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Shear stiffening gel (SSG) with prominent rate-dependent mechanical prop-
erties is promising for impact protection, but conventional boron-based SSG
suffers from toxicity and corrosion arising from boric acid. Here, we design a
boron-free supramolecular dynamic reversible network of polytitanosiloxane
(PTS) based on the metal-ion-mediated hydrogen bonding enhancement
strategy. Different oxidation states of Ti atoms in the network influence the
charge distribution of the adjacent hydroxyl groups (Ti-OH). The electrostatic
potential of the H-bond donor and acceptor could be effectively modulated by
the Ti*" and Ti** cations, thereby enhancing the H-bond strength. The resulting
PTS SSG exhibits exceptional shear stiffening (2800 times, 0.1-100 Hz),
negligible corrosion, and low cytotoxicity (Grade 1). The PTS SSG is further
explored for impact protection materials and flexible mechanical sensors in
practice. The hydrogen bonding enhancement strategy also paves the way for
developing dynamic reversible networks to fabricate next-generation smart

materials.

Shear-stiffening gel (SSG) is a class of smart materials, in which the
modulus or viscosity increases significantly with the increase of the
external strain rate'”. Due to this stimuli-responsive effect, SSG has
great potential for use in protective gear, anti-impact devices™* and rate
sensors>®, which has attracted increasing attention in recent years. The
common SSG is homogeneous polyborosiloxane (PBS) rubber with a
low cross-linking degree, which is usually produced by crosslinking
polydimethylsiloxane (PDMS) with boric acid (BA) at a high tempera-
ture, typically 180-220 °C’. The dynamic reversible interaction of a B-O
cross bond is formed between two polymer chains by introducing B
atoms into the polymer chains. On this basis, due to the shear rate-
dependent characteristic of the B-O cross bond, PBS exhibits a typical

shear stiffening effect by phase transition among the plastic, elastic, and
glass states with the altering of external loading conditions®. However,
BA has been well-known for its corrosion to steel and concrete, and the
corrosion rate increases under higher temperatures®. There is a high
risk of BA causing corrosion to production equipment during the
manufacturing process. Furthermore, skin exposure to BA has been
proven fatal, which was evidenced by many toxic experiments on
animals" ™. The corrosion and toxicity of BA trigger security concerns
limiting the applications of SSG in many fields. Therefore, it is highly
urgent to develop a next generation of BA-free SSG.

The introduction of H-bond interaction into supramolecular net-
works to replace the B-O cross bonds has great potential to impart

"Materials Artificial Intelligence Center, Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences, Shenzhen, Guangdong, China.
2Research Institute of Interdisciplinary Science, School of Materials Science and Engineering, Dongguan University of Technology, Dongguan, Guangdong,
China. 3University of Chinese Academy of Sciences, Beijing, China. *Key Laboratory of Micro-Nano Powder and Advanced Energy Materials of Anhui Higher
Education Institutes, Anhui Engineering Research Center of Highly Reactive Micro-Nano Powders, Chizhou University, Chizhou, Anhui, China. ®Science and
Technology Institute of Advanced Technology, Wuhan, Hubei, China. 6The Key Laboratory of Biomedical Imaging Science and System, Shenzhen Institutes of
Advanced Technology, Chinese Academy of Sciences, Shenzhen, Guangdong, China. “These authors contributed equally: Zhuo Chen, Heng Chen.

e-mail: rui.hel@siat.ac.cn

Nature Communications | (2025)16:8949


http://orcid.org/0000-0003-2566-6194
http://orcid.org/0000-0003-2566-6194
http://orcid.org/0000-0003-2566-6194
http://orcid.org/0000-0003-2566-6194
http://orcid.org/0000-0003-2566-6194
http://orcid.org/0000-0002-6962-284X
http://orcid.org/0000-0002-6962-284X
http://orcid.org/0000-0002-6962-284X
http://orcid.org/0000-0002-6962-284X
http://orcid.org/0000-0002-6962-284X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64000-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64000-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64000-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64000-1&domain=pdf
mailto:rui.he1@siat.ac.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64000-1

intelligent gels with desirable dynamic properties and stimuli-
responsive characteristics'”. To construct H-bonds in the polymer
networks, polar groups could be incorporated into polymer chains
through copolymerization or functionalization methods, which helps
enhance intermolecular interactions'®. However, this enhancement is
still insufficient to impart the desired shear stiffening properties of
PDMS. To overcome this problem, modulating the electrostatic
potential of H-bond donor/acceptor to strengthen H-bonds con-
stitutes an effective method”*°. Multivalent metals such as Ti, Fe, Cu,
etc. exist in various ionic forms due to the distributions of their outer
electrons??. High-valent metal ions can acquire electrons to be
reduced to the lower oxidation state in certain catalysis processes> 2,
Consequently, multivalent metals have the potential to modulate the
electrostatic potential of adjacent M-OH by changing their oxidation
state, which may be an effective strategy for enhancing H-bonds
strength”. Unfortunately, although multivalent metal ions have
already been exploited for battery, capacitor, and chemical catalyza-
tion processes??**, the exploration of strengthening H-bond inter-
actions in dynamic reversible networks of SSG remains untapped.

