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ntrollable dynamic borate
polydimethylsiloxane networks for enhancing
energy dissipation of elastomers†
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Pingping Lou,a Hua-Feng Fei *ab and Zhijie Zhanga

Borosiloxane-based materials, such as polyborosiloxane (PBS) are ideally utilized as impact-protective

materials due to their shear-stiffening behavior, providing effective protection against injury. Current

strategies rely on blending them with functional fillers or scaffolds to enhance impact-protective

performance or achieve specific functionalities. However, the unclear structure–property relationships of

borosiloxane-based materials have hindered their further development. Herein, we utilize viscoelasticity-

controllable dynamic borate PDMS networks (PPDBS) for constructing PPDBS/PDMS double-network

elastomers (SSEs) that exhibit excellent energy dissipation properties. The ultrahigh energy dissipation

characteristics of SSEs are attributed to the rapid characteristic relaxation and high internal friction

inherent to the network. We found that SSEs not only exhibit excellent damping properties (tan d > 0.3)

over a broad frequency (0.01–50 Hz) and temperature (−20–140 °C) range, but also demonstrate

superior impact-protective performance compared with most commercial materials, including PBS. This

work opens up a new avenue for the design of high-performance impact-protective and dampingmaterials.
1. Introduction

Impact-protective materials play a crucial role in attenuating
the impacts of shock and vibration on industrial equipment,
precision instrumentation, and human beings.1–3 Smart mate-
rials hold signicant potential for the design of next-generation
impact-protective materials, as they can respond to external
stimuli and undergo transition from a so to a rigid state upon
impact, thereby providing effective protection against injury.4–8

Borosiloxane-basedmaterials, such as Silly Putty, also known
as polyborosiloxane (PBS) or shear-stiffening gel (SSG), are
typical smart materials that exhibit soness-stiffness switch-
ability characteristics.9–12 The fascinating viscoelasticity of these
borosiloxane-based materials arises from the dynamic B–O
bond exchange progress and the overall timescale of network
rearrangement.13–15 Specically, these materials exhibit viscosity
characteristics with owability over long timescales and a rigid
mechanical behavior at high strain rate. The combination of the
dynamic B–O bond and the high mobility of poly-
dimethylsiloxane units endows borosiloxane-based materials
on High-tech Polymer Materials, Institute

s, Beijing, 100190, P. R. China. E-mail:

f Chinese Academy of Sciences, Beijing,
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with unique properties, positioning them as a promising
material for applications in shock-wave dissipation,16 impact
resistance,17–20 exible sensing,21–25 battery protection,26–28

mouthguards,29 magnetorheological materials,30 and other
areas of contemporary signicance. Inspired by the shear-
stiffening behavior during the external impact, a series of
products based on borosiloxane-based materials have also been
fabricated and considered as a perfect t for impact-resistant
devices.31,32

Despite extensive exploration of blending polymer uids,33

various functional llers or scaffolds with them to enhance
performance or achieve specic functionalities, the funda-
mental understanding of structure–property relationships
remains limited.34 The architecture of the polymer plays
a crucial role in determining the overall properties of dynamic
networks.35–37 Structural regulation of crosslinkers and topology
optimization of borosiloxane-based materials are considered
effective strategies to further enhance their impact-protective
performance.38,39 However, the unclear correlation between
initial compositional parameters of borosiloxane-based mate-
rials and the resulting viscoelastic properties has hindered the
optimization of energy dissipation characteristics and shear-
stiffening behavior. This knowledge gap ultimately restricts
the systematic enhancement of the impact-protective perfor-
mance in borosiloxane-basedmaterials, presenting a signicant
challenge for their advanced applications in impact protec-
tion.40 Thus, this current work is aimed at providing a compre-
hensive understanding of the structure–property relationship of
This journal is © The Royal Society of Chemistry 2025
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borosiloxane-based materials for optimization of the perfor-
mance of impact-protective materials.

