticles herein played a vital role in
determining the overall material performance by creating temporary
crosslinks between the polymer chains [22]. In the present contribution,
we leverage the reversibility endowed to ionic systems specifically with
the reinforcement effect provided by these nanoparticles to design
ultra-tough PLA-based ionic nanocomposites with high-energy dissipa-
tion under quasi-static and high-speed loadings. It is worth recalling that
the brittle nature of PLA is a perpetual challenge for its industrialization,
which prompted us to investigate some of the potential advantages of
introducing electrostatic interactions into the system. While extrusion
techniques are preferred to solvent casting for its large-scale imple-
mentation, high electrostatic charge density are required to optimize the
dynamics within the PLA-based materials [23,24]. Herein, poly
(ethylene glycol) (PEG)-based additives have been demonstrated to be
the ideal candidate for toughening brittle PLA. Integrating high molec-
ular weight PEG-based ionic polyurethanes with pendant imidazolium
cations (im-PU) and surface-modified sulfonate silica nanoparticles
(Si02-SO3H) into a conventional PLA matrix thereby appeared to us as a
promising strategy to toughen PLA, while avoiding any plasticization
effect related with low molecular oligomers. Besides, the dynamic na-
ture of the ionic bonds present in the PLA-based nanocomposites pro-
vides an additional mechanism for toughening PLA over a wide range of
strain rate. The present work further aims at establishing the mechanism
of the energy-dissipative toughening as well as delineating the key pa-
rameters responsible for the final material performance. The system
presented here represents a platform for designing more advanced
PLA-based materials that would offer exciting opportunities for a wide
range of applications including biomedical [25], packaging [26], tex-
tiles [27], automotive [28] or even 3D printing [29].

2. Experimental section
2.1. Materials

A commercially available extrusion-grade PLA (NatureWorks 4032D,
Mn = 133,000 + 5000 g mol ™!, B = 1.94 + 0.06 as determined by size-
exclusion chromatography and 1.4 + 0.2% D-isomer content as provided
by the supplier) was dried for 24h under vacuum at 70 °C. Hexam-
ethylene diisocyanate (HMDI, >98%, Aldrich) was stored in a glove box.
Polyethylene glycol (PEG, 2000 g mol~!, Alfa Aesar), poly(ethylene
glycol-ran-propylene glycol) (PEG-ran-PPG, 2500 g mol !, Sigma), 2,2-
bis(bromomethyl)propane-1,3-diol (BBPDO, 98%, Sigma), 1-methyl-
imidazole (99%, Aldrich), dibutyltin dilaurate (DBTDL, 95%, Sigma),
Ludox HS30 colloidal silica (mean diameter 18 nm, Aldrich), 3-
(hydroxysilyl)-1-propane sulfonic acid (SIT, 40 wt%, Gelest), sodium
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hydroxide solution (1M, Aldrich), anhydrous tetrahydrofuran (THF,
>99.8%), anhydrous N,N-dimethylformamide (DMF, >99.7%, Alfa
Aesar), diethyl ether (>99%, Aldrich), Ultranox®626 (Chemtura) were
used without further purification.

2.2. PLA-based ionic nanocomposite preparation

Imidazolium-functionalized poly(ethylene glycol)-based poly-
urethane (im-PU) made of semi-crystalline PEG (M, ~ 107,000 g mol ™!,
b =~ 3.0, yield ~ 95%) or amorphous PEG-ran-PPG (M, ~ 111,000 g
mol™}, B ~ 2.3, yield ~ 96%) and sulfonate functionalized silica
nanoparticles (ca. 17 + 5 nm of diameter, 1 + 0.1 mmol of SO3H/g of
silica) were prepared according to a previously reported procedure [14].
The as-synthesized im-PU is dissolved in deionized water followed by the
dropwise addition of the sulfonate silica suspension under stirring,
sonication and freeze-drying to form ionic im-PU/SiO2-SOsH hybrids.
The resulting ionic materials were subsequently melt-blended with PLA
at 180 °C and 60 rpm for 5 min under nitrogen using a twin-screw
micro-compounder (15 cm®). The resulting PLA-based ionic nano-
composites were shaped into specimens of various geometries by
compression molding at 180 °C using the following procedure: no
pressure for 2 min, followed by 3 degassing steps and 1 min under 10
bars.