In this work, we propose a strategy that utilizes the variable-
valence metal ion to adjust the electrostatic potential of the H-bond
donor and acceptor, thereby enhancing the strength of H-bonds in
supramolecular networks. Experimentally, we synthesize alkoxysilane-
modified PDMS, which can hydrolyze and condense with metal cou-
pling agents (Fig. 1a). We select tetra-isopropyl titanate (TTIP) as a
metal coupling agent example to construct dynamic reversible net-
works that support the stable coexistence of Ti*" and Ti*" oxidation
states. Compared with normal Si-OH, the charge density of the O atom
in the Ti3*-OH is denser and the charge density of the H atom in the Ti-
OH is scarcer (Fig. 1b). As such, the Si-O-Ti heterogeneous structure
can acquire strengthened H-bond interactions with the optimized
H-bond donor and acceptor (Fig. 1c), which endows the dynamic
reversible networks with exceptional shear stiffening performance
(Fig. 1d). Consequently, the polytitanosiloxane (PTS) supramolecular
networks exhibit a storage modulus increase of ~2800 times during the
frequency range of 0.1 to 100 Hz. Furthermore, the resulting SSG
exhibits minimal corrosion and low toxicity. The PTS SSG achieves a
relative cell growth rate of 88.1%, which significantly surpasses 48.5% of
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Fig. 2 | Investigation for the chemical structure of the PTS gel. a The Si NMR
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and Si-O-Ti unit percentage in section T2, n =5, gel samples, data are mean = SD.
¢ Proposed reaction sequence (cat. and reag. represent catalyst and reagent in
reaction) and d product priority with different concentrations of TTIP.

the PBS SSG. We also demonstrate its promising applications in anti-
impact protection materials and flexible device sensors.

Results

Synthesis and optimization of the PTS dynamic reversible
networks

To obtain a dynamic reversible network with Si-O-Ti heterostructures,
we first designed and synthesized a range of siloxane-modified PDMS,
followed by a heterocondensation reaction with TTIP (Fig. 1a). At the
initial step, we carried out condensation reactions of Si-OH-terminated
polysiloxane with three types of trimethoxysilanes of different carbon
chain lengths (methyltrimethoxysilane, n-propyltrimethoxysilane, and
n-octyltrimethoxysilane) and tetramethoxysilane. The modified PDMS
was characterized by 'H NMR and referred to as Me-PDMS, Pr-PDMS
Octa-PDMS and Tri-PDMS, respectively (Supplementary Fig. 1). We
evaluated the modification yields at the ends of the PDMS chains by
characterizing the raw material HPDMS and the modified products
using 2°Si NMR (Supplementary Fig. 2). The peak at -10.56 ppm che-
mical shift in the spectrum of HPDMS corresponded to the Si-OH
terminated group, and the modification reaction yield could be
determined by analyzing the proportion of the corresponding peak

intensity reduction in the spectra of modified PDMS?. In this instance,
87.3-88.9% of the Si-OH-terminated groups were modified by alkox-
ysilanes. Then, to determine the reactive atom ratio of Si and Ti in the
following heterocondensation process, HPDMS was characterized by
gel permeation chromatography (GPC) (Supplementary Fig. 3). The
number-average molecular weight (M,) was ~38640 g mol?, and the
repeating unit (n) was ~552. On this basis, we calculated the TTIP
addition amount, which was approximately 1.5% by weight of HPDMS
(TTIP molecular weight ~ 284 g mol™), when the molar ratio of Si and Ti
atoms was equivalent. Depending on the molar ratio of Si and Ti atoms,
the modified PDMS chain ends can form various building units in the
presence of TTIP¥™,

Accordingly, we investigated the structural unit of the Pr-PDMS
polymer chain ends following the condensation reaction with varying
fractions of TTIP. The appearance of the characteristic Si-O-Ti
absorption band at 930 cm™ in the FTIR spectra of Pr-PDMS with var-
ious fractions of TTIP, which was absent in the spectrum of the neat Pr-
PDMS, provided evidence for the formation of Si-O-Ti bonds (Sup-
plementary Fig. 4)*>. The Si-O-Ti bond was further clarified by *Si NMR
spectroscopy, with results shown in Fig. 2a. There were signals at
-50.10 ppm in section T' and —58.91 ppm in section T? assigned to (SiO)
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S_I(OCH3)2CH2CH2CH3 and (Slo)zg(OH)CH2CH2CH3 units,
respectively”®****, By comparing the spectra of the hydrolyzed Pr-
PDMS sample for 14 d without TTIP in Supplementary Fig. 5 and after
the addition of TTIP in Fig. 2a, the newly emerged e peak in was
ascribed to the Si-O-Ti bond with one -OCHj; group. The -OCH; group
can also be evidenced by the 'H NMR spectra in Supplementary Fig. 1f.
The peaks e and f in section T were assigned to semi-crosslinking
structures with two Si-O-Si units or one Si-O-Si and Si-O-Ti units, while
the signals g in section T° between —64.5 and -69.5 ppm were assigned
to three Si-O-Si cross-linking units®. Furthermore, the proportion of
section T? in the whole system and the relative abundance of Si-O-Ti
and Si-OH units in section T* was calculated through the integration of
the peaks e, f and g. The results are shown in Fig. 2b. With increasing
TTIP fraction, the proportion of section T? in the entire system
decreased, indicating TTIP’s role in catalyzing the formation of cross-
links primarily composed of Si-O-Si units. Under this circumstance, the
cross-link bonds were irreversible and could not be reformed once
created. The trend of the Si-O-Ti building unit initially rose and then
declined, with the Si-O-R end group converting to the Si-OH group,
which subsequently formed Si-O-Ti bonds through a hetero-
condensation reaction’**®, Consequently, the chemical structure of
the final product was significantly influenced by the varying fractions
of TTIP. At a TTIP fraction of 1.0 wt%, the Si-O-Ti bond fraction in the
system was limited for the lack of the Ti-O-R group. In contrast, at TTIP
fractions of 3.0 wt% or higher, the homocondensation reaction of Si-
OH and the formation of cross-link Si-O-Si bonds dominated the sys-
tem, limiting the availability of active terminal Si-OH groups for het-
erocondensation reactions. The overall sequence of hydrolysis and
condensation reactions, as well as the final product structure with
different TTIP fractions, are summarized in Fig. 2c and d.

