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Supramolecular polymer networks (SPNs) are a class of soft 
materials composed of linear polymers transiently cross-
linked through non-covalent interactions1,2. On account of the 

dynamic nature of these crosslinks, they can serve as sacrificial bonds 
to dissipate applied energy, thus imparting SPNs with remarkable 
material properties including high toughness3, enhanced damping 
capacity,4 extreme stretchability5–7, rapid self-healing8–10 and revers-
ible mouldability.11 These superior material properties have led to 
the use of SPNs as repairable electrodes12,13, artificial skins14,15 and 
drug-delivery devices16,17. Although promising strides have been 
made, the material requirements for some demanding applications 
have not yet been met. A major limitation of SPNs is achieving 
extreme compressibility with ultra-high compressive strength and 
complete self-recovery on short time scales.

Comparing covalently to non-covalently crosslinked polymers, 
the dissociation kinetics for dynamic networks plays a critical role 
in the material design and mechanical properties of the SPNs.1 
Craig and coworkers revealed that it is in fact crosslink dynamics, 
rather than equilibrium thermodynamics, that are paramount in 
determining the material properties (for example, viscoelasticity) of 
SPNs18,19. They reported that slower dissociation kinetics resulted in 
more intact crosslinks within a transient network under an applied 
force, leading to a higher complex modulus. Holten-Anderson et al. 
further demonstrated control over hierarchical polymer mechan-
ics through tuning the relative ratio of two kinetically distinct 
metal-ligand crosslinks, which allowed for decoupling of the mate-
rial mechanics from crosslink structure20. These pioneering reports 
established the basis for understanding the relationship between 
crosslink kinetics and SPN material properties.

Most reported systems focus on the fabrication of rubber-like 
SPNs, exploiting the relatively fast dissociation kinetics (that is, 
for an aqueous system, dissociation rate constant kd > 10 s−1) of 
non-covalent crosslinks to achieve desirable material properties 
such as stretchability and self-healing. The short lifetime (τ = kd

−1) of 
the crosslinks within these materials limits their dynamic mechani-
cal properties in both the viscous flow and rubber-like regions as 

the equilibrium is shifted towards the dissociated state (Fig. 1a left, 
grey). We postulated that extending the lifetime of the crosslinks 
within a transient network (kd < 1 s−1) would allow us to access SPNs 
that acted as a glass-like material at room temperature (Fig. 1a right, 
blue). Accessing such materials, where the equilibrium is shifted 
towards an associated state, would improve resistance to applied 
forces, thus endowing the material with enhanced compressive 
strength, a current limitation of SPNs.

In the last decade, various non-covalent interactions have been 
used as dynamic crosslinks for the construction of SPNs within 
viscous flow and rubber-like ranges. Among them, dynamic net-
works held together through host–guest interactions have shown 
particular promise and attracted significant interest on account of 
their facile and modular design.21,22 A variety of macrocyclic hosts 
including crown ethers23,24, cyclodextrins25,26, pillar[n]arenes27–29 and 
cucurbit[n]urils (CB[n]s)30,31 have been exploited as crosslinkers for 
the construction of SPNs. Owing to the high binding affinities and 
wide scope of guest moieties, CB[n]-mediated host–guest interac-
tions have been used extensively in the design and fabrication of 
functional supramolecular systems32–37. Recently, we reported a 
CB[8]-enhanced phenyl-perfluorophenyl polar–π interaction, and 
successfully demonstrated its use as a non-covalent crosslink for 
fabricating robust and transparent SPNs with tuneable viscoelastic-
ity and high stretchability.38

Here, we aim to advance this interaction to devise a series of 
non-covalent crosslinkers with slow dissociation kinetics, distinct 
from previous reports. Controlling kd to be <1 s−1 would expand the 
dynamic mechanics of the resultant materials towards the glass-like 
range (Fig. 1a), addressing the poor compressibility of SPNs. To 
this end, we based our crosslink design on CB[8]-mediated ternary 
complexation, whereby modification of the second guest deter-
mines the kd of the dynamic crosslink (Fig. 1b,c). We envisioned 
that the dissociative kinetics of the dynamic crosslinks (host–guest 
complexes) could be tuned by changing the hydrophobic struc-
ture of the phenyl group of the second guest (RBVI). To slow kd, a  
stronger enthalpic driving force is needed for the second guest  
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association (ka) to release more of the conformationally restricted 
water from the CB[8] cavity.39 Increasing hydrophobic volume of 
the second guest can achieve this, which leads to substantial retar-
dation of dissociative process, in accordance with the Bell–Evans–
Polanyi principle40,41.

