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ABSTRACT: Even though reversible interactions within ionic hydrogels are
well-studied, underlying mechanisms responsible for the high-value added
performance of ionic nanocomposites remain almost unexplored. We herein
propose a fundamental understanding aiming at elucidating the mechanism
behind the reversible breaking and reformation of ionic bonding in the case
of organic−inorganic hybrids made of a combination of imidazolium-
functionalized poly(ethylene glycol)-based polyurethane (im-PU) and
surface-modified sulfonate silica nanoparticles (SiO2−SO3H). Such ionic
hybrids already demonstrated unique features related to the presence of
electrostatic interactions, but the underlying mechanisms governing the
overall material performance have never been discussed. To dissociate the
reinforcement role of nanoparticles and ionic interactions, either standard
nonionic SiO2 or ionic SiO2−SO3H nanoparticles were introduced into im-
PU. Mechanical performances, thermal transitions, relaxation processes, and the morphology of the hybrids were deeply investigated
to better comprehend the mechanisms at the origin of the ionic material reinforcement. In addition, a mechanistic investigation is
proposed to quantify the dissipation energy ability of the as-proposed ionic hybrids, and an approach is presented to identify a
characteristic time for restoration of reversible ionic bonds under different loading scenarios.
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Dynamically reversible chemistries where specific bonds or
interactions can undergo reversible breaking and

restoration under certain conditions have gained extensive
attention and opened up inspiring pathways for the design of
tunable adaptive materials.1 Owing to these attributes and
reversibility, these materials have unique features including
shape-memory, self-healing, stimuli-responsiveness, and adapt-
ability.2−6 A variety of dynamic interactions is noncovalent
bonding represented by hydrogen bonding,7 π−π stacking,8

metal−ligand coordination,9−11 hydrophobic association,12

guest−host interactions,13 and ionic bonding.14−16 Among
them, ionic systems differentiate from other dynamic
polymeric materials as the resulting electrostatic interactions
can be easily tuned and controlled by adequately choosing the
nature, charge density, and ionic strength of ions and
counterions.17−19 While the behavior mechanism in ionic
materials is not well understood, several mechanistic
approaches have been performed on dual network (DN)
hydrogels to model ionic interactions.20−22 Such polymeric
systems are excellent models to permit in-depth understanding
of the breaking/reforming responses of ionically modified
materials. As summarized in our recent review, investigations
aiming at developing theoretical models to predict stress

during loading−unloading cycles on the basis of experimental
data were done.23−26 Taking into account the reattachment of
ionic cross-links after breaking and stress-dissipation, Hui and
Long’s model justified toughening and rate-dependent
behaviors as well as self-healing ability.23 Such a model gave
access for the first time to the dissipation energy related to
transient network rupture and was extendable to hydrogels
containing multiple reversible interactions. Later, Long et al.
established an enhanced model which included the strain
history of the material as well as the attachment and
detachment kinetics of ionic cross-links to perfectly fit
loading−unloading experiment data and fully characterize the
stress-dissipation process.24 Other approaches have been
explored to model large deformation viscoelastic responses25

or to explain phenomenon such as Mullins effect (i.e., stress
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softening)27 and self-healing ability.23,26 Still, shedding light on
the fundamental mechanism underlying more advanced ionic
polymeric materials is appealing, especially on these ionic
nanocomposites.
Building on ionic motifs, our group recently designed ionic

nanocomposites made of a combination of imidazolium-
functionalized polymers and surface-modified sulfonate silica
nanoparticles (SiO2−SO3H). The proximity of the imidazo-
lium cationic sites to the anionic sulfonate groups allowed
maximizing Coulomb interactions. Poly(ethylene glycol)-based
polyurethane (im-PU) nanocomposites were thereby devel-
oped to combine the dynamic and reversible nature of ionic
imidazolium-sulfonate interactions with the reinforcement
ability of nanoparticles in nanocomposites.28 As a result, stiff,
tough and highly stretchable nanocomposite materials showing
remarkable shape-recovery and self-healing behaviors were
obtained. In addition, the nanocomposites exhibited unique
strain-rate-dependent mechanical behavior (i.e., yield stress,
Young’s modulus and more uncommonly ultimate strain at
break increased when increasing strain rate). Ionically modified
silica nanoparticles are herein thought to play a crucial role in
the overall material performance by creating multiple
temporary cross-links between the imidazolium-functionalized
polymer chains.28 Recall that the inherent brittleness of
polylactide (PLA) is a perpetual challenge for its industrializa-
tion, we further investigated some of the potential advantages
of introducing electrostatic interactions into such system.29

Integrating the resulting ionic im-PU/SiO2−SO3H systems
into a conventional PLA matrix thereby promoted the
emergence of greater energy dissipative toughening mecha-
nisms under quasi-static and high loadings compared to neat
PLA. Meanwhile, we showed that conventional, nonresponsive
PLA can be endowed with shape-memory behavior by
blending commercial PLA with imidazolium-terminated glassy
PLA (im-PLA) and rubbery poly-[ε-caprolactone-co-D,L-
lactide] (im-P(CL-co-LA) oligomers and adding SiO2−
SO3H.