Subsequently, the SSG performance was evaluated by investigating
the appearance status and the rheological behaviors of the PTS gels with
the different fractions of TTIP (Fig. 3 and Supplementary Fig. 6). As the
TTIP fraction increased, the gel was gradually transformed from liquid
to solid state under room temperature (Fig. 3a). Moreover, the initial
storage modulus for 2.0 and 4.0 wt% TTIP samples was 4.1x 10" and
2.3 x10* Pa, respectively, indicating a significant enhancement in the
storage modulus as the TTIP fraction increased (Fig. 3b). The relative
shear stiffening performance could be calculated using Eq. (1)*.

RST=

Gt G 100% @
G
Where G and G% are the initial and the final storage modulus. As can be
seen from Fig. 3¢, the shear stiffening performance showed a rising and
then falling trend, with the best performance observed at a TTIP
fraction of 2.0 wt%, where the RST of SSG increased to 1.20 x 10°%. By
referring to Figs. 2b and 3c, it was evident that the RST value exhibited
a positive correlation with the percentage of Si-O-Ti units at the
polymer chain ends. The results indicated that the proportion of Ti
atoms embedded in the networks was a crucial factor influencing the
performance of SSG. After 30 days of air exposure, the RST value of the
gel still maintained more than 95% of its initial value, demonstrating a
relatively stable shear stiffening performance (Supplementary Fig. 7).
Furthermore, the stress-strain relationship of the SSG samples was
investigated at various shear rates ranging from 0.05 to 2 s™, which are
shown in Fig. 3d and e. As the shear rate increased, the stress response
increased instantaneously, exhibiting a representative shear rate
dependency (Fig. 3c)®. For instance, at a shear rate of 0.05s”, the
SSG with 2.0 wt% TTIP had a maximum stress of only 1.28 KPa, which
increased to 11.4 KPa at a shear rate of 0.5s™. Additionally, all stress
curves increased with increasing strain and ultimately reached
saturation under constant shear rate excitation, and no Payne effect
occurred in the 2.0 wt% TTIP sample. However, excessive TTIP addition
could lead to the formation of Ti-O-Ti units through

homocondensation reactions, facilitating the formation of TiO,
nanoparticles (Supplementary Figs. 8 and 9). The aggregation of the
nanoparticles will further cause instability in the inner structure of
SSG¥. Consequently, stress in the 4.0wt% TTIP sample, while
increasing with rate, did not enhance as significantly as in the
2.0 wt% TTIP sample (Fig. 3d). This instability caused stress to decline
before saturation after reaching a maximum value. Overall, the result
highlights the significance of the heterogeneous Si-O-Ti architecture
and the fraction of titanium atoms within the supramolecular networks
in shear stiffening properties. Based on this result, we further
optimized the supramolecular network by modulating the chemical
structure of the chain ends.

The steric hindrance effect of terminal groups has a significant
impact on the condensation reaction of polymer chains, thereby
influencing the chemical composition of the supramolecular networks.
In this study, due to the excessive steric hindrance of i-Pr-Si-(OMe)3,
resulting in low end-capping yield of Si-OH of HPDMS, we selected end-
capping agents with varying carbon chain lengths to investigate the
influence of steric hindrance on rheological behavior (Supplementary
Fig. 10). On this basis, a range of siloxanes with three different carbon
chain lengths (Me-PDMS, Pr-PDMS, and Octa-PDMS) were selected to
modify the polymer ends. From Fig. 4a and Supplementary Fig. 11, we
could find that the Si-O-Ti units existed in all of these three PDMS
polymer chains. The Si-O-Ti bond fraction showed a decreasing trend
with the increase in carbon chain length. And Octa-PDMS, with the
longest C atoms, had the highest fraction 14.5% among these three. The
octane group sterically hindered the homocondensation reaction
between siloxane groups, facilitating the heterocondensation reaction
with TTIP***°, Secondly, Octa-PDMS, which had a relatively strong
steric hindrance effect, required more space to form reversible net-
works. The Si-O-Ti unit was able to create space between the siloxanes
for the long alkyl group. Figure 4c, d, e and f illustrate the mechanism.
Furthermore, the rheological behaviors of the Me-PDMS, Pr-PDMS, and
Octa-PDMS gels were studied. In brief, all three modified PTS gels
exhibited typical shear-stiffening characteristics (Supplementary
Fig. 12). However, different rapid growth rates of modulus were
observed. The Me-PDMS-based SSG had the highest fraction of the Si-
0O-Si homogenous bonding unit, which facilitated the formation of a
polymer network of PDMS chains. Therefore, the initial storage mod-
ulus of Me-PDMS was 2.27 x 10% Pa, which was the highest among these
three PDMS. However, the RST value of the Me-PDMS gel was only
2.40 x10%*%, relatively lower than that of Pr-PDMS and Octa-PDMS
samples, likely due to its lowest fraction (9.5%) of Si-O-Ti units. In
contrast, Octa-PDMS gel exhibited shear-stiffening performance with
an RST value of 2.8 x 10°%, compared to the other two PDMS samples,
due to its highest Si-O-Ti fraction (14.5%). After comprehensive con-
sideration of the initial modulus and SSG performance, we selected the
Pr-PDMS gel as the reference subsequently. Meanwhile, it can also be
concluded that the incorporated Ti atom or its surrounding chemical
group in the networks was the key factor responsible for the shearing
stiffening performance.