2.3. Characterization techniques

Proton nuclear magnetic resonance (1H NMR) spectra were recorded
in DMSO, using a Bruker AMX-500 spectrometer at a frequency of 500
MHz. Size-exclusion chromatography (SEC) were carried out on an
Agilent 1200 apparatus in THF (containing 2 wt% of NEts3). Samples in
solution (1 mg mL 1) were injected with a 1 mL min~?! flow rate at 35 °C
in a pre-column PL gel 10 mm (50 x 7.5 mm) followed by two gradient
columns PL gel 10 mm mixed-B (300 x 7.5 mm). Molecular weights and
molecular weight distributions were calculated by reference to a relative
calibration curve made of polystyrene standards. Rheological measure-
ments were performed using an Anton Paar Rheometer MCR-302 using a
plate-plate geometry system with a 25 mm diameter. Frequency sweep
measurements were performed at 60 °C for the ionic im-PU/SiO2-SOsH
systems and at 180 °C for the resulting ionic PLA/im-PU/SiO>-SO3H
nanocomposites with a strain of 1% (linear viscoelastic regime) and a
frequency range between 0.01 Hz and 100 Hz. Creep-recovery experi-
ments were further used to measure the elasticity of the material. A
constant shear stress of 50 Pa was applied for 300s followed by a re-
covery of 600s, when the shear stress is set back to zero. Small Angle X-
ray Scattering (SAXS) experiments were carried out using a Xeuss 2.0
(XENOCS) with a GeniX3D microsource (A = 1.54 ;\). The sample-to-
detector distance was 1001 mm. Dynamic mechanical thermal ana-
lyses (DMTA) were performed under ambient atmosphere using a DMTA
Q800 apparatus from TA Instruments in a dual cantilever mode. The
measurements were carried out at a constant frequency of 1 Hz, an
amplitude of 20 ym and a temperature range from —80 °C to 150 °C at a
heating rate of 2 °C.min"". Tensile tests were carried out on a Zwick
universal tensile testing machine (speed = 1 mm min !, preload = 5N)
according to ASTM D638. The volume energy of deformation is defined
as Egy = [, 0.d(¢), where o is the nominal stress and ¢ the nominal
strain. Notched Izod impact tests were performed according to ASTM
D256 using a Ray-Ran 2500 pendulum impact tester (mass = 0.668 kg,
speed = 0.46 m s™L E = 4J). Room-temperature impact-fractured sur-
faces of samples were analyzed through a transmission electron micro-
scopy (TEM) using a Philips CM20 microscope operated at 200 kV. For
recording TEM images, the samples were ultra-cryomicrotomed at
—100 °C by a Leica UCT microtome. ImageJ software was used to
analyze the morphological structures on TEM images and estimate the
particles and microdomains sizes within the matrix. 3-points bending
tests were performed at room temperature on pre-notched samples at
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Fig. 1. (A) Storage modulus and (B) loss factor as a function of frequency of neat im-PU (made of PEG-ran-PPG building blocks) (black squares) and resulting ionic
im-PU/SiO-SO3H systems containing 10 wt% (red circles) and 20 wt% (blue triangles) of SiO»-SOsH. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 2. SAXS measurements of neat im-PU (made of PEG building blocks)
network (black curve), and resulting ionic im-PU/SiO>-SO3H systems contain-
ing 10 wt% of SiO>-SO3H (red curve). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

displacement rates of 0.1 mm min~! (ca quasi-static mode) and 100
mm min~! (ca. high speed mode) using an Instron E3000 electromag-
netic tensile machine and cameras at a frame rate of 0.5 fps or 200 fps for
the lowest or highest test speed, respectively. Fracture surfaces of
specimens were sputter-coated with gold and then analyzed through
scanning electron microscopy (SEM) using a Philips XL20 microscope
(1-30 kV). Thermal gravimetric analysis (TGA) was performed using a
TGA Q500 from TA Instruments at a heating rate of 20 °C.min"! from
room temperature to 800 °C, under nitrogen flow.