30 Yet, we believe the dissociation dynamics of the
ionic imidazolium−sulfonate cross-links are responsible for the
appealing performance of these as-designed materials.
Although these contributions demonstrated some potential
advantages of introducing electrostatic interactions in these
hybrids, establishing the exact mechanism behind the ionic
dissociation as well as delineating the key parameters
responsible for the final material performance remain complex
and challenging.
In the present contribution, we propose a fundamental

understanding aiming at elucidating the underlying mecha-
nisms behind the reversible breaking and reformation of ionic
bonding in ionic organic−inorganic hybrids. Ionic im-PU/
SiO2−SO3H nanocomposites are herein selected as a model
system that leverage the reversible character of ionic bonds
with the reinforcing effect of nanoparticles. The success of the
material suggested multiple critical questions that we sought to
address in this work: Can we precisely distinguish the
contribution of the nanoparticles addition toward electrostatic
interactions on the overall material performances? Is any
change in crystallization behavior, in molecular mobility, or in
the reversibility of the ionic cross-links the dominant
mechanism responsible for the high-value added performance
of ionic organic−inorganic hybrids?. First, the introduction of
either standard nonionic SiO2 or ionic SiO2−SO3H into im-PU
is envisioned to precisely distinguish the contribution of the
nanoparticles addition toward electrostatic interactions on

mechanical performances, thermal transitions, morphology,
and the crystallization process. Dielectric spectroscopy and the
time−temperature superposition (TTS) principle applied to
rheology highlight the role of ionic polymer/particle
interactions on the material reinforcement based on relaxation
and resistance to flow energy activation modifications,
respectively. The present work also relies on a mechanistical
approach to fully characterize these reversible ionic inter-
actions and explain the energy dissipation process under-
pinning, while proposing a strategy to approach the character-
istic time of ionic interactions to rebond after deformation and
rupture. The deeper understanding of dynamic interactions
within ionic nanocomposites might help one to precisely
design more advanced dynamic nanocomposites in the near
future.

■ EXPERIMENTAL SECTION
Materials. Hexamethylene diisocyanate (HMDI, > 98%, Aldrich)

was stored in a glovebox. Polyethylene glycol (PEG, 2000 g·mol−1,
Alfa Aesar), 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-propanesulfonic acid (SIT, 40 wt
%, Gelest), sodium hydroxide solution (1 M, Aldrich), anhydrous
tetrahydrofuran (THF, >99.8%), and anhydrous N,N-dimethylforma-
mide (DMF, >99.7%, Alfa Aesar) were used without further
purification.

Synthesis of Imidazolium-Based Diol. Here, 1 equiv of
BBPDO and 2.5 equiv of 1-methylimidazole were dissolved in a
minimum volume of dry THF into a glass flask and refluxed at 65 °C
for 24 h under stirring. After reaction, the imidazolium-based diol was
recovered by solvent evaporation under vacuum (yield ≈ 83).

Ionic Nanocomposite Preparation. Imidazolium-functionalized
poly(ethylene glycol)-based polyurethane (im-PU, Mn ≈ 95 000 g·
mol−1, Đ ≈ 2.6, yield ≈ 95%) and surface-modified sulfonate 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.27

Briefly, imidazolium-functionalized polyurethanes were synthesized by
the reaction of 1.2 equiv of hexamethylene diisocyanate with 0.9 equiv
of polyethylene glycol oligomer, 0.1 equiv of imidazolium-based diol,
and catalytic amounts of dibutyltin dilaurate in anhydrous DMF at 65
°C for 6 h under nitrogen. The imidazolium-functionalized polyur-
ethane was recovered by precipitation into a 10-fold excess of diethyl
ether, followed by filtration and drying under vacuum. The as-
synthesized im-PU was 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−SO3H
hybrids. The resulting materials were shaped into films by
compression molding at 60 °C using the following procedure: no
pressure for 2 min followed by three degassing steps and 1 min under
10 bar. The 1H NMR spectra (CDCl3, δ, ppm) at 7.44 (1H, s, −N−
CH−N−) as well as 6.88 and 7.06 ppm (2H, s, −N−CHCH−N−)
confirmed the incorporation of imidazolium moieties into the
polymers. FTIR analyses and suitable physical pictures of resulting
materials are provided in Figure S1 in the Supporting Information.