The cross-link density of the PTS gel networks was also an
important factor influencing SSG performance. It was highly depen-
dent on the number of active functional groups (Si-OR) in the polymer
chain. Accordingly, HPDMS (monofunctional macromolecule), Pr-
PHMS (bifunctional macromolecule) and Tri-PDMS (trifunctional
macromolecule), these kinds of modified polymer chains were selec-
ted to investigate the cross-link density effect on the shear stiffening
performance (Fig. 4b and Supplementary Fig. 13). As can be seen from
Fig. 4b, the storage modulus of Tri-PDMS gel reached 5.54 x 10*Pa, the
highest storage modulus among these three PTS gels, likely due to the
formation of cross-link units at chain ends (Supplementary Fig. 14).
However, the storage modulus remained stable from 0.1 to 100 Hz,
exhibiting no obvious shear stiffening performance. The result was
attributed to the high cross-link unit’s formation without dynamic
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b storage modulus, n =5, gel samples, data are mean + SD and ¢ RST of the PTS gels
curves of the PTS gels with d 2.0 wt% TTIP and e with 4.0 wt% TTIP.

reversible interactions. Unlike the hydrogen bond network con-
structed by Ti-OH in Pr-PDMS gel (Supplementary Fig. 15), no Ti-O-H
group was detected in the HPDMS gel with the same fraction of TTIP,
although the Ti atoms were embedded into the supramolecular net-
works through the Si-O-Ti bonding (Supplementary Fig. 16 and 17).
Compared with the Pr-PDMS gel, the slight shear stiffening per-
formance of HPDMS gel was likely a reflection of H-bond interactions
between Si-OH end groups. Homogeneous H-bond networks were built,
increasing the friction of polymer chains*>*. A more obvious increasing
trend of modulus was observed in the neat Pr-PDMS sample. After
hydrolyzing for 2 d, the neat Pr-PDMS sample initially exhibited a very
low modulus due to the lack of crosslinked Si-O-Si structural units.
However, owing to the prevalence of a large number of hydroxyl groups
(Si-OH) in the system, it could be observed that its modulus also

increased significantly with the shear frequency, with an RST value of
2.4 x10%%. Compared with the HPDMS gel, it demonstrated a relatively
low modulus and strong frequency dependence, suggesting that the
hydrolyzed Pr-PDMS was a typical shear-thickening fluid. Unfortunately,
the SSG performance of the HPDMS gel and hydrolyzed Pr-PDMS was
inferior to the Pr-PDMS gel, possibly because the relative strength of
H-bonding interactions was weaker than that in the PTS gel. Meanwhile,
due to the difference in frequency-dependent response of HPDMS and
Pr-PDMS gel, it could be inferred that a dissimilar type of H-bond existed
in the system in contrast to that between the Si-OH groups.

Mechanism discussion for the shear-stiffening response
To gain a deep insight into the shear stiffening mechanism,
Diisopropoxy-bisethylacetoacetatotitanate (DBEAT) was used to
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vulcanize the Pr-PDMS sample as a comparative reference with TTIP. In
contrast to TTIP, DBEAT features only two chelating ligands, providing
structural stability*”. On this basis, in the DBEAT catalyst system, more
Ti atoms were incorporated into the networks compared to TTIP
(Fig. 5a and Supplementary Fig. 18). However, the shear stiffening
performance of the gel catalyzed by DBEAT was not as effective as that
catalyzed by TTIP (Supplementary Fig. 19). By comparing the shear
stiffening performance of the gels catalyzed by two Ti couple agents, it
could be concluded that the shear stiffening performance was not
directly derived from the Si-O-Ti covalent bonds. Subsequently, to
delve into the electronic states of Ti atoms, a comprehensive EPR
spectra analysis was conducted. As seen in Fig. 5b, neat TTIP showed
no signals in spectra, indicating that Ti existed in the form of Ti*" within
TTIP without any O vacancy or Ti**/Ti*" defects. In contrast, DBEAT
generated a signal at g=199, attributed to Ti**(Supplementary
Fig. 20)**"*. Because DBEAT is prone to forming internal coordination
with the carbonyl group and Ti, the Ti d orbital overlaps with the p
orbital of O in the carbonyl group*’. The carbonyl oxygen could
transfer electrons to the titanium center, resulting in a reduction of the
oxidation state of Ti. In the Pr-PDMS + TTIP system, the hydrolysis of
TTIP induces a pronounced redshift of the UV-Vis absorption band
beyond 330 nm, indicative of Si-O-Ti cluster formation. This redshift
arises from oxygen-to-metal charge transfer (O-Ti**) interactions
within the Si-O-Ti network, which further trigger partial reduction of
Ti** to Ti3*, as evidenced by extended absorption features in the
visible region (Supplementary Fig. 21 and 22)**°. To further verify this
point, we studied the molecular orbital information of TTIP, HPDMS

and PTS chains. As illustrated in Fig. 5c, the LUMO of the Si-O-Ti(OH)
polymer chain ends was located at the Ti (d) orbit. It was observed that
the orbital was relatively lower compared with the LUMO of in pristine
TTIP and the Pr-PDMS chain. The result indicated that the partial Ti**
could be reduced to Ti*".