3. Results and discussion

The design of ultra-tough polylactide (PLA)-based materials relies on
the close vicinity of the cationic imidazolium rings to the anionic sul-
fonate groups [30]. Fabrication of the new PLA-based ionic hybrids is
based on blends obtained from commercial PLA with
imidazolium-functionalized PEG-based polyurethanes (im-PU) and
surface-modified sulfonate silica nanoparticles (SiO2-SO3H) using
solvent-free extrusion techniques. Since the imidazolium groups are
randomly distributed along the polyurethane backbone at high con-
centration (i.e. 10 mol%), we can expect that all the imidazolium rings
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Fig. 3. Complex viscosity n* as a function of frequency of neat PLA (black
squares), PLA containing 20 wt% of im-PU (made of PEG-ran-PPG building
blocks) (red circles) and resulting ionic PLA-based nanocomposites containing
20 wt% of im-PU/Si02-SOsH (90/10 wt%) (blue triangles) or 20 wt% of im-PU/
Si0,-SO3H (80/20 wt%) (green diamonds). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 4. Recoverable compliance after creep experiments of neat PLA (black
squares), PLA containing 20 wt% of im-PU (made of PEG-ran-PPG building
blocks) (red circles) and resulting ionic PLA-based nanocomposites containing
20 wt% of im-PU/SiO»-SO3H (90/10 wt%) (blue triangles) or 20 wt% of im-PU/
Si0,-SO3H (80/20 wt%) (green diamonds). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 5. (A) Thermogravimetric analyzes (TGA) and (B) derivative (DTGA) of neat PLA (black), PLA containing 20 wt% of im-PU (made of PEG-ran-PPG building
blocks) (red) and resulting ionic PLA-based nanocomposites containing 20 wt% of im-PU/SiO»-SO3H (90/10 wt%) (blue) or 20 wt% of im-PU/SiO>-SO3H (80/20 wt
%) (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1

Mechanical properties of neat PLA, binary PLA/SiO,-SO3H and PLA/im-PU (made of PEG-ran-PPG building blocks) blends and resulting ionic ternary PLA/im-PU/

Si0,-SO3H-based nanocomposites.

Composition [wt%] E [GPa] oy [MPa] ey [%] Eqer [MPa] 1S [kJ/mz]
PLA 3.1+0.1 61 +8 3+0.5 1.1 +£0.1 3+0.5
PLA + 2% SiO»-SOsH 3.3+0.1 61 +£2 25+05 0.9 +0.1 3+05
PLA + 10% im-PU 2.7+0.1 40 +£3 62 +7 10+1 4.3+0.4
PLA + 10% im-PU/Si0O>-SO3H (90/10)" 2.7+0.1 39+1 72 £15 12+1 5.5+ 0.5
PLA + 10% im-PU/Si0,-SO3H (80/20)" 2.7+0.1 34+0.1 100 + 22 24 +2 7+1

PLA + 20% im-PU 22+0.1 20+ 2 64 +9 11+1 12+1
PLA + 20% im-PU/Si02-SOsH (90/10)° 23+0.1 28+1 75 +£12 13+2 No Break
PLA + 20% im-PU/Si0,-SO3H (80/20)" 23+0.1 27 +£1 142 + 38 26+5 No Break

E: Young’s modulus; 6y: Yield stress; ep,: Strain at break; Eqer: Volume energy of deformation; IS: Impact strength.