Characterization Techniques. Proton nuclear magnetic reso-
nance (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 NEt3). Samples in solution
(1 mg·mL−1) were injected with a 1 mL·min−1 flow rate at 35 °C in a
precolumn PL gel 10 mm (50 × 7.5 mm) followed by two gradient
columns PL gel 10 mm mixed-B (300 × 7.5 mm). Molecular weights
and molecular weight distributions were calculated by reference to a
relative calibration curve made of polystyrene standards. Dynamic
mechanical thermal analyses (DMTA) were performed under ambient
atmosphere using a DMTA Q800 apparatus from TA Instruments in a
tension film mode. The measurements were carried out at a constant

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.1c01396
ACS Appl. Polym. Mater. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c01396/suppl_file/ap1c01396_si_001.pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c01396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


frequency of 1 Hz, an amplitude of 15 μm and a temperature range
from −80 to +70 °C at a heating rate of 2 °C·min−1. Thermal
gravimetric analyzes (TGA) were performed using a TGA Q500 from
TA Instruments at a heating rate of 20 °C·min−1 from room
temperature to 800 °C, under nitrogen flow. Differential scanning
calorimetry (DSC) were performed on a DSC Q200 from TA
Instruments using a heat−cool-heat method scanning from −80 to
+80 °C at a heating and cooling rate of 10 °C·min−1. Tensile tests
were carried out on a Zwick universal tensile testing machine (speed =
100 mm·min−1, preload = 1 N) on rectangular films (thickness ∼ 0.4
mm). After testing at 100 mm/min, samples were reheated using a
hairdryer during few seconds, and original shape of the sample was
recovered. Samples were then tested again for 3 cycles. Scanning
transmission electron microscopy (STEM) experiments were
performed on scanning electronic microscope Philips XL at an
accelerated voltage up to 30 kV and various magnitudes. The sample
films (70−80 nm thick) were previously prepared with a Leica UCT
ultracryomicrotome by cutting at −100 °C.
Shape-Memory Behavior. Shape-memory tests were performed

using a DMTA TA Q800 from TA Instruments in tension film mode
under force-controlled mode. Rectangular specimens (approximately
25 × 5 x 0.5 mm3) were cut from compression molded films. The
shape-memory behavior was characterized using a four-step program
as follows: (1) deformation, the sample is elongated by applying a
given load (stress ramp of 0.05 MPa/min until ca. 0.1 MPa, and strain
around 100%) at a temperature higher than the melting temperature
of im-PU (Tm ∼ 60 °C); (2) fixing, the sample is cooled to 0 °C
under a constant load; (3) unloading, the load is removed within 2
min (at intervals of 0.05 MPa until 0 MPa); and (4) recovery, the
sample is heated to 60 °C at a rate of 2 °C/min. Shape-fixation (Rf)
and shape-recovery (Rr) ratios were calculated using the following
equations:31

R Rf
un

ext
r

un f

ext

ε
ε

ε ε
ε

= =
−

where εext is the maximum strain before stress release, εun is the strain
after cooling and unloading, and εf is the final strain after heating
during the recovery step.
Dielectric Spectroscopy. Dielectric relaxation measurements

were performed on a Broadband Dielectric Spectrometer (Novocon-
trol Technologies) using samples of 25 × 25 mm2 placed between two
gold-plated electrodes (diameter of 20 mm). The complex
permittivity ε*( f) = ε·( f) − iε″( f), with ε′ the storage permittivity
and ε″ the loss permittivity, was measured in the frequency range
[10−1−106 Hz] using an Alpha Analyzer. Samples were analyzed at
different temperatures from −60 to +60 °C with a step of 5 °C.
Temperature stabilization phase was done at each temperature step.
Each relaxation was fitted with Havriliak−Negami function:

i(1 ( ) )HN
HN HN

0ε ε
ε ε
ωτ

* = +
−

+ α β∞
∞

with ε* the complex dielectric permittivity, ε0 and ε∞ the permittivity
at low and high frequency limits respectively, τHN the relaxation time,
and αHN and βHN the parameters describing the distribution of
relaxation times, i.e., respectively the symmetric and asymmetric
broadening of the complex dielectric response. Relaxation times τHN
related to α and β relaxation were then obtained from the fit of the
dielectric loss spectra. Vogel−Filcher−Tammann (VFT) and
Arrhenius equations were used to fit the relaxation time related to
respectively α-relaxation and β-relaxation:

VFT: e

Arrhenius: e

HN
E R T T

HN
E RT

0
/ ( )

0
/

a 0

a

τ τ

τ τ

=

=

− −

−

where τ corresponds to the relaxation time, τ0 is the pre-exponent
factor, Ea is the activation energy, T is the temperature, T0 is the
Vogel-temperature (T0 < Tg), and R is the universal gas constant.32

Time−Temperature Superposition (TTS). Rheological meas-
urements were performed using an Anton Paar Rheometer MCR-302

using a plate−plate geometry system with a 25 mm diameter.
Frequency sweep measurements using time temperature super-
position (TTS) were performed from 50 to 100 °C with a step of
10 °C (temperature stabilization of 5 min), a strain of 1% and a
frequency range between 0.1 and 100 Hz. Horizontal shift factors aT
were applied in order to overlap curves along the reference
temperature (arbitrary selected as 70 °C) and obtain mastercurves.33