To further emphasize the crucial role of Ti-OH group H-bond and
the metal ion mediation strategy, we analyzed the molecular orbital
information of Ti as well as the chemical environment around the Ti
atoms. First, electrostatic potential (ESP) was used to analyze the
atomic charge distribution of the polymer chain ends. Notably, the H
atom from the Ti-OH end group stood out with the highest electro-
static potential within the entire polymer chain (Supplementary
Fig. 23). In contrast, the O atom from Ti3*-OH end groups was pro-
minent for the lowest electrostatic potential. On this basis, the
enhanced H-bond could be built between the Ti-OH and Ti**-OH
groups. To further clarify the H-bond between the polymer chains, 'H
NMR spectroscopy was utilized to investigate the changes in peak
intensity and chemical shift of the Si-OH and Ti-OH groups. We also
observed that peak b, assigned to the Si-OH group, shifted lowfield
from 1.61 to 1.72 ppm in the PTS gel (Fig. 5d and Supplementary
Fig. 24)". The results suggested the existence of H-bonding between
the hydroxyl groups®>**. More importantly, from Fig. 5e and Supple-
mentary Fig. 25, we also observed four peaks around 2.30 ppm, which
were assigned to the Ti-OH group®. The peaks from lowfield to high-
field represented free Ti-OH, H-bonded Ti-OH, H-bonded Ti3*-OH and
free Ti3*-OH, respectively. The result not only confirmed the presence
of Ti3*-OH, but also provided evidence for the H-bond between the
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i SSG performance comparison with the reported value of PBS SSG (a-j refer to
previously reported works respectively”525¢7¢%),

Ti-OH groups. The H-bonding effect strengthened as the reaction
duration extended. Therefore, after 48 h, the concentration of Ti** ions
and the hydrogen-bonded hydroxyl groups in the system increased
significantly (Fig. 5f and Supplementary Fig. 26).

Then, we evaluated the H-bond strength through computational
methods (Supplementary Fig. 27). As shown in Fig. 5g and h, the con-
ventional Si-OH groups had relatively weaker H-bond energy with
0.22 eV and 1.89 A length. When a silicon hydroxyl group is replaced by
a titanium hydroxyl group, the hydrogen bond energy increases by
only 0.02 eV. The energy enhancement of ~0.09 eV was more obvious
when both the H-bond donor and acceptor were replaced by Ti-OH.
When the oxidation state of Ti was changed, the electron cloud dis-
tribution of the O element in the hydroxyl group would also change
accordingly, which can affect the hydrogen bond energy. Therefore, in
contrast to Ti*', the accumulation of electrons on Ti*" led to an increase
in negative charge around the O atom of Ti-OH. As a result, the inter-
molecular H-bond became stronger, with an increase in bond energy
(0.38 eV vs. 0.31eV) and a decrease in bond length (1.65 A vs. 1.78 A).
Due to the relatively stronger H-bond strength of Ti**-OH groups as
the acceptor, we found that the PTS gel with 2wt% TTIP had the

highest proportion of hydrogen-bonded Ti3*-OH groups, resulting in
the best SSG performance, which was consistent with the
results above. The results confirmed that the metal ion mediation
strategy was capable of regulating the charge distribution of both the
donor and the receptor simultaneously, thereby enhancing the
strength of the H-bond. Consequently, the PTS gel exhibited an
exceptional shear stiffening performance compared with the current
PBS SSG (Fig. 5i).

Based on these findings, under low strain rate external forces, the
H-bond has sufficient time to break, and the damping force driven by
the entanglement of polymer networks becomes the main barrier to
the gliding of polymer chains. Therefore, the SSG exhibited viscous
characteristics with flowability at a macroscale level. However, it is
important to note that H-bond is more transient, dynamically variable
and vulnerable than covalent bonds (e.g., Si-O-Si bond). When sub-
jected to high rates of external stress, the dynamic reversible network
constructed by the H-bond becomes resistant to breaking. In addition,
the disordered polymer chains do not have enough time to relax and
disassemble, hindering their movement. The mechanical properties of
the SSG are predominantly influenced by the rotation of chain
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Fig. 6 | Cytotoxicity assessment and practical applications of the PTS SSG.

a CCKS8 cell metabolism assay of the blank control group, PBS gel and PTS gel after
culturing 48 h (n = 3, biological replicates, values are expressed as mean + SD).

b The staining images of live and dead cells of Caco-2 cells after co-culture with
blank control, PBS and gel PTS gel (green spheres: live cells, red spheres: dead cells,
scale bar 50 pm). ¢ The schematic illustration of the fabrication process of the
Kevlar/SSG composite. d The force-time curves and e the energy dissipation of the

neat Kevlar and Kevlar/SSG composite. f, g Optical images of the neat Kevlar and
Kevlar/SSG composite before and after impaction, respectively. h The schematic
illustration of the fabrication process of the flexible device. i The relationship
between the resistance changes and the applied forces of the PDMS/c-STG/PDMS
sandwich device under various external forces. j Experimental data and fitting
curve of AR/RO versus force.

segments, resulting in a high stiffness state at the macroscale. The
entire process is illustrated in Fig. 1d.

Corrosion and cytotoxicity properties and application of

the PTS

Studying the SSG’s corrosivity issue with metal is important for eval-
uating its safety during its practical production and processing.
Therefore, to evaluate the corrosivity of the PTS gel, we directly placed
the samples of BA, PBS, TTIP, and PTS in direct contact with
304 stainless steel pieces and placed them in an oven at 160 °C for two
days to observe and compare the morphological changes on the
contact surface of the stainless steel. It can be seen from Supplemen-
tary Fig. 28 that due to the strong corrosivity of BA at high tempera-
tures, there is a significant darkening in color on the contact surface
with the steel, indicating that some reaction has occurred between BA
and the substances in stainless steel, resulting in a corrosion reaction.
Meanwhile, the phenomenon was also observed on the surface of the
steel alloy in contact with the PBS gel. In contrast, after 2 days of high-
temperature contact, there were no significant changes in the surfaces
of the alloy steel in contact with TTIP and PTS gel compared to the
blank group, indicating that TTIP and PTS gel exhibited negligible
corrosion behavior. This result indicated that the PTS-based SSG