@ This blend is referred as 90 wt% PLA, 9 wt% im-PU, 1 wt% SiO,-SO3H.
Y This blend is referred as 90 wt% PLA, 8 wt% im-PU, 2 wt% Si0,-SO3H.
¢ This blend is referred as 80 wt% PLA, 18 wt% im-PU, 2 wt% SiO-SO3H.
d This blend is referred as 80 wt% PLA, 16 wt% im-PU, 4 wt% SiO>-SO3H.

are largely accessible to the sulfonate groups around the silica nano-
particles, therefore maximizing the electrostatic interactions in the
system. Prior to introducing the ionic im-PU/SiO>-SO3H systems into the
PLA matrix, rheological measurements were used to monitor the for-
mation of the dynamic ionic network. At low frequencies, the storage
modulus increases by several order of magnitude upon the addition of
Si0o-SOsH into im-PU (see Fig. 1 for PEG-ran-PPG-based im-PU and
Fig. S1 for corresponding PEG-based im-PU). The loss factor tan(5) is
frequently independent from 10 to 20 wt% of SiO2-SO3H, confirming
the creation of an extensive 3D network of silica nanoparticles within
the material for these loadings [31]. Note that the theoretical charge
balance (i.e. 1:1 ratio of sulfonate: imidazolium) is achieved at about 10
wt% of SiO2-SOsH. Since not all the sulfonate groups onto the silica
surface are accessible to the imidazolium groups along the polymer
chains, higher content of silica nanoparticles (from 10 to 20 wt%) is
required maximizing the electrostatic interactions in the system. Small
Angle X-Ray scattering (SAXS) experiments were performed to further
characterize the system. Fig. 2 shows the Lorentzian representation of
integrated intensity profiles I(q). While the ionic systems based on im-PU
made from amorphous PEG-ran-PPG are characterized by broad peaks,
the ones made of semi-crystalline PEG show better crystallographic
characteristics (Fig. 2). A maximum peak observed at 0.045 A lisdueto
the average long period (L,) of PEG building blocks, i.e. the regular
stacking of the amorphous and crystalline layers. Using Bragg’s equation
[32] (L, = 2n/Qmax) and the position of the maximum peak, we can
estimate L, at ca. 13.4 nm. Adding 10 wt% of SiO.-SO3H into im-PU

made of PEG building blocks leads to three scattering peaks at 0.021,
0.033 and 0.066 A, respectively. Peaks at 0.033 and 0.066 A™! are due
to the silica nanoparticles. Fitting I(q) with a Gaussian function led to a
particle radius of 17.3 nm and size distribution of 7.4 nm, which is
consistent with monodisperse silica nanoparticles of ca. 17 nm. The
SAXS data suggests that the electrostatic interactions are critical in order
to achieve a good nanoparticle dispersion. Furthermore, the addition of
silica nanoparticles shifts the ascribed to im-PU characteristic length
from 0.045 A~ t0 0.021 A~%, which correspond to ~13.4 nm and 31 nm
for neat im-PU and the ionic im-PU/SiO>-SOsH systems, respectively.
The difference of ~17 nm is attributed to the contribution of silica
nanoparticles (ca. 17 + 5 nm of diameter) in the long-periodicity,
reinforcing the critical importance of ionic interactions for achieving a
good dispersion.

After confirming the critical nature of ionic interactions between
imidazolium and sulfonate groups, the resulting ionic systems (i.e. im-
PU/SiO>-SOsH at 90/10 and 80/20 wt%) were subsequently melt-
blended with PLA using extrusion techniques. Recall that ionic im-PU/
Si02-SOsH systems are maximizing Coulomb interactions at 90/10 and
80/20 wt%, which should in turn endow the resulting PLA-based
nanocomposites with dynamic behavior. Rheological measurements
show that adding 20 wt% of ionic im-PU/SiO2-SOsH systems into
commercial PLA leads to a significant increase of the storage modulus
(Fig. S2) and the complex viscosity (Fig. 3) in the lower frequency
regime, confirming the establishment of an extensive 3D particle
network within the ionic PLA-based nanocomposite. The ability of the
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PLA nanocomposites to dissipate energy is compared to neat PLA using
creep-experiments (Fig. 4). The recoverable compliance increases with
the recovery time for neat PLA, showing an inflection point at inter-
mediate recovery times (ca. 5s). The addition of either im-PU or ionic im-
PU/SiO2-SO3H systems increases the elastic compliance of the PLA
matrix consistent with the final blend viscosity. Note that the steady-
state elastic compliance increases as the amount of SiO2-SOsH in-
creases into the hybrids, thanks to the ability of the ionic network to
dissipate energy. Furthermore, while the simple PLA/im-PU blends show
no inflection point, the creation of temporary ionic crosslinks upon the
addition of Si0,-SOsH into PLA/im-PU blends leads to an inflection
point at short recovery times (ca. 0.1s).