Note that no vertical shift factors bT were applied here. Arrhenius
equation was used in order to determine activation energies by fitting
evolution of aT with the temperature:

a
E
R T T

ln( )
1 1

T
ref

a
i

k
jjjjjj

y

{
zzzzzz= −

where Ea is the activation energy, R the universal gas constant, T the
temperature, and Tref the reference temperature (here, Tref = 70 °C).
Meanwhile, the Williams−Landel−Ferry (WLF) equation was used to
try to fit shift factors:

a
C T T

C T T
ln( )

( )

( )T
ref

ref

1

2
=

− * −
+ −

Here C1 and C2 are the empirical factors, T is the temperature, and
Tref is the reference temperature.33

Small-Angle X-ray Scattering (SAXS). Small-angle X-ray
scattering (SAXS) experiments were carried out on the beamline
1W2A at the Beijing Synchrotron Radiation Facility (BSRF).34 The
wavelength of the X-ray radiation was 1.54 Å. The detector was
Pilatus 1 M (DECTRIS), which contains 981 × 1043 pixels with a
pixel size of 172 × 172 μm2. The exposure time for the sample was 10
s for each sample. The sample to detector distance was 2862 mm.
Intensity profiles were obtained by averaging the two-dimensional
(2D) patterns by Fit2D package. SAXS curves of nanocomposites
were fitted by polydisperse spheres combining with a structure factor
with an attractive potential (stickyhardsphere in SASview).35

I q P q S q( ) ( ) ( )= ×

The model assumes a potential among the particles:

U r

r

U r

r

( )

,

,

0,
0

l
m
ooooo

n
ooooo

σ

σ σ

σ
=

∞ <
− ≤ ≤ + Δ

> + Δ

where σ is the diameter of the sphere (σ = 2R), Δ is the width of the
square well, and U0 is the depth of well in units of kT. Similar
parameters were used for SAXS measurements during tensile testing.
Samples were stretched at a strain-rate of 10 mm·min−1 up to 50% of
strain, then held for 1 min and finally unloaded up to 0 N. Images
were taken before stretching and after each step. Note that the
scattering signal from the neat im-PU has been subtracted from the
nanocomposites.

Mechanistic Investigations. Samples for mechanistic inves-
tigation were cut from compression-molded films into dog-bone
specimens (ASTM D638). Loading−unloading uniaxial cycles were
performed at room temperature using an Instron E3000 electro-
magnetic tensile machine. Different loading and unloading speeds (1,
10, or 100 mm·min−1) were applied, with a maximum stretching of
50% strain for im-PU and 20, 40, or 60% strain for polypropylene
composite loaded with talc particles and elastomeric nodules.
Loading−unloading tests were monitored using a Manta G camera
(12.4 Mpx, 4112 × 3008 resolution) at a frame rate of 1 fps or 12 fps
for the lowest or highest test speed, respectively. For some
measurements, a holding time (up to 15 min) was imposed between
loading and unloading steps. Digital Image Correlation (DIC) was
used to extract true local strains on the zone of interest (ZOI) thanks
to the tracking of a black and white speckle deposited in specimen
surface.36 VIC 2D software was used for the DIC as well as Matlab for
further analysis of data.
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■ RESULTS AND DISCUSSION

Rheological Behavior and Dielectric Relaxation. Ionic
organic−inorganic hybrids that leverage the electrostatic
interactions of imidazolium-functionalized poly(ethylene gly-
col)-based polyurethanes (im-PU, ca. 0.1 mmol·g−1) and
surface-modified sulfonate silica nanoparticles (SiO2−SO3H,
ca. 1 mmol.g−1) are purposely fabricated (Figure 1).
Rheologically, the materials transition from liquid-like to
solid-like behavior as the concentration of SiO2−SO3H
increases (Figure S2 in the Supporting Information). The
loss factor tan(δ) is frequently independent from 10 wt % of
SiO2−SO3H, confirming the creation of an extensive 3D
network of silica nanoparticles within the material at this
loading. Herein, 10 wt % of SiO2−SO3H is required for
theoretically achieving the neutralized charge balance (i.e., 1:1
ratio of sulfonate:imidazolium), so maximizing Coulomb
interactions. In such systems, substituting ionic SiO2−SO3H
by standard nonionic SiO2 is envisioned to precisely
distinguish contributions of the nanoparticle addition toward
electrostatic interactions on the mechanism behind the high-
value added performance of ionic nanocomposites. Rheological
measurements show that adding either nonionic SiO2 or ionic
SiO2−SO3H nanoparticles within im-PU leads to an increase of
the storage modulus in the lower frequency regime that can be
attributed to the formation of a physical nanofiller network
(Figure S3 in the Supporting Information).37 Though, the
addition of ionic SiO2−SO3H nanoparticles leads to higher
storage modulus at low frequencies and a nearly frequency-
independent loss factor (Winter−Chambon criterion), con-
firming the presence of ionic imidazolium-sulfonate inter-
actions as well as the establishment of an extensive 3D network
of silica nanoparticles within the material at such silica
loading.28