In this study, we present a PPDBS/PDMS double-network
elastomer (SSE) that exhibits remarkable energy dissipation
characteristics and shear-stiffening behavior. These character-
istics are achieved through the controlled regulation of the
viscoelastic properties of borosiloxane-based materials (Fig. 1a).
The PPDBS/PDMS double-network elastomer comprises two
interpenetrating networks: a permanently crosslinked PDMS
network and a dynamic borate PDMS network (PPDBS). The
covalently crosslinked PDMS network provides structural
stability and mechanical strength, while the fascinating visco-
elastic properties of PPDBS contribute to the material's energy
dissipation characteristics and shear-stiffening behavior
(Fig. 1b). Because of the claried structure–property relation-
ship of PPDBS, precise enhancement of the elastomer's energy
dissipation can be achieved through systematic regulation of
the PPDBS network structure. Owing to the rapid characteristic
relaxation and high internal friction inherent in elastomers, the
prepared SSE-0.85-110k materials exhibit controllable high
damping properties (tan d > 0.3) across a broad frequency and
temperature spectrum, along with signicant impact-protective
properties (Fig. 1c). We hope the present work can promote the
development of high-performance impact-protective materials.
Fig. 1 Schematic illustration of the preparation procedure and character
the dynamic borate PDMS network (PPDBS) and the dynamic exchange p
network elastomer. (c) Characteristics of the PPDBS/PDMS double netw

This journal is © The Royal Society of Chemistry 2025
2. Results and discussion
2.1. Design principle of the PPDBS/PDMS double network
elastomers and preparation of PPDBS networks

In this study, we conducted a one-pot procedure to prepare the
PPDBS/PDMS double network elastomers as illustrated in
Fig. 1b. PPDBS and the Pt catalyst (0.1 wt%) was added into the
PDMS precursors and were mixed together, and then the
mixture was poured into the model and cured at 120 °C for 2 h
to obtain PPDBS/PDMS double-network elastomers. The struc-
tural architecture of the elastomers features a dual-network
system consisting of two interpenetrating polymeric networks:
(1) a permanently crosslinked polydimethylsiloxane (PDMS)
network and (2) a dynamic borate PDMS network (PPDBS). We
used the condensation reaction between 1,4-phenyl-
enediboronic acid (PDBA) and siloxane diols (PDMS-OH) to
form the PPDBS networks. Concurrently, covalently crosslinked
PDMS networks were engineered through platinum-catalyzed
Si–H/C]C coupling to establish permanent network connec-
tivity. These distinct reactions facilitated the formation of
a dual-network system comprising two interpenetrating poly-
meric networks.

The dynamic borate PDMS network (PPDBS) was initially
investigated to understand the relationship between the
istic of the PPDBS/PDMS double network elastomers. (a) Preparation of
rogress of the B–O bond. (b) Preparation of the PPDBS/PDMS double
ork elastomers.

J. Mater. Chem. A, 2025, 13, 28100–28110 | 28101
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viscoelastic properties and the initial materials. The condensa-
tion reaction between 1,4-phenylenediboronic acid (PDBA) and
siloxane diols (PDMS-OH) with varying molecular weights was
employed to form the PPDBS networks (Tables S1 and S2†).
Representative images of these materials are shown in Fig. S1†
and 2a. For convenience, the resulting materials are denoted as
PPDBSx, where x indicates themolecular weight of the PDMS-OH.

To systematically investigate the inuence of cross-linker
structure on the viscoelastic properties of the dynamic borate
PDMS network, PBS networks were also synthesized for
comparative analysis (Fig. S2†). The molecular structures of
PPDBS networks were characterized using ATR-FTIR and solid-
state 11BMAS NMR spectroscopy. The FT-IR spectra revealed the
absence of signals above 3000 cm−1 and the presence of a Si–O–
B bond at 1340 cm−1, indicating the formation of Si–O–B bonds
through mutual condensation of B–OH and Si–OH groups
(Fig. 2b).38 No tetragonal B–O asymmetric stretching bands
(1050–850 cm−1) were observed in the FT-IR spectra, conrming
that boron atoms are covalently bonded to silicone backbones
in PPDBS.16 The new peaks at 1310 cm−1 and 1290 cm−1

correspond to organic vibrations of the phenyl ring. Addition-
ally, the intensity of the Si–O–B bond at 1340 cm−1 gradually
Fig. 2 Characterization and viscoelastic properties of PPDBS networks.
transparent. (b) FT-IR spectra of PDBA, PDMS1200, and PPDBS1200. (c)
11B MAS NMR of PBS1200, PPDBS4200, PPDBS1200, and PDBA. (e) Freque
PPDBS networks. The sc values of PPDBS networks are labelled by dashed
(g) Frequency dependence of the loss factor (tan d) for PPDBS networks

28102 | J. Mater. Chem. A, 2025, 13, 28100–28110
decreased from PPDBS1200 to PPDBS110000 due to decreasing
boron content (Fig. 2c).