Quantification of crosslink dissociation kinetics
A library of second guests functionalized with either different sub-
stituents on the phenyl group or expanded aromatic moieties were 
designed and synthesized (Fig. 2a). Binding of each guest to CB[8] 
was investigated through isothermal titration calorimetry (ITC) to 
quantify the thermodynamics and kinetics of the second associa-
tion event (Supplementary Table 1). Titration of each guest into a 
solution of precomplexed 5FBVI-CB[8] resulted in a clear transi-
tion at a molar ratio of 1.0 in all cases (Fig. 2b and Supplementary 
Figs. 15 and 16). In comparison to parent benzyl vinylimidazolium 
(BVI, red), introduction of either a hydrophobic chlorine atom 
(4-chlorobenzyl vinylimidazolium, ClBVI, black) or extension of 
fused aromatic ring (2-napthylmethyl vinylimidazolium, NVI, blue) 
resulted in release of more conformationally restricted water from 
the CB[8] cavity, increasing the binding affinity and retarding the 
dissociative kinetics. The kinITC method42 was used to analyse the 
equilibration time of each titration at different molar ratios (Fig. 2c 
and Supplementary Fig. 17). The dissociation rate constants (kd) 
were obtained through fitting these plots to determine the crosslink 
dissociation kinetics.

To understand the structure–property relationship, the asso-
ciation constant log Keq of the crosslink as well as its dissociation 
rate constant log kd were plotted against the octanol/water parti-
tion coefficient (log P) of their corresponding toluene derivatives43, 
a common parameter used to evaluate hydrophobicity (Fig. 2d,e,  
respectively). As shown in Fig. 2d, log P displayed a positive  

correlation with log Keq and a negative correlation with log kd (Fig. 2e).  
This indicated that increasing the hydrophobicity of second guests 
can substantially enhance the association affinity and simultane-
ously retard the dissociation kinetics for the ternary complex. In 
contrast to the unsubstituted BVI, NVI was found to be the most 
hydrophobic second guest and exhibited the highest Keq and low-
est kd values. The data obtained show that Keq and kd of these 
non-covalent crosslinks can be tuned over a wide range from 103 to 
106 M−1 and 0.01 to 1 s−1, respectively. This confirms that exploiting 
CB[8]-enhanced phenyl-perfluorophenyl polar–π interactions with 
a library of derivatized second guests results in ternary complexes 
with extremely slow-dissociative dynamics tuneable over several 
orders of magnitude through simple molecular design.

To further explore the relationship between thermodynamics 
and kinetics within host–guest complexes, we compiled previous lit-
erature reports that used either cyclodextrins (CD, α or β) or CB[8] 
within binary or ternary host–guest complexes, Supplementary 
Table 2, and plotted their log Keq versus log kd (Fig. 2f). Notably, 
Keq values of CB[8] host–guest complexes (yellow squares and 
green circles) were higher than those found for CD (grey diamonds 
and purple hexagons). The kd values for CB[8] ternary complexes 
measured in this work (green circles) were found to be two orders 
of magnitude lower than any previously reported CD complexes. 
This confirms that dynamic CB[8] complexes formed through 
phenyl-perfluorophenyl polar–π interactions with a derivatized 
hydrophobic second guest result in ultra-high kinetic stability.

Glass-like rheological behaviour
On account of their low kd values, these crosslinking motifs were used 
to prepare SPNs (total monomer concentration CM = 2.0 M; solid con-
tent, 21 wt%) in aqueous media. SPNs were prepared through photo-
polymerization (6 h at 350 nm) of the crosslinker (5FBVI-CB[8]-RBVI, 