Applying the time temperature superposition (TTS)
principle shows an excellent superposition of data, confirming
that the materials do not change (chemically or physically)
during the rheological measurement (Figure 2).38 Reporting
the evolution of horizontal shift factors (aT) with the
temperature demonstrates that these materials follow an
Arrhenius law in the temperature range of 50 to 100 °C
(Figure 3). Meanwhile, the data do not fit with the Williams−
Landel−Ferry law (Figure S4 and Table S1 in the Supporting
Information), suggesting that the viscoelastic properties are
rather governed by thermally activated processes than volume
processes.39 Arrhenius equation thereby provides the best
overview of dynamic properties and gives access to activation
energy Ea, which is herein proportional to the energy required
to break and reform ionic interactions.40 While neat im-PU has
an activation energy of 35 kJ mol−1, adding nonionic SiO2
reduces this energy to 29 kJ mol−1. It is commonly known that
filler addition lowers Ea due to the reduction of cohesion
within the final material. In contrast, adding ionic SiO2−SO3H
to generate the ionic hybrid leads to significant increase of the
activation energy up to 42 kJ mol−1, that we ascribe to the
formation of ionic sulfonate-imidazolium interactions in the
system, thus reinforcing the overall material performance.
Similar evolutions of activation energy have been observed

by performing dielectric spectroscopy measurements (Figure
S5 in the Supporting Information). From low to high
temperature, the β-relaxation process is first well-recognized
and followed by the appearance of α-relaxation (while β-
relaxation disappears), suggesting a type B glass former (Figure
S6 in the Supporting Information).41 While the α-relaxation
corresponds to a large-scale rearrangement of im-PU segments,
the β-relaxation is associated with the local mode, i.e.,
segmental motions from the amorphous im-PU chains.42,43

Figure 1. Ionic nanocomposites synthesized via self-assembly of im-PU and SiO2−SO3H that leverage Coulomb interactions.
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Using Havriliak−Negami fitting (see Experimental Section), β-
relaxation presents lower relaxation times over a large range of
temperature compared to α-relaxation (Figure 4). While
relaxation times of both α and β-relaxations decrease upon

the addition of nonionic SiO2, a significant increase is observed
when silica nanoparticles are ionically modified (i.e., SiO2−
SO3H). Few authors have already reported that the reduction
of α-relaxation time upon the addition of conventional
nanofillers (such as SiO2) is due to restricted polymer chains
mobility.43 In contrast, the reduction of β-relaxation time is
often related to an enhanced brittleness of the material, which
is confirmed by mechanical investigations (see nonionic im-
PU/SiO2, Table 1). While the increase of β-relaxation time
with the addition of nanofillers (as observed for ionic im-PU/
SiO2−SO3H, see Figure 4) has never been clearly explained,44

we attribute this phenomenon to the presence of electrostatic
interactions in the system which toughen the material without
strongly affecting the im-PU polymer chain mobility. Classic
determination of the activation energy for α-relaxation using
Vogel−Fulcher−Tammann (VFT) model (see Experimental
Section) is herein impossible due to the narrow temperature
range (i.e., 233 to 258 K) and the overlay within the
conductivity contribution at high temperature and low
frequency.45 Yet, the activation energy associated with β
relaxations is obtained through Arrhenius fitting (see Figure 4).
That is, activation energy Ea of nonionic im-PU/SiO2 and ionic
im-PU/SiO2−SO3H hybrids are respectively lowered (ca. 91 kJ
mol−1) and enhanced (ca. 151 kJ mol−1) compared to neat im-
PU (ca. 107 kJ mol−1). Thereby, the presence of reversible
ionic interactions between polymer chains and silica nano-
particles is thought to be responsible for the more cohesive
properties of the resulting ionic hybrid.

Morphology and Crystallization. Small-angle X-ray
scattering (SAXS) experiments are performed in order to
measure the level of dispersion of either standard nonionic
SiO2 and ionic SiO2−SO3H nanoparticles within im-PU
matrix. Figure 5 compares the intensity profiles I(q). Neat
im-PU presents a maximum of intensity at 0.048 Å−1 related to
its average long-period, i.e. the stacking of amorphous layers
and crystalline lamellae. The long-period is thereby estimated
by using Bragg’s equation (Lp = 2π/qmax) at 13.1 nm in
accordance with previous observations.29 Adding either
standard nonionic SiO2 or ionic SiO2−SO3H nanoparticles
into im-PU lead to greater intensity due to the high stiffness

Figure 2. Application of TTS principle to rheology data (storage
modulus (A) and tan δ (B)) of neat im-PU (squares), nonionic im-
PU/SiO2 hybrid (circles), and ionic im-PU/SiO2−SO3H hybrid
(triangles).