Odent et al. attribute the mechanism by which the ionic systems
dissipate strain energy to the dissociation dynamics of the ionic cross-
links as well as motion of the nanoparticles under applied stress [14].
Dynamic mechanical thermal analysis (DMTA) was thereby used to
investigate the molecular mobility of the system (Fig. S3). While neat
PLA is characterized by an apparent alpha transition (Ta) of ca. 56 °C,
PLA/im-PU (made of PEG-ran-PPG building blocks) blends show two
distinct peaks at ca. —59 °C and 53 °C, which are attributed to im-PU and
PLA matrix, respectively. Adding SiO2-SOsH into these blends shifts the
characteristic Ta peak of im-PU towards lower temperatures, while the
characteristic Ta peak of PLA shifts towards higher temperatures (the
difference of temperature AT is about 7 °C). We attribute this behavior
to the limited mobility of silica nanoparticles at the molecular level. We
believe, even though, that the nanoparticles are mobile enough to create
temporary crosslinks between the polymer chains, which in turn result
in large energy dissipation. Herein, creep-experiments using DMTA
readily allow attesting for the large energy dissipation when the stress is
released (Fig. S4). Note that the use of high molecular weights im-PU
clearly limit the plasticization extent of the PLA commonly observed in
the case of melt-blending of PLA-based systems. As far as the creation of
ionic im-PU/SiO2-SO3H crosslinks within PLA could largely improve its
thermal stability, thermal investigations are also required in this work
(Fig. 5). Note that the simple addition of sulfonated silica nanoparticles
within PLA led to a reduced reprocessability if not neutralized by the
proximity of imidazolium cationic groups. In contrast, a two-step
degradation at ca. 329 °C and ca. 402 °C respectively attributed to the
continuous PLA matrix and the dispersed im-PU phase is recorded for the
simple PLA/im-PU blends. Further loading SiO>-SOsH into the
PLA/im-PU blends significantly shift the degradation processes to higher
temperatures. For instance, an increase of ca. 42 °C is recorded for the
resulting ionic PLA-based nanocomposites containing 20 wt% of
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Fig. 6. TEM images and schematic representations
of the morphologies (white part represents the im-PU
nodules, red squares are the cationic imidazolium
rings and yellow circles are the anionic sulfonate
functionalized silica nanoparticles) of (A) PLA con-
taining 20 wt% of im-PU (made of PEG-ran-PPG
building blocks) and resulting ionic PLA-based
nanocomposites containing (B) 20 wt% of im-PU/
Si0,-SO3H (90/10 wt%) or (C) 20 wt% of im-PU/
Si02,-SOsH (80/20 wt%). (For interpretation of the
references to colour in this figure legend, the reader
is referred to the Web version of this article.)

im-PU/Si0O2-SO3H (80/20 wt%) compared to neat PLA (i.e. from 341 °C
to 383 °C). We believe that silica nanoparticles act as interfacial com-
patibilizers, strengthening the adhesion between polymer components
which in turn allow high thermal stability. Note that weight losses are
also consistent with the blend composition of resulting PLA-based ma-
terials and that the dynamic and reversible nature of the ionic
imidazolium-sulfonate interactions present in the system allow
enhanced reprocessability, while degradation is usually more prone to
occur at high temperature during material processing.