To further probe the chemical environment of the boron
centers on PPDBS networks, 11B MAS NMR was conducted on
PDBA, PPDBS1200, PPDBS4200, and PBS1200 (Fig. 2d). The
aromatic ring in PPDBS1200 resulted in a higher chemical shi
compared to PBS1200, and the broad chemical shi was attrib-
uted to the local disorder present in PPDBS networks.14 In addi-
tion, a single broad peak around 22 ppm was consistent with
a trigonal boron species that decreased with the decreasing boron
contents, which ruled out the possibility of any dative bonding in
the PPDBS networks.41 The glass transition temperature (Tg) of
the dynamic networks was measured using differential scanning
calorimetry, and for both PPDBS and PBS, a rise in Tg was noted
when the crosslink density rose (Fig. S5†). Furthermore, PPDBS
networks demonstrated superior thermostability, thereby broad-
ening their application temperature range (Fig. S7†).
2.2. Viscoelasticity investigation of dynamic borate PDMS
networks

To investigate the impact of network structure on the visco-
elastic properties of PPDBS networks, oscillatory shear
(a) Photographs of the PPDBS networks. All the samples are optically
FT-IR spectra of PPDBS networks with varied crosslinking densities. (d)
ncy dependence of the storagemodulus (G0) and loss modulus (G00) for
lines and arrows. (f) The terminal relaxation times of PPDBS networks.

.

This journal is © The Royal Society of Chemistry 2025
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rheological frequency sweeps were conducted over a range of
0.01 to 50 Hz for these materials. As shown in Fig. 2e, all
samples exhibited characteristic viscoelastic behavior, main-
taining a rubbery plateau at higher frequencies with storage
moduli (G0) ranging from 50 kPa to 500 kPa, which increased
with the increasing crosslink density. Below the crossover
frequency (where G0 = G00), the networks displayed uid-like
behavior analogous to PBS, as evidenced in Fig. S9.†42

Notably, PPDBS1200 and PPDBS4200 exhibited no crossover
within the measured frequency range, suggesting that their
transition frequency occurs below 0.01 Hz. To further compre-
hensively understand the viscoelastic properties of the PPDBS
networks, we plotted master curves following the time–
temperature superposition (TTS) at the reference temperature
of 25 °C (Fig. S11–S14†). The activation energy (Ea) was obtained
from the horizontal shi factors (aT) as a function of tempera-
ture, and a decrease in Ea with decreasing crosslink density was
observed (Fig. S11–S14†) which is consistent with other tele-
chelic networks.43

The characteristic relaxation time (sc), dened as the recip-
rocal of the crossover frequency, was measured at 167 s, 216 s,
57 s, 20 s, and 14 s for PPDBS1200, PPDBS4200, PPDBS36000,
PPDBS49000, and PPDBS110000, respectively (Fig. 2f). The
crossover was denied where G0 = G00 corresponding to the
transition from a viscoelastic solid to a viscoelastic liquid. Thus,
the increase in sc indicated that PPDBS networks exhibit more
solid-like behavior with increasing crosslink density, and high
dynamic crosslink density can inhibit ow, which is similar to
PBS (Fig. S9†).13,16 Additionally, PPDBS4200 samples with 90%,
75%, and 60% Si–OH group reacted with PDBA were synthe-
sized to verify the relationship between the characteristic
relaxation time and free OH groups. With an increasing number
of free Si–OH groups present, the characteristic relaxation time
decreased signicantly from 216 s down to just 11 s due to the
faster exchange rate of the Si–O–B dynamic bond (Fig. S10†).
Therefore, the shorter sc for PPDBS1200 compared to
PPDBS4200 was primarily attributed to the residual OH groups.
We investigated the impact of crosslink density on the loss
factor of PPDBS, as loss factor is a critical parameter for char-
acterizing the energy-dissipation properties of materials
(Fig. 2g). The loss factor of PPDBS increased within the
frequency range of 0.01 Hz to 50 Hz as the crosslink density
decreases. Notably, PPDBS110000 demonstrated superior
damping performance (tan d > 0.3) over a wide frequency range
due to the rapid characteristic relaxation and high internal
friction inherent to the network.44 To further investigate the
characteristic relaxation behavior of PPDBS resulting from the
dynamic covalent Si–O–B bonds, temperature-sweep rheolog-
ical tests were conducted on PPDBSx at a frequency of 1 Hz
(Fig. S16a†).