Figure 3. Arrhenius plots derived from TTS shift factors of neat im-
PU (black, squares), nonionic im-PU/SiO2 hybrid (red, circles), and
ionic im-PU/SiO2−SO3H hybrid (blue, triangles).

Figure 4. Activation energy of α (open dots) and β (solid dots)
relaxations derived from dielectric spectroscopy of neat im-PU (black,
squares), nonionic im-PU/SiO2 hybrid (red, circles), and ionic im-
PU/SiO2−SO3H hybrid (blue, triangles).
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contrast between the nanoparticles and the polymer matrix.
Although the volume concentration of silica nanoparticles is
low within im-PU matrix (ca. 5.5 vol % related to 10 wt %),
SAXS profiles do not fit to sphere form factor as one would
expect for spherical silica nanoparticles. Though, at small q, i.e.,
within the Guinier region, a relationship of I ∼ q2 is observed
for both nonionic im-PU/SiO2 and ionic im-PU/SiO2−SO3H
nanocomposites. In contrast, a potential energy corresponding
to a thickness of ca. Δ = 8 Å and a depth of ca. U0 = 3 kT is
extracted by fitting with polydisperse spheres combining a
structure factor with an attractive potential model (see the
Experimental Section). The fitting further indicates an average
radius of silica nanoparticles of 80 Å with a polydispersity of
0.13 assuming a Gaussian size distribution consistent with
monodisperse silica nanoparticles of ca. 17 ± 5 nm. Though,
there are small differences between the SAXS profiles of
nonionic im-PU/SiO2 and ionic im-PU/SiO2−SO3H nano-
composites. That is, the low-q region of the scattering curve is
characteristic for the overall dimension of the particle within
the polymer matrix. In this region, the decrease of the slope of
the fit to the Guinier region for the ionic im-PU/SiO2−SO3H
hybrid reflects higher levels of dispersion of the nanoparticles
in the polymer. Besides, STEM measurements show the ionic
nanocomposites to be size-homogeneous and well dispersed
which we attribute to the presence of electrostatic interactions
in the system (Figure S7 in the Supporting Information). We
also found that the particle dispersion is not affected under
mechanical loadings with no clear appearance of particle
aggregation or modification of form factor in SAXS profiles
(Figure S8 in the Supporting Information).

It is well-known that nanoparticles can further act as
nucleating agent, thus amplifying the crystallization of any
polymeric materials.46 Overall, adding either nonionic SiO2 or
ionic SiO2−SO3H nanoparticles within im-PU impact the
crystallinity (Table 1 and Figure S9 in the Supporting
Information), crystal nucleation (Figure S10 and Figure S11
in the Supporting Information) and growth (Figure S12 in the
Supporting Information) of im-PU matrix (Figure S10 in the
Supporting Information). Though, differences in crystallization
behavior between nonionic im-PU/SiO2 and ionic im-PU/
SiO2−SO3H nanocomposites are observed. That is, the ionic
im-PU/SiO2−SO3H hybrid leads to crystallization at higher
temperature but of lower enthalpy compared to nonionic im-
PU/SiO2 hybrid (Table 1 and Figure S9 in the Supporting
Information). On the other hand, crystallization kinetics reveal
that induction time (Figure S10 in the Supporting
Information) and half-time (Figure S11 in the Supporting
Information) of crystallization of the ionic im-PU/SiO2−SO3H
hybrid are superior to the nonionic im-PU/SiO2 hybrid.
Meanwhile, the growth rates of spherulites for ionic im-PU/
SiO2−SO3H (i.e., characterized by numerous tiny-size
spherulites) is slower than nonionic im-PU/SiO2 (i.e.,
characterized by a few large-size spherulites) and neat im-PU
(Figure S12 in the Supporting Information). The latter results
suggest that the presence of imidazolium-sulfonate ionic
interactions in the system hinder the crystallization process.
Since the nanoparticles and polymer chains carry multiple
ionic groups (i.e., SiO2−SO3H, ca. 1 mmol·g−1; im-PU, ca. 0.1
mmol·g−1), it is reasonable to speculate that these strong
polymer−particle interactions seriously hinder the chain
mobility, resulting in enhanced suppression of crystallization.47