option can effectively avoid the corrosion of PBS SSG, thereby avoid-
ing the safety problems of PBS during production and processing.
More importantly, the cytotoxicity of the PTS gel to Caco-2 cells was
investigated to evaluate the toxicity to human beings. The viability of
Caco-2 cells in PBS, PTS and control groups was tested through the CCK8
assay. As shown in Fig. 6a, the relative growth rate (RGR) was calculated
by OD values at 450 nm. The RGR of PBS and PTS gel was 48.5% and
88.1%, respectively. We found that PBS has a significant inhibitory effect
on Caco-2 cell growth (Grade 3, 25-49%, severely poisonous). In con-
trast, the PTS gel was slightly poisonous (Grade 1, 75-99%, slightly poi-
sonous). The result suggested that the PTS gel significantly reduced the
toxicity to human intestinal cells and could be a safe alternative to PBS.
Meanwhile, the live-dead cell staining images also proved that the PTS
gel had obvious advantages over the PBS gel in the cell co-growth
environment, because the attached cells did not exhibit any changes in
their morphology when compared to the control group (Fig. 6b).
Given the reversible soft-rigid mechanical transformation beha-
vior, SSG exhibits great potential for damping and shock energy
dissipation®. Accordingly, a Kevlar/SSG composite was developed to
investigate the impact resistance and energy dissipation capabilities of
the SSG. The preparation process of the composite is detailed in
Fig. 6¢c. The anti-impact performance of the composite fabrics was
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evaluated using a drop hammer test. During the penetration process,
the relationship between acceleration and time was recorded, and
energy-time curves were derived through mathematical integration
(Fig. 6d, e). In comparison to the peak force of pure Kevlar, which was
8.5 x10*N, the maximum force of the Kevlar/SSG composite increased
significantly to 1.4 x10> N.

The SSG initially encountered an external force, at which point it
dissipated a portion of its energy to mitigate the velocity of the fall and
subsequently reduce the force acting on the substrate. Consequently,
the shear rate increased, leading to rapid movement of the polymer
chains. A large number of Ti-O-H terminated groups engaged in
H-bonding interactions, effectively countering substrate deformation,
and resulting in a substantial surge in the storage modulus. Compared to
pure Kevlar fibers and Kevlar/PBS composite, the Kevlar/PTS composite
dissipated approximately 1.35 x 10? and 6.07 x 10'% more energy. Visual
inspection from Fig. 6f and g revealed that while the fibers of neat Kevlar
were pulled out and even torn after impact, the Kevlar/SSG composite
showed no signs of fracture or disconnection. The SSG’s impact on the
failure mode and increased impact force indicated its ability to enhance
slipping resistance and limit the relative movement of the Kevlar fibers,
thereby distributing more fibers under impact. This demonstrated that
SSG not only absorbed energy from high-velocity impacts but also
protected the substrate from severe damage.

Owing to its exceptional flexibility and non-toxic nature, the as-
prepared SSG was further explored for its potential as a flexible substrate
for conductive nanomaterials (Supplementary Fig. 29). In this context,
CNTs were introduced as a nanofiller for conductive modification in the
SSG. Firstly, the electrical conductivity of the SSG-based composite was
investigated. Notably, the composite’s resistivity exhibited a significant
decrease when the CNT weight fraction was less than 3.5%. It then gra-
dually decreased to 2.1x10'Q'm and remained stable until saturation,
indicating conductive percolation (Supplementary Fig. 30a)”~>°. Impor-
tantly, the introduction of CNTs did not compromise the shear-stiffening
performance of the SSG, with an RST of 6.0 x 10*%, comparable to pure
SSG (Supplementary Fig. 30b). Leveraging its composite’s flexibility and
conductivity, an SSG mixture with 3.0 wt% CNTs and 2.0 wt% TTIP was
employed to construct an electroactive layer for a sandwich sensor
device. The electroactive layer was encapsulated by two PDMS-based
insulating layers, providing both flexibility and mechanical robustness to
the sensor (Fig. 6h). The as-prepared flexible sensor was subjected to
varying external forces simulated by a dynamic mechanical analyzer
(DMA) at room temperature. The resistance was monitored using a
universal meter under dynamic external forces. The change in resistance
was characterized using Eq. (2)

—— 0% x100% )

to define the relative resistance change ratio to characterize the
mechano-electrical properties. Under external stimuli, the sensor’s
resistance, derived from the SSG/CNT composite, increased and
decreased periodically at a fixed frequency due to the intermittent
breakage and recovery of the conductive network (Fig. 6i)°°. Notably,
the peak value of AR/Ro augmented with increasing forces within the
1.0 to 3.0 N range. The device exhibited exceptional sensitivity and
consistent signal output in response to stimuli throughout bending-
releasing cycles. Furthermore, the sensor's AR/R, exhibited nearly
linear responsiveness in bending experiments, indicating the
mechano-electric stability of the SSG-based sensor.

Discussion

We demonstrated a key strategy to achieve a high shear stiffening
performance in supramolecular gels by metal-ion mediated H-bond
enhancement strategy. A PTS-based SSG is designed as a concept
example in which multivalent titanium ions were introduced into the

dynamic reversible network. By regulating the electrostatic potential
of both H-bond donors and acceptors by Ti** and Ti®" ions, a supra-
molecular network with enhanced H-bond was successfully con-
structed, obtaining a shear stiffening response of -2800 times.
Moreover, the resulting PTS SSG exhibited negligible corrosiveness
and cytotoxicity. These intriguing features collectively make the
PTS gel a promising candidate for a safe and non-toxic SSG. Addi-
tionally, we demonstrated its potential application in impact protec-
tors and flexible device sensors, which also have broad prospects.
We believe that the strategy of metal-ion-mediated design can be
easily extended to other dynamic reversible network constructions,
opening up avenues for developing smart materials with desirable
properties.