Below the crossover temperature (Tcrossover), where storage
modulus (G0) equals loss modulus (G00), all PPDBS samples
exhibited rubbery behavior, with the storage modulus
increasing monotonically as crosslink density increased. Above
Tcrossover, ow behavior was observed in the materials. An
increasing plateau modulus as a function of temperature was
observed, providing evidence that the network topology
This journal is © The Royal Society of Chemistry 2025
remains conserved.13,43 Furthermore, the high damping
performance of PPDBS110000 was also observed in temperature
sweep rheological curves, with the loss factor consistently
exceeding 0.4 across the entire test temperature range
(Fig. S16b†). These results highlight the critical role of molec-
ular weight optimization in tailoring the viscoelastic properties
of the PPDBS networks.

2.3. Design of high damping PPDBS networks over a wide
frequency spectrum

Through the investigation of PPDBSx materials, two siloxane
diols (PDMS-OH) with different chain lengths were condensed
with PDBA to form the PPDBS-y (y denotes the Mw of high
molecular weight PDMS-OH). While the low molecular weight
PDMS-OH provides stiffness, the high molecular weight PDMS-
OH enhances the material's capacity for rapid characteristic
relaxation. By varying the chain length of the high molecular
weight PDMS-OH (Table S2†), we examined the molecular
dependence of shear stiffening behavior and energy dissipation
properties in PPDBS-y (Fig. 3a). The relative shear-stiffening
effect (RSTe) was chosen to characterize the shear stiffening
behavior,45 and determined as follows:

RSTe ¼ G
0
50 Hz � G

0
0:01 Hz

G
0
0:01 Hz

As shown in Fig. 3b and c, both the loss factor (tan d) and
RSTe values exhibited a monotonic increase with increasing
molecular weight of PDMS-OH, demonstrating a strong
molecular weight–property correlation. This systematic
approach led to the development of PPDBS-110k, which
demonstrated optimal performance characteristics, including
exceptional damping properties (tan d > 0.5) across a broad
frequency range and superior shear stiffening behavior (RSTe =
100). In contrast, PDMS exhibited signicantly lower damping
properties, with a loss factor of less than 0.05 throughout the
measured frequency spectrum (Fig. 3d). Furthermore, the
impact resistance of the materials was quantitatively assessed
through drop-ball impact testing.46 In this experimental setup,
a steel ball was released from a xed height onto 2 mm thick
samples, while force sensors recorded the impact dynamics in
real-time. As illustrated in Fig. 3e, PPDBS-110k demonstrated
exceptional shock wave attenuation capabilities. Comparative
analysis indicated that PPDBS-110k signicantly prolonged the
cushioning times and reduced the maximum impact force
(Fig. 3f), representing a substantial enhancement in impact
resistance compared to other PPDBS and PDMS. The combi-
nation of exceptional damping performance (tan d > 0.5),
superior shear stiffening behavior (RSTe = 100), and enhanced
impact resistance establishes PPDBS-110k as a promising
material for advanced impact-protective applications.

2.4. Formation and mechanical properties of PPDBS/PDMS
double-network elastomers (SSEs)

Based on the investigation of PPDBSx and PPDBS-y, we further
examined the effects of embedding PPDBS into permanently
J. Mater. Chem. A, 2025, 13, 28100–28110 | 28103
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Fig. 3 Optimization of the energy-dissipation properties of the PPDBS networks. (a and b) Frequency dependence of storage modulus (G0), loss
modulus (G00), and loss factor (tan d) for PPDBS networks. (c) Relative shear-stiffening effect (RSTe) of PPDBS networks. (d) Loss factors of PDMS,
PPDBS4200, and PPDBS-110k at different frequencies. (e) Force–time curves of PDMS, PBS4200 and PPDBS networks during the impact test
when the ball dropped from a height of 30 cm. (f) Maximum impact force of PDMS, PBS4200 and PPDBS networks (error bars: SD, n = 3).
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crosslinked PDMS networks. A series of PPDBS/PDMS double-
network elastomers (SSEs) were synthesized by embedding
different PPDBS-y contents into the PDMS networks. The
resulting materials were named SSE-x-y, where x denotes the
weight fraction of the PPDBS. Tables S3 and S4† detail the
stoichiometric ratios of the raw materials used in the prepara-
tion of SSEs. Fig. S3† demonstrates the FT-IR spectra of dime-
thylhydrogen siloxane, PDMS, PPDBS-110k, and SSE-x-110k.
The absence of signals at 2160 cm−1 and the presence of a Si–O–
B bond at 1340 cm−1 indicate the successful formation of
PDMS/PPDBS double-network elastomers.47 We rst conducted
a macroscopic observation of these samples. As shown in
Fig. 4a, PPDBS gradually underwent irreversible deformation. In
contrast, SSEs maintained excellent shape stability throughout
the observation period owing to the incorporation of a perma-
nently crosslinked network. The optical properties were quan-
titatively evaluated via UV-vis transmission spectroscopy of 2-
mm-thick lms (Fig. 4b). The SSEs exhibited remarkable
optical transparency, exceeding 93% across the visible spec-
trum, comparable to that of PDMS, which indicates uniform
dispersion and interpenetration of the two networks. Further-
more, the uniform surface morphology observed through SEM,
combined with the homogeneous elemental distribution
demonstrated by EDS mapping, conrmed the excellent
compatibility between the two networks (Fig. 4c).