Thermal Stability and Mechanical Response. At first
sight, adding either standard nonionic SiO2 or ionic SiO2−
SO3H into im-PU matrix leads to an increase of storage
modulus on DMTA temperature sweep profiles (Figure S13 in
the Supporting Information). While neat im-PU and nonionic
im-PU/SiO2 reveal a drop of moduli at ca. 42 °C (i.e., melt
temperature of im-PU), ionic im-PU/SiO2−SO3H does not
flow but rather displays a slight softening at ca. 45 °C followed
by a plateau at higher temperature. We believe that the
extensive 3D network resulting from ionic interactions
between anionic sulfonate sites at the silica nanoparticle
surface and cationic imidazolium groups attached onto the
highly functionalized im-PU is responsible for these properties.
Typical dissociative noncovalent dynamic systems usually show
no plateau as the continuous rupture/reformation of the 3D
network allows the polymeric material to flow.48,49 Our
unexpected result is herein explained by the presence of
strong ionic interactions (ca. imidazolium−sulfonate inter-
actions) and the reduced molecular mobility of nano-
composites is further approached by tensile investigations
(Table 1). While the significant increase in modulus is typically
accompanied by a decrease in elongation at break and
mechanical dissipated energy (i.e., area under the stress−strain

Table 1. Thermomechanical Properties of Neat im-PU, Non-Ionic im-PU/SiO2 Hybrid, and Ionic im-PU/SiO2−SO3H Hybrida

sample E [MPa] σy [MPa] εb [%] Edef [MJ·m−3] Tc [°C] ΔHc [J·g
−1]

im-PU 230 11.4 1600 210 19.8 71
im-PU/SiO2 370 7.0 3 0.1 21.5 87
im-PU/SiO2−SO3H 270 12.1 1600 240 22.8 64

aKey: E, Young’s modulus; σy, yield stress; εb, strain at break; Edef, volume strain energy dissipated under tensile testing; Tc, crystallization
temperature; ΔHcryst, crystallization enthalpy

Figure 5. SAXS profiles and fitting curves of neat im-PU (squares),
nonionic im-PU/SiO2 hybrid (circles), and ionic im-PU/SiO2−SO3H
hybrid (triangles).
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curve) in nonionic im-PU/SiO2 hybrid, the ionic im-PU/
SiO2−SO3H hybrid reveals simultaneous improvement in
stiffness and energy dissipation compared to neat im-PU.
Recall that the only difference between both nanocomposites is
the surface functionalization of silica nanoparticles with anionic
sulfonate moieties that endow the system with reversible
dynamic ionic interactions. All in all, the ionic nanocomposite
not only possesses exceptional mechanical performance but
further exhibits unique shape-memory features (Figure S14 in
the Supporting Information). While neat im-PU and nonionic
im-PU/SiO2 did not possess any shape-memory ability, the
ionic im-PU/SiO2−SO3H presented fixity ratio of ca. Rf =
100% and a recovery ratio of ca. Rr = 78% (Tact. > Tm ≈ 37
°C). They are further mechanically robust after multiple
rounds of thermal reprocessing or recycling (Figure S15 in the
Supporting Information).
Mechanistic Understanding and Underlying Mecha-

nism. It is commonly established that the reversible nature of
ionic cross-links confers strain-rate dependent behaviors to
ionic polymeric materials.20,50,51 Unlike the vast majority of
studies available in literature, loading−unloading cyclic tests at
different strain rates using the “true axial deformation” from
camera acquisition and Digital Image Correlation (DIC) post-
treatment instead of the “machine deformation” (i.e.,
computed from jack displacement) are herein performed,
thus providing the true response of the material to mechanical
loads (i.e., including internal inertia or Mullins effect).36 While
nonionic im-PU/SiO2 nanocomposite displays very limited
plastic deformation and inherent brittleness (see Table 1),
ionic im-PU/SiO2−SO3H nanocomposite dissipates ca. 3 times
more energy than neat im-PU upon successive loading−
unloading cycles (Figure 6 and Table S2 in the Supporting
Information). We attribute this large energy dissipation to the
dissociation dynamics of ionic imidazolium-sulfonate inter-
actions present in the system with the reinforcement ability of
nanoparticles in nanocomposites. Besides, the ability of neat
im-PU to dissipate energy decreases with the succession of
cycles caused by local damage that progressively weakened the
material (Table S2 in the Supporting Information). In contrast,
the ionic im-PU/SiO2−SO3H nanocomposite does not show
any significant drop of energy dissipation when repeatedly
stretched to large deformation. We believe that electrostatic
interactions can selectively undergo reversible breaking and
restoration upon repeated loadings, thus limiting irreversible
damage.52