Methods

Materials

«,w-Hydroxyl-terminated polydimethylsiloxane (HPDMS, RTV 107 sili-
con oil) was provided by Hubei Xingfa Chemicals Group Co., Ltd.
Methyltrimethoxysilane, propyltrimethoxysilane, octyltrimethoxysilane,
tetramethoxysilane, potassium hydroxide (KOH), titanium tetra-
isopropanolate (TTIP) and BA were purchased from Aladdin Chemical
Reagent Co., Ltd. Diisopropoxy-bisethylacetoacetatotitanate (DBEAT)
was provided by Shanghai Macklin Biochemical Technology Co., Ltd.
Vinyl MQ silicone resin (DT-2750) was provided by Guangzhou Delta
Organic Silicon Technology Development Co., Ltd. Vinyl silicon oil (Vi-
PDMS, DY-V401, CP: 20000 mpa. s) was purchased from Shandong Dayi
Chemical Co., Ltd. Hydrogen polydimethylsiloxane (PHMS, RH-LHC-3)
was purchased from Zhejiang Runhe Organic Silicon New Materials
Co., Ltd. Karstedt's catalyst (Platinum (0)-1,3-divinyl-1,1,3,3-tetra-
methyldisiloxane diluent solution) was provided by Shanghai Bozhijie
New Materials Co., Ltd. Reaction inhibitor (1-ethynyl-1-cyclohexanol) was
purchased from Wuhan Chengtian Fine Chemical Co., Ltd. Carbon
nanotube (CNT, Matrix 611) was provided by Okoh Ail Trade (Shenzhen)
Co., Ltd. Kevlar fiber mesh was purchased from Dongguan Sovit Special
Line Band Co., Ltd. For the cytotoxicity test, fetal bovine serum (FBS,
SA311) was purchased from Sai'ao Mei Cell Technology (Beijing) Co., Ltd.
Phosphate Buffer Solution (PBS, P1020) was purchased from Beijing
Solarbio Science & Technology Co., Ltd. Cell-counting-kit-8 (CCKS,
HCO0854) was provided by WILBER. Penicillin, streptomycin (Product
No.60162ES76), and live cell/dead cell double staining kit were pur-
chased from Yeasen Biotechnology (Shanghai) Co., Ltd. Caco-2 cells
(Product No. CL-0050) were purchased from Wuhan Pricella Bio-
technology Co., Ltd. The Caco-2 cells line were authenticated using STR
profiling technology by the supplier.

Synthesis of a range of siloxanes-modified polydimethylsiloxane
100 g HPDMS was added into a three-neck flask and heated in a vacuum
environment at 80 °C for 1h to remove moisture. Under a nitrogen
atmosphere, 1.5 mL of 1% KOH in propyltrimethoxysilane (or in 1.27 mL
and 220mL of methyltrimethoxysilane and octyltrimethoxysilane,
respectively) solution was added to the flask at 80 °C for 1h. Subse-
quently, 100 pL octanoic acid was added to the mixture and stirred
continuously for another 1h to neutralize the excess KOH in the system.
Finally, the methyltrimethoxysilane, propyltrimethoxysilane, octyl-
trimethoxysilane, and tetramethoxysilane-modified PDMS were
obtained by connecting the flask to a vacuum pump at 120 °C to remove
unreacted reactants and recorded as Me-PDMS, Pr-PDMS, Octa-PDMS,
and Tri-PDMS, respectively.

Preparation of PTS SSG

In brief, 10 g of Me-PDMS, Pr-PDMS, Octa-PDMS and Tri-PDMS, and
0.20 g of TTIP were charged into a flask and stirred under nitrogen for
20 min. After that, the mixture was poured into a polypropylene mold
and vulcanized in the air under natural environment conditions (25 °C
and 50% humidity) for 48 h. To evaluate the Ti-O-H H-bonding effect
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on SSG behaviors, 10g Pr-PDMS was vulcanized by 0.30 g DBEAT
(equal Si/Ti molar ratio with TTIP) in the same condition as TTIP.

Preparation of PBS SSG

According to the previously reported contribution of PBS SSG, BA was
mixed with HPDMS and stirred at room temperature until homo-
geneous. Then the mixture was heated at 180 °C for 2 h and was stirred
every 20 min to keep the reaction adequate. The PBS SSG was obtained
after the mixture was cooled down to room temperature.

Preparation of PDMS/C-SSG/PDMS sandwich device

PDMS encapsulated layer: 50 g DT-2750, 50 g Vi-PDMS, 3.63 g PHMS,
0.25 g Pt Karstedt’s catalyst and 0.015 g 1-ethynyl-1-cyclohexanol were
mixed under mechanical stirring for 30 min at room temperature.
Then the encapsulated layers were prepared by pouring the mixed
precursor into a PTFE mode in an oven at 90 °C for 120 min for vul-
canization. C-SSG electroactive layer: 50 g Pr-PDMS, 1g TTIP and 1.5g
CNT were mixed for 30 min and then under ultrasonic treatment at
room temperature. The C-SSG layer was obtained by pouring the
mixture onto the PDMS layer and keeping it in the air for 48 H. The
sandwich device was constructed by sequentially preparing C-SSG,
PDMS layer on the bottom PDMS layer.

Preparation of Kevlar fiber mesh-reinforced SSG composite
Kevlar fiber mesh was cut into squares of 100 x 100 mm size and then
put into a polytetrafluoroethylene mold. In the impact test, two layers
of Kevlar fiber mesh were used. Then the SSG/Kevlar composite was
obtained by pouring the Pr-PDMS and TTIP mixture (TTIP weight
fractionis 2.0 %) into the mold and keeping it in the air for 48 H at room
temperature for vulcanization.