To evaluate the inuence of PPDBS content and network
architecture on mechanical performance, tensile tests were con-
ducted on these samples (Fig. 4d, S23 and 24†). As shown in
Fig. 4d, the mechanical properties exhibited signicant compo-
sition dependence: increasing the PDMS content from 15% to
50% (w/w) enhanced the mechanical strength from 0.11 ±

0.01 MPa to 1.28 ± 0.05 MPa, while concurrently improving the
28104 | J. Mater. Chem. A, 2025, 13, 28100–28110
elastic modulus. Remarkably, all SSEs maintained exceptional
elongation properties, with strain at break consistently exceeding
150%. Control experiments with constant PDMS content (50% w/
w) but varying PPDBS network structure revealed comparable
mechanical strength across different formulations, conrming
that the permanent PDMS network primarily governs the
mechanical strength of SSEs (Fig. 4e).47,48 Furthermore, the strain-
rate-dependent mechanical properties of PPDBS, PDMS and SSEs
were investigated through tensile and compression stress–strain
tests. As shown in Fig. S25,† slow stretching of the PPDBS resulted
in low stress yield (34 kPa) and unrecoverable deformation,
attributed to the time-dependent dissociation and recongura-
tion of dynamic bonds within the PPDBS network. In contrast, at
elevated strain rates (>100 mm min−1), the insufficient time for
the dynamic bonds to break and dissipate energy resulted in
increased fracture stress and reduced elongation at break, char-
acteristic of the shear-stiffening effect. Such a shear-stiffening
effect could also be observed in SSEs. The elastic moduli and
fracture stress of SSEs increased with increasing tensile rates as
shown in Fig. 4f and S26.† In addition to tensile tests, compres-
sive stress–strain experiments on SSEs also indicated rate-
dependent mechanical properties (Fig. 4g and S27†). Speci-
cally, under identical strain conditions, the compressive stress
and elastic moduli of SSEs increased with higher strain rates, as
illustrated in Fig. 4g. By contrast, the permanently crosslinked
PDMS network exhibited no strain-rate-dependent mechanical
properties in either tensile or compressive tests (Fig. S28†). These
ndings indicated that while the PDMS network governs the
fundamental mechanical properties, the PPDBS confers shear-
stiffening behavior without compromising structural integrity.