In our design, we envisioned that the dissociation dynamics of the
ionic crosslinks should allow fine-tuning of the overall material perfor-
mances. To that end, tensile and impact properties of the ionic PLA-
based nanocomposites were determined and compared to neat PLA as
well as binary PLA/SiO»-SOsH and PLA/im-PU blends (Table 1). Note
that while we focus on the simplicity about the PLA-based ionic hybrids
based on the amorphous PEG-ran-PPG-based im-PU, the corresponding
systems made of semi-crystalline PEG-based im-PU show similar trends
(Table S1). The neat PLA behaves as a stiff and glassy material with a
high Young’s modulus of 3.1 GPa, a strain at break of 3% and an impact
strength of 3 kJ/m2. The simple addition of SiO,-SO3H within PLA
resulted in a decrease in elongation at break (2.5%) but an increase in
Young’s modulus (3.3 GPa) together with no change in impact strength
(3 kJ/m?). When 10 or 20 wt% of im-PU is blended within PLA, a
decrease of the Young’s modulus (ca. 2.2 MPa) together with an increase
of strain at break (ca. 64%) are seen. Addition of SiO,-SO3H within such
PLA/im-PU blends improves significantly the overall material perfor-
mance. For instance, the ionic PLA nanocomposites containing 20 wt%
of im-PU/Si0O,-SOsH (80/20 wt%) show a strain at break of 142%,
together with a Young’s modulus of ca. 2.3 MPa. This is a remarkable
behavior as improvements in modulus in most nanocomposite systems
are typically accompanied by a decrease in strain at break. The most
striking feature concerns the significant increase in the dissipated
deformation energy (obtained from tensile testing, i.e. quasi-static strain
rate) and the impact strength (obtained from impact testing, i.e. high
strain rate) of the ionic PLA nanocomposites (Table 1). Under quasi-
static loadings (i.e. slow strain rate), we see that the dynamic ionic
crosslinks relax, so that the progressive breaking and restoration of the
ionic linkages allow the new ionic nanocomposites to sustain high levels
of strain (Fig. S5). As a result, the volume energy of deformation in-
creases from 1.1 MPa for neat PLA, 0.9 MPa for binary PLA/SiO»-SOsH
blend and 11 MPa for the non-ionic PLA/im-PU blends to 26 MPa for the
ionic nanocomposites containing 20 wt% of im-PU/SiO»-SOsH (80/20
wt%). While such a loading (20 wt% of im-PU/SiO>-SO3H) is surely the
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Fig. 7. SEM images of room-temperature fractured surfaces of (A, A’) neat PLA, (B, B") PLA containing 20 wt% of im-PU (made of PEG-ran-PPG building blocks) and
resulting ionic PLA-based nanocomposites containing (C, C) 20 wt% of im-PU/SiO>-SO3H (90/10 wt%) or (D, D’) 20 wt% of im-PU/SiO>-SO3H (80/20 wt%) under
quasi-static (A, B, C, D) and high loadings (A’, B’, C’, D).
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best compromise between high performance and degradation, lower
loadings also provide mechanical reinforcement with a Young’s
modulus of ca. 2.7 MPa, a strain at break of ca. 100% and an impact
strength of ca. 24 kJ/m? at 10 wt% of im-PU/SiO>-SO3H (80/20 wt%)
within PLA.

We also predicted that the dissociation dynamics of ionic crosslinks
should enable large energy dissipation under high loadings (i.e. under
impact testing), as previously reported by Rose et al. [20]. A
brittle-to-ductile transition characterized by a 4-fold increase in impact
strength (12 =+ 1 kJ/m?) is seen for the simple blends containing 20 wt%
of im-PU in PLA. On the other hand, no break (IS > 60 kJ/m?) under
impact testing is observed in the case of the ionic PLA nanocomposites.
Recall that the inherent brittleness of PLA is a perpetual challenge for its
large-scale industrial implementation. Although a more detailed anal-
ysis to relate the strain-dependent behavior with the dynamic nature of
the system might be needed, our results already suggest, in good
agreement with recent investigations by Mayumi et al. [18], that tran-
sient ionic crosslinks are able to dissipate energy under a large range of
deformation rate and for different kinds of mechanical loadings.