Fig. 1 | Design of glass-like SPNs. a, Schematic overview of the frequency (ω)-dependent dynamic mechanics of SPns (top) including two real data sets 
of a reported SPn (left, grey)20 and this report (right, blue). b, Molecular structures of perfluorophenyl (5FBVI), substituted phenyl (rBVI) guests and the 
host macrocycle (cucurbit[8]uril, CB[8]). c, Ternary complexation equilibrium of host-enhanced polar–π interactions including first and second association 
and their related kinetic parameters (k1, first-step association constant; k−1, first-step dissociation constant). d, Supramolecular polyacrylamide networks 
crosslinked by the above interactions and two rBVI guests that exhibit slow-dissociative kinetics and high compressive strengths (σcomp.).
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Fig. 3 | rheological characterization of glass-like SPNs. a, Histogram plot of G′ and G″ values for four exemplar SPns using nVI or BVI crosslinks in the 
absence and presence of CB[8]. b, Frequency-sweep plot of G′ and G″ for five SPns using nVI, diMeBVl, ClBVI, BVI and CnBVI crosslinks, respectively.  
c, Time–kinetics superposition for the frequency sweep shown in b scaled by λ. d, TTS for nVI-containing SPns. e, Comprehensive frequency-sweep plots 
of G′ and G″ for SPns crosslinked with 5FBVI-CB[8] and 11 different second guests. f, Plots and linear fit for ln λ and ln kd for all second guests.
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2.5 mol%) in the presence of acrylamide (95 mol%) and character-
ized by oscillatory rheology to test their dynamic viscoelasticity. As 
shown in Fig. 3a, SPNs with NVI or BVI crosslinkers in the presence 
of CB[8] showed higher viscoelasticity with both storage (G′) and loss 
(G″) moduli one to two orders of magnitude above the control net-
works without CB[8]. G″ of the NVI-crosslinked network was found 
to be half an order of magnitude lower than that of the BVI network, 
while both networks displayed a similar G′ value (Fig. 3a). This indi-
cates that NVI crosslinks form a more elastic network with lower loss 
tangent (tan δ) stemming from the slower dissociation of the second 
binding of NVI compared to BVI.

To interrogate the dynamic viscoelasticity of SPNs held together 
by crosslinkers with a range of kd values, frequency-sweep experi-
ments of SPNs constructed with five representative crosslinkers 
(NVI, 2,3-dimethylbenzyl imidazolium (diMeBVI), ClBVI, BVI and 
4-cyanobenzyl imidazolium (CNBVI)) were carried out (Fig. 3b). 
To decouple the dynamic viscoelasticity from any structural differ-
ences of the crosslinkers in the data shown in Fig. 3b, time–kinetics  
superposition analysis was used through the introduction of a scal-
ing factor (λ) with BVI as the reference (Fig. 3c). This showed a 
frequency-sweep plot displaying an extended and continuous 
transition of both G′ and G″ moduli from the rubber-like into the 
glass-like range. Accessible through slow-dissociative non-covalent 
crosslinkers (for example, 5FBVI-CB[8]-NVI), this represents a 
great advance in the area of supramolecular polymeric materials.

To gain further insight into this observation, we performed  
time–temperature superposition (TTS) experiments using a SPN 
formed with 5FBVI-CB[8]-NVI crosslinks. As shown in Fig. 3d, along-
side a decrease in temperature from 80 to 0 °C, the NVI-crosslinked  

network exhibited a continuous transition from a rubber-like to 
glass-like state, the same trend observed with the time–kinetics 
superposition plot shown in Fig. 3c. These results indicate that 
crosslinkers with a higher kd (that is, diMeBVI, ClBVI, BVI and 
CNBVI) display analogous behaviour at 20 °C to crosslinkers with a 
lower kd (that is, NVI) at higher temperatures (40–80 °C). This dem-
onstration represents a generic approach to engineer the dynamic 
viscoelasticity of SPNs at room temperature through controlling the 
crosslinker structure rather than using elevated temperatures.