Based on the reversible equilibria of dynamic B–O bond, the
incorporation of PPDBS can endow SSEs with abundant energy
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Optical properties andmechanical properties of SSEs: (a) optical images of PPDBS4200 (left), SSE-0.4-4.2k (mid) and SSE-0.5-110k (right)
at different times, scale bar: 1 cm. (b) UV-vis transmission spectroscopy of PDMS, SSE-0.4-4.2k and SSE-0.5-110k films. (c) Microscopic
morphology of SSE-0.5-110k and element distribution determined using a scanning electron microscope, scale bar: 50 mm. (d) Tensile stress–
strain curves of SSEs with varied contents of PPDBS-110k. (e) Tensile stress–strain curves of SSEs with varied contents of PPDBS networks. (f)
Tensile stress–strain responses of SSE-0.5-110k at different tensile rates. (g) Compressive stress–strain responses of SSE-0.5-110k at different
tensile rates. (h) Cyclic tensile tests of SSEs. (i) Ten consecutive cyclic tensile curves of SSE-0.85-110k at 100% strain; the second tensile started at
120 s intervals.
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dissipation outlets during the impact. Consequently, we inves-
tigated the energy dissipation properties of SSEs via cyclic
tensile tests. As illustrated in Fig. 4h, the loading and unloading
curves of SSE-x-110k at a strain of 100% were analyzed,
revealing that SSEs with higher PPDBS-110k content exhibited
signicant hysteresis loops and pronounced stress relaxation.
The energy dissipation ratios of SSEs increased with increasing
PPDBS-110k content. Specically, the energy dissipation ratios
for SSE-0.5-110k, SSE-0.66-110k, SSE-0.75-110k, SSE-0.8-110k,
and SSE-0.85-110k were determined to be 39.0%, 46.6%,
66.4%, 66.8%, and 74.3%, respectively (Fig. S29†). These trends
could be attributed to the introduction of PPDBS-110k, which
improved the energy dissipation of the SSEs. Furthermore,
cyclic stretching tests with increased strain were conducted on
SSE-0.85-110k.49 The results revealed that the hysteresis loop
area gradually increased with increasing strain, suggesting
enhanced energy dissipation at elevated strain levels. This
phenomenon was mainly attributed to the dissociation and
reconguration of dynamic B–O bonds within the material
during stretching progress (Fig. S30†). To assess the elastic
This journal is © The Royal Society of Chemistry 2025
recovery behavior of the SSEs, the elastic recoverability of SSEs
was validated by subsequent experiments: SSE-0.5-110k fully
recovered to its original state within 20 seconds aer under-
going a 200% strain deformation (Fig. S31†). Furthermore,
cyclic tests over 10 cycles were conducted without any waiting
time between consecutive tests, as shown in Fig. 4i and S32.†
The energy dissipation in the second cycle was signicantly
lower than in the rst cycle, likely due to insufficient time for
the dynamic B–O bonds to fully return to their original state.
Aer a 2-minute rest period following cyclic stretching, the 11th
stretching cycle was performed on SSE-0.85-110k and displayed
a curve nearly overlapped with the original, as illustrated in
Fig. 4i. These ndings demonstrated that SSEs exhibited
excellent elastic recovery due to the incorporation of the
permanent crosslinked PDMS network.
2.5. Viscoelasticity investigation of PPDBS/PDMS double-
network elastomers (SSEs)

SSEs with constant PDMS content (50% w/w) but varying PPDBS
network structures were rst synthesized to verify the
J. Mater. Chem. A, 2025, 13, 28100–28110 | 28105
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composition dependence of damping properties and shear-
stiffening behaviors. Fig. 5a presents the rheological master
curves of SSE-0.5-y. Notably, SSE-0.5-110k exhibited a signi-
cantly sharper modulus response to frequency compared with
other SSEs with the same PDMS content, attributable to the
superior shear-stiffening behavior of PPDBS-110k. In contrast,
for SSE-0.5-4.2k, the storage moduli were much larger than the
loss moduli at higher frequencies, resulting in a relatively lower
loss factor (Fig. 5c). It also suggested the critical role of the
structure control of the PPDBS structure in tailoring the
damping properties and shear-stiffening behaviors of the SSEs.

The dynamic viscoelastic properties of SSEs containing
varied PPDBS contents were characterized through oscillatory
frequency sweep measurements (0.1–50 Hz) at 25.0 °C. Fig. 5b
shows the rheological master curves of SSEs with different
PPDBS-110k contents. All SSEs demonstrated predominant
Fig. 5 Viscoelastic properties of SSEs with constant PDMS contents or va
modulus (G0), loss modulus (G00), and loss factor (tan d) for SSEs with c
modulus (G0), loss modulus (G00), and loss factor (tan d) for SSEs with vari

28106 | J. Mater. Chem. A, 2025, 13, 28100–28110
elastic behavior with storage modulus (G0) exceeding loss
modulus (G00) throughout the tested frequency regime, con-
rming the structural integrity imparted by the permanently
crosslinked PDMS network.33 Furthermore, all SSEs exhibited
an increase in storage moduli (G0) as the frequency increased,
conrming that the introduction of PPDBS-110k imparts shear-
stiffening behavior to the SSEs. A more pronounced modulus
response to frequency changes was observed, when the PPDBS
content elevated from 50% to 85% (w/w). This trend was
quantitatively supported by the relative shear-stiffening effect
(RSTe) values of these samples. The RSTe values of the SSE-0.5-
110k, SSE-0.66-110k, SSE-0.75-110k, SSE-0.8-110k and SSE-0.85-
110k were 1.6, 3.0, 4.8, 6.5, and 9.5, respectively. A similar trend
was also observed in SSEs containing varying PPDBS4200
contents (Fig. S19†). Subsequent analysis of energy dissipation
properties was conducted through frequency-dependent loss
ried PPDBS-110k contents. (a and c) Frequency dependence of storage
onstant PDMS content. (b and d) Frequency dependence of storage
ed PPDBS-110k contents.