Transmission electron microscopy (TEM) analyses revealed cavities
attributed to the dispersed immiscible im-PU within the PLA matrix
(Fig. 6). In the ionic nanocomposites the major fraction of silica nano-
particles is specifically located at the PLA/im-PU interface, strength-
ening the interfacial adhesion between the polymeric components and,
therefore, the overall material performances [22]. Note, though, that
silica nanoparticles are not exclusively located at the PLA/im-PU inter-
face and could be partly found within each polymeric partners (i.e. PLA
matrix and im-PU microdomains). The morphologies of all nano-
composite samples are consistent with maximizing electrostatic in-
teractions between the sulfonate and imidazolium groups on the silica
and PU chains, respectively. It is worth noting that a microdomain size
between ~700 and 900 nm is usually a precondition to efficiently
toughen PLA-based materials [22,33]. In the ionic nanocomposites the
mean size of the dispersed microdomains increases from ~250 nm to
500 nm, i.e. a 2-fold increase, upon the addition of SiO>-SOsH. Starting
from its optimum microdomain average size, the emergence of great
energy dissipative toughening mechanisms (referred as crazing,
shear-yielding and debonding) becomes possible [24].

Scanning electron microscopy (SEM) of room-temperature fractured
surfaces of the samples is shown in Fig. 7. While the brittle PLA matrix
displays a very limited plastic deformation, high deformations and
plasticity are evidenced in the PLA-based materials (Fig. S6). Stress
whitening is widely observed under quasi-static (i.e. 0.1 mm/min) and
high loading (i.e. 100 mm/min). This is due to the classical role of the
dispersed phase acting as local stress concentrators at many sites
throughout the material and initiating elementary toughening mecha-
nisms. While crazing is responsible for the brittle character of PLA
(Fig. 6a), localized zones of micro-voids and micro-fibrils are found
upon the addition of im-PU within the PLA matrix, which contribute to
enhanced crazing upon deformation (Fig. 7b). Addition of SiO2-SO3H to
form the nanocomposites contributes to other energy-dissipative
mechanisms, promoting shear band nucleation upon increasing defor-
mation (Fig. 7c—d). The capacity of shear bands to stabilize craze growth
thereby leads to improved energy dissipation before rupture. It may be
that the specific localization of silica nanoparticles at the PLA/im-PU
interface strengthens the adhesion between polymer components, pro-
moting interfacial cavitation under stress by a so-called debonding
mechanism. Note, however, that moving from quasi-static (i.e. 0.1 mm/
min) to high loading (ie. 100 mm/min) does not seem to provide a
greater energy-dissipative toughening mechanism (Fig. S6). Yet, we
believe the dissociation dynamics of the ionic crosslinks are responsible
for toughening resulting ionic PLA-based nanocomposites.

4. Conclusions

Ultra-tough PLA-based ionic nanocomposites that leverage the
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reversible character of ionic bonds with the reinforcing effect of nano-
particles were demonstrated. The new materials are made of
imidazolium-functionalized PEG-based polyurethanes (im-PU) and
surface-modified sulfonate silica nanoparticles (SiO2-SOsH) blended
with commercial PLA using melt extrusion. The presence of the ionic
domains all along the polymer chains based on the cationic imidazolium
rings on the complementary polymer interacting with the anionic sul-
fonate groups on silica endow the resulting nanocomposites with ultra-
toughness (no break on impact) and ductility (up to 150%) without
critical loss of stiffness as well as improved thermal stability (40 °C
higher than the neat PLA). SAXS and rheological analyses confirmed the
presence of ionic imidazolium-sulfonate interactions as well as the cre-
ation of an extensive 3D network of silica nanoparticles within the
materials. The work presented evidence for the toughening mechanism
related to the final mechanical performance. As expected, the ionic
nanocomposites can undergo one or a combination of the most dissi-
pative toughening mechanisms, namely the occurrence of crazing and
shear-yielding, which promote high deformation and plasticity under
quasi-static and high loadings compared to the neat PLA. Finally, the
overall material performance was attributed to the dissociation dy-
namics of the ionic crosslinks in the system.
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