Materials characterization

The Infrared measurements of the Pr-PDMS SSG with different con-
centrations of TTIP were performed by an FTIR spectrometer (Thermo
Scientific Nicolet 6700) in ATR mode. The 'H NMR spectra were obtained
on a spectrometer (AVANCE Il 400 MHz). The #Si NMR spectra were
acquired using a spectrometer (AVANCE Il HD, 600 MHz) equipped with
CryoProbe BBFO, operating at 119.22 MHz for *Si NMR measurements.
The 200 pL sample and 4 mg shiftless relaxation reagents Cr(acac); were
added to 400 pL CDCI; containing tetramethylsilane (TMS) as an
external reference. All the spectra were recorded at 298 K. The #Si NMR
spectra were measured using the spectra width of 23809 Hz, inverse
gated decoupling was applied during acquisition (0.344s) with 2s
relaxation delay time. The software topspin 3.2 was used for data col-
lection. For NMR spectra analysis, the software MestReNova 14.0 was
used in this study. The rheological behaviors of all test samples were
examined using a rheometer (Haake Mars40) with the shear frequency
increasing from 0.1 to 100 Hz, and then strain amplitude was set at 1%
under room temperature. Under the condition of static shear tests,
according to strain rate = strain/time, and by changing the sampling time
of the rheometer, we could obtain the stress—strain curves under the
excitation of different rates. The software Rheowin 4.91 was used to
collect data. A gel permeation chromatogram of HPDMS was recorded in
chloroform at a flow rate of 1 mL/min as a mobile phase. Monodisperse
PDMS standards were used to normalize the instrument. The resistivity
of C-SSG with different concentrations of CNT was measured by a digital
four-probe tester (Suzhou Jingge, M-3 mini type). Each testing sample
was made into a cylinder with 50 mm diameter and 6 mm height. The BA,
TTIP, PBS gel, and PTS gel samples were placed directly onto 304 stain-
less steel pieces in 25 x 50 mm size in a 160 °C oven for 2 days to test the
metal corrosivity test.

under ultraviolet irradiation for 30 min. The glass slides were placed in
24-well plates with Caco-2 cells, which were cultured in DMEM culture
medium containing 20% FBS and 1% streptomycin-penicillin and
maintained under a 5% CO, atmosphere at 37 °C. Caco-2 cells in the
logarithmic growth phase were harvested and adjusted to an appro-
priate concentration before being seeded onto gels-coated coverslips
in a 24-well plate at a density of 15,000 cells per well. Following 48 h of
culture, the culture medium was aspirated and the cells were gently
washed once with PBS. Subsequently, the cells were detached by
trypsinization (3min digestion), collected by centrifugation, and
resuspended in 300 pL of complete medium. For viability assessment,
100 pL aliquots of the cell suspension were transferred to a 96-well
plate, mixed with 10 pL of CCK-8 reagent, and incubated for 2 h at
37°C in a 5% CO, atmosphere. Absorbance at 450 nm was then mea-
sured using a microplate reader (Tecan Infinite 200pro), with each
experimental condition assayed in triplicate. The relative growth rate
(RGR) could be calculated by the following Eq. (3):

oD,

RGR= oD,

x100% 3)

where OD; and OD represented OD values of the experimental group
and control group, respectively.

For capturing live/dead cell staining images, following 3-minute
trypsin digestion and centrifugation, the cell pellet was resuspended in
500 pL PBS containing 0.1% Calcein-AM and 0.3% propidium iodide
(PI). The cell suspension was then transferred to a fresh 24-well plate
and incubated for 15 min at 37 °C under 5% CO, atmosphere. Cell via-
bility was assessed using confocal laser scanning microscopy (10x
objective), with image acquisition performed at excitation wave-
lengths of 490 nm (for Calcein-AM, live cells) and 545nm (for PI,
dead cells).

Drop hammer tests

The anti-impact performance of the composite mesh was tested
by a drop hammer. The force-time relationship was recorded during
the penetration by a drop hammer impact tester (Instron-9350).
A total of 2.5 kg loading dropped freely from the height of 500 mm.
The acceleration sensor was set on the impact head, and the oscil-
loscope recorded the change in the acceleration during the puncture
process. The software CeastVIEW6.43 was used to collect data.

Electric signal tests of the sandwich device sensor

In the force sensor experiment, the externally applied force between
1.0 and 3.0 newton at 0.2 Hz frequency was supplied by a dynamic
mechanical analyzer (DMA 8000, Perkin Elmer) in auto-tension mode.
The resistance of the device was accorded by a universal meter
(Keithley 6517B) under different applied forces.

Computational methods

The calculations were performed using the Vienna ab initio simulation
package code (VASP)®.. The wave function was expanded by the plane
wave, with a kinetic cut-off of 520eV. The generalized gradient
approximation with the spin-polarized Perdew-Burke-Ernzerhof
(PBE) functional was used. A Monkhorst-Pack grid of (2x2x2)
k-points was used®’. A 3D-periodic cubic unit cell of 30 x 30 x 30 A was
used for simulations. The molecular orbital calculations with the
hybrid functional calculations(B3LYP) were performed with Gaussian
16 according to previous studies, with a 6-311 + + G(d,p) basis set®*. The
intermolecular bond energy between molecules A and B was com-
puted as:

Cytotoxicity experiments Einter =Ea+ Eg—Eotal 4)
The relative growth rate and toxicity of cells were determined by CCK8
assay. The PBS and PTS gels were coated onto cell slides and then
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available in figshare
with the identifier https://doi.org/10.6084/m9.figshare.29625734%. All
data are available from the corresponding author upon request. Source
data are provided with this paper.
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