This journal is © The Royal Society of Chemistry 2025
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factor (tan d = G00/G0) master curves (Fig. 5d). For SSE-x-110k,
there was a wide damping peak near 0.01 Hz resulting from the
characteristic relaxation of the dynamic crosslinked PDMS
network (PPDBS). As the PPDBS-110k content increased from
50% to 85% (w/w), the loss factor of the SSEs consistently
increased across the whole test frequency range. Remarkably,
an elastomer (SSE-0.85-110k) exhibiting excellent damping
properties (tan d > 0.3) over a broad frequency range was
successfully developed, which was attributed to the rapid
characteristic relaxation and high internal friction inherent to
the network (Fig. S21†).

These ndings demonstrated that strategic tuning of the
compositions of the SSEs enables precise control of energy
dissipation, establishing a materials design paradigm for
developing elastomers with excellent damping performance
and shear-stiffening behavior. Furthermore, the high damping
performance of SSE-0.85-110k was also assessed by temperature
Fig. 6 The energy dissipation properties of SSEs. (a) Loss factors of PDM
factor of SSE-0.85-110k remained above 0.3 across the entire test frequ
and SSE-0.85-110k with 18 kPa stress. (c) The amplitude of the original vib
protective material, only the egg dropped onto SSE-0.85-110k remained
impact experiment. (f) Force–time curves of PDMS and SSE-0.85-110k ob
labeled by dashed lines and arrows. (g) Force–time curves of PDMS and S
30 cm. (h) Maximum impact force of PDMS and SSE-x-110k when impact
of common materials, PBS, PPDBS and SSE-0.85-110k (error bars: SD, n

This journal is © The Royal Society of Chemistry 2025
ramping tests (Fig. S22†). As illustrated in Fig. S21a,† both the
storage modulus (G0) and the loss modulus (G00) decreased
insignicantly as the temperature increased from −20 to 140 °
C, indicating the stability of the polymeric network. Notably, the
loss factor of SSE-0.85-110k remained above 0.3 across the
entire test temperature range, indicating its excellent damping
performance over a wide temperature range. Consequently,
through precise structural optimization, SSE-0.85-110k
successfully integrated superior energy dissipation properties
with excellent shear-stiffening behavior, outperforming both
commercial silicone rubber and previously reported shear-
stiffening elastomers (Fig. 6a).29,38,50–52
2.6. The energy dissipation properties of PPDBS/PDMS
double-network elastomers (SSEs)

The excellent energy dissipation properties and shear stiffening
behavior endowed SSE-0.85-110 with extraordinary shock
S, PPDBS4200, and SSE-0.85-110k at different frequencies. The loss
ency range. (b) Large amplitude oscillatory shear (LAOS) tests of PDMS
ration signal. (d) A raw egg dropped from 50.0 cm onto a 2.0 mm-thick
unbroken. (e) Schematic illustrating the equipment of the dropping ball
tained from the dropping ball impact test. The Fmax and buffer time are
SE-0.5-y during the impact test when the ball dropped from a height of
ed at different heights (error bars: SD, n = 3). (i) Maximum impact force
= 3).