To further quantify the relationship between λ and kd, we car-
ried out frequency-sweep experiments using the full range of 
5FBVI-CB[8]-RBVI crosslinkers (Fig. 2a). Using BVI as a refer-
ence second guest, time–kinetics superposition analysis was used  
(Fig. 3e), which showed a clear trend from rubber-like to glass-like 
states, similar to that observed in Fig. 3c. These data further validate 
our control over the dynamic viscoelasticity of SPNs using different 
5FBVI-CB[8]-RBVI crosslinkers. Plotting ln λ against ln kd showed 
a linear relationship (Fig. 3f), ln λ = −b ln kd + ln A, where −b is the 
slope and ln A is the intercept. A simplified equation is obtained 
with λ = Akd

−b, where A = 1.1 × 10−3 and b = 2.2.
Unveiling the connection between λ and kd is not trivial, and 

previous reports have suggested a simple relationship19 (λ = kd
−1); 

however, these reports are based on well-defined SPNs that exhibit 
close to their sol-gel transition point. Quantifying this relationship 
in a highly viscoelastic, complex SPN has, so far, not been feasible 
as there are currently no in situ techniques to directly probe kd. On 
the basis of the low kd values of the SPNs reported here, we have 
been able to show the connection between λ and kd in a non-ideal 
transient network.
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Compressive properties of glass-like SPNs
Having access to glass-like SPNs with slow crosslink dissociation 
kinetics leads us to investigate their compressibility and probes 
self-recovery within these materials. A typical compressive test 
was carried out on a preformed cylindrical SPN by uniaxially com-
pressing the specimen until the load force or strain was reached  
(Fig. 4a). Five SPNs, crosslinked by 2.5 mol% 5FBVI-CB[8]-RBVI 
(RBVI is equal to NVI, diMeBVI, ClBVI, BVI and CNBVI) at 
CM = 2.0 M, were tested until maximum strain (93%) of the universal 
test machine and the corresponding stress–strain curves (Fig. 4b).

The SPN with the slowest dissociative crosslink, 5FBVI-CB[8]-NVI 
(blue set), exhibited the highest compressive strength of 100 MPa. 
The compressive strength was found to increase across the series 
in correlation with a decrease of kd, which could be tuned between 
10–100 MPa. Notably, none of the SPN samples fractured at the 

maximum strain, even the 5FBVI-CB[8]-NVI-crosslinked SPN, 
which showed the highest strength. To further explore the ultimate 
strength of these glass-like materials, a series of SPNs crosslinked 
by 2.5 mol% 5FBVI-CB[8]-NVI were prepared through varying the 
total monomer concentration (CM = 1.0–6.0 M, solid content was 
11–56 wt%, Fig. 4c).

A maximum compressive strength was found up to 1.04 GPa for 
the 5FBVI-CB[8]-NVI-crosslinked SPN at CM = 6.0 M without any 
observed fracture at 93% strain. To contextualize our findings, we 
compared them to other analogous materials known to display high 
compressive strengths. In Fig. 4d and Supplementary Table 3, the 
compressive strengths of a range of single- and double-network gels 
(black) are shown as well as those reported for bovine articular car-
tilage (blue). The values found for the SPN materials reported here 
(red) surpass both gels and the bovine cartilage by at least one order 
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of magnitude. Additionally, despite a composition of up to 80% 
water, the compressive performance of our glass-like SPNs exceeds 
bulk materials such as elastomers44–47. These results highlight the 
extreme compressibility and ultra-high strength of glass-like SPNs 
formed from 5FBVI-CB[8]-RBVI crosslinkers, representing an 
important milestone in high-performance soft materials.

Cyclic compressive tests were carried out to study the 
self-recovery of SPNs with 2.5 mol% 5FBVI-CB[8]-NVI cross-
linkers at CM = 2.0 M. Compression–retraction cycles at different 
load forces from 8 to 40 kN are shown in Fig. 5a, demonstrating 
quasi-plastic deformation, for which the dynamic host–guest 
interactions play a critical role. This confirms the effective energy 
dissipation attributed to force-induced rupture of host–guest cross-
linkers as sacrificial bonds, similar to other reported supramolecular 
networks31,48, Furthermore, a fast and complete self-recovery after 
120 s between consecutive cycles was observed (Fig. 5b). This is on 
account of the slow-dissociative crosslinks within the SPN that can 
act as quasi-chemical crosslinks to form an elastic network, leading 
to rapid recovery through elastic retraction and re-association of 
host–guest complexes.

Multi-cycle compressive tests at the highest force load (40 kN) 
were performed to study the cyclic compressibility of the glass-like 
SPNs. Stress–strain curves obtained, for example SPN (2.5 mol% 
5FBVI-CB[8]-NVI crosslinkers at CM = 2.0 M, Fig. 5c), showed 
almost perfect overlap across 12 cycles, demonstrating highly revers-
ible compressibility of the