Based on several mechanistic studies performed on DN
hydrogels, it is well-documented that the breakage of the
reversible ionic bonds is sensitive to strain-rate during the
loading process.22,24,25,53 Whereas during unloading, the
mechanical response is not sensitive to the strain-rate because
there is no breakage of the reversible ionic interactions during
the unloading process. Typically, increasing the strain rate
leads to a decrease of dissipated energy for neat im-PU. In
contrast, the ionic im-PU/SiO2−SO3H nanocomposite can not
only sustain much higher level of strain but also shows a higher
energy dissipation ability at higher strain-rate, in accordance
with previous observations published by Odent et al. (Figure
S16 and Table S3 in the Supporting Information).28 Unlike
loading, unloading does not affect the amount of dissipated
energy since no additional breakage occurs during this step.
We attribute the mechanism by which the ionic nano-
composite dissipates strain energy to the dynamic exchanges

of the ionic cross-links20,24 as well as motion of the
nanoparticles under applied stress.54,55

Stress−relaxation measurements where loading and unload-
ing phases are separated by a holding time at constant
stretching readily allow determining the time needed for
reversible ionic interactions to reform (Figure 7). Defining the
evolution of apparent modulus during the unloading process
(via the slope of stress−strain curves) further allows to
estimate damage in materials. For instance, a conventional
polypropylene-based composite exhibits greater irreversible
damages at higher loadings (Figure S17 in the Supporting
Information) as indicated by a decrease of apparent modulus
during unloading. In addition, the resulting material is not
affected by the holding time on residual strain generation
during the cyclic mechanical stimulation (Figure S18 in the
Supporting Information). Therein, only specimens that
experienced similar level of damage before the holding period
to ensure similar maximum true axial strain are strictly
compared. As a result, ionic im-PU/SiO2−SO3H hybrids that
experienced a holding time of 2s and 10s are paired together,
whereas holding periods of 30s and 5 min forms another pair
(Figure 7). During unloading, the apparent modulus of the
ionic im-PU/SiO2−SO3H hybrid is expected to increase with
the holding time likely owing to the restoration of the ionic
cross-links. Still, no significant difference is observed in

Figure 6. Mechanical behavior under successive cycle loadings of (A)
neat im-PU and (B) ionic im-PU/SiO2−SO3H hybrid (50% strain;
strain rate of 10 mm·min−1).
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specimens that are held during 2, 2, and 10 s which indicates
too short holding times to recover the physical ionic network
(Figure 7A). In contrast, a stiffening effect is clearly evidenced
when the ionic im-PU/SiO2−SO3H hybrids experienced a
holding time of 5 min, which we assume resulting from the
restoration of the ionic cross-links (Figure 7B). These findings
are consistent with observations in DN hydrogels,22,24,25,53

though, we observe much longer time-scales required for
complete relaxation in our system. We believe that the
enhanced relaxation times of these ionic cross-links are likely
due to the nanoparticle-induced changes in the polymer
segmental dynamics.

■ CONCLUSIONS
Although the responsive mechanism in ionic materials have
been analyzed through several mechanistic approaches based
on DN hydrogels, establishing the exact mechanism behind the
ionic dissociation as well as delineating the key parameters
responsible for the final material performance remain complex
and challenging. In the present work, we proposed a
fundamental understanding aiming at elucidating the under-
lying mechanisms behind the reversible breaking and
reformation of ionic bonding in ionic organic−inorganic
hybrids. The ionic nanocomposites leverage the reversible
character of ionic bonds between imidazolium-functionalized

polyurethanes and surface-modified sulfonate silica nano-
particles with the reinforcing effect of nanoparticles. Introduc-
ing ionic imidazolium-sulfonate interactions in the system led
to the formation of an extended 3D network with unique
property profile. First, introduction of either standard nonionic
SiO2 or ionic SiO2−SO3H into im-PU readily allowed us to
precisely distinguish the contribution of the nanoparticle
addition toward electrostatic interactions on mechanical
performances, thermal transitions, morphology, and the
crystallization process. Compared to the nonionic counterpart,
the presence of reversible imidazolium-sulfonate interactions
within ionic im-PU/SiO2−SO3H nanocomposite endowed the
material with good nanoparticles dispersion, enhanced
mechanical properties (i.e., yield stress, energy dissipation),
and higher energy relaxation processes. Time−temperature
superposition and dielectric spectroscopy permitted us to
characterize the presence of ionic interactions and quantify
relaxation modifications and cohesion improvement through
determination of activation energies. The overall improved
cohesion of the material through the incorporation of ionic
interactions also modified the crystallization process. All these
improvements appeared to be governed by two parameters: the
dynamic and reversible nature of the electrostatic imidazolium-
sulfonate interactions and the reduced mobility at the
molecular level. The mechanistical approach confirmed the
reversibility of the ionic cross-links allowing the material to
restore after large deformation and resulting in energy
dissipation following a unique strain-dependent behavior.
Finally, loading−unloading cycles with holding time offers an
interesting strategy to approach the dissociation kinetics of
ionic interaction. Thereby, we brought, at least partially, a
better understanding of the responsive mechanisms governing
the superior performance origins of organic−inorganic ionic
hybrids. We believe this work would inspire other authors to
finely characterize ionic polymeric materials and design future
ionic hybrids with adaptable properties.
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