J. Mater. Chem. A, 2025, 13, 28100–28110 | 28107
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absorption and impact-protective performance. To further
assess the shock absorption performance of SSE-0.85-110k,
a periodic sinusoidal alternating stress of 18 kPa was applied
to SSE-0.85-110k (Fig. 6b). The resulting stress–strain curves
formed elliptical loops, referred to as hysteresis loops, indi-
cating that SSE-0.85-110k remained within the linear visco-
elastic region at strains up to 50%.53,54 The energy dissipation in
each cycle could be calculated by integrating the area of the
hysteresis loop. Notably, the energy dissipation (DW) of SSE-
0.85-110k was approximately 15.5 times greater than that of
PDMS. Furthermore, the energy dissipation remained steady
even aer 30 cycles, conrming the excellent fatigue resistance
of SSE-0.85-110k. As shown in Fig. 6c, signicant hysteresis was
observed in the stress–strain curves, which can be attributed to
damping effects, indicating substantial internal friction
inherent to the elastomers. To visually demonstrate the impact-
protective performance of the material, a free-fall experiment
was conducted by dropping a raw egg from a height of 50.0 cm
onto a 2.0 mm-thick SSE-0.85-110k lm (Video S1†). As shown in
Fig. 6d, only the raw egg with the protection of the SSE-0.85-
110k lm remained intact, indicating a superior buffering
effect compared with other materials. In order to have a further
intuitive feeling of the energy dissipation properties, a rebound
test was carried out as shown in Fig. S33.†55 A steel ball (mass =
20 g) was released from a height of 20.0 cm onto both PDMS and
SSE-0.85-110k substrates, while the start height (h) and the
rebound peak height (r) was recorded to calculate the rebound
ratio (dened as r/h). When the steel ball was dropped onto SSE-
0.85-110k, the rebound ratio was only 0.125, signicantly lower
than that of PDMS (0.5), which suggests the high damping
capability of SSE-0.85-110k.

To quantitatively evaluate the impact-protective perfor-
mance of the SSEs, a drop ball impact experiment was con-
ducted on various materials. When the steel ball freely dropped
onto the force sensor covered with the protective material, part
of the impact energy was absorbed by the material, while the
residual force propagated through the material and was recor-
ded by the force sensor (Fig. 6e).56 Fig. 6f demonstrates the force
time curves for PDMS and SSE-0.85-110k when the ball was
dropped from the setting height.57 For the group with PDMS as
the buffer material, a high impact force of 443 ± 10 N and short
buffer time of 1 ms were observed. By contrast, SSE-0.85-110k
showed a lower peak force (173 ± 2.5 N) as well as longer
buffer time (2 ms) than that of PDMS. Furthermore, the
maximum force of SSE-0.85-110k was only 5.2% of that of the
blank group, indicating that the mechanical impact damage
was effectively suppressed. To establish comprehensive struc-
ture–property correlations, we systematically investigated the
impact resistance of SSEs with xed PDMS content (50% w/w)
but varying PPDBS network architectures. Fig. 6g illustrates
that SSE-0.5-110k could signicantly reduce the maximum
impact force compared with other samples, which was attrib-
uted to its high energy dissipation properties at high velocity
impacts. It also suggested the role of structural control in
tailoring the nal properties of the SSEs. The impact-protective
properties of SSEs containing varied PPDBS contents were also
studied (Fig. S34†). As demonstrated in Fig. 6h, SSEs with
28108 | J. Mater. Chem. A, 2025, 13, 28100–28110
higher contents of PPDBS-110k consistently exhibited lower
maximum force across all heights, which is attributed to the
enhanced energy dissipation properties conferred by PPDBS-
110k. In addition, a comparative analysis of the impact perfor-
mance of SSE-0.85-110k with common materials was conducted
(Fig. S35†).58 Among all the materials tested, SSE-0.85-110k
exhibited a signicantly faster attenuation of the generated
impact, showcasing superior impact-protective performance
compared to all control materials, including PBS and PPDBS
(Fig. 6i).
3. Conclusion

In summary, we have developed a novel strategy in which the
viscoelastic properties of dynamic borate PDMS networks were
regulated for optimization of the energy dissipation and impact-
protective performance of PPDBS/PDMS double-network elas-
tomers. Given that the structure–property relationships of the
dynamic borate PDMS network were comprehensively under-
stood by rheological analysis, we can precisely enhance the
energy dissipation properties and shear-stiffening behavior of
the elastomers by modifying either the network structure or its
content. It is found that SSE-0.85-110k exhibits excellent
damping properties (tan d > 0.3) over a broad frequency and
temperature range, outperforming both commercial silicone
rubber and previously reported shear-stiffening elastomers.
More importantly, SSE-0.85-110k demonstrated a signicantly
faster attenuation of the generated impact, showcasing excel-
lent impact-protective performance. Therefore, this work pres-
ents an efficient strategy to impart elastomers with outstanding
energy dissipation properties, thereby opening up new avenues
for the design of high-performance impact-protective and
damping materials.
4. Materials and methods

Materials and methods are included in the ESI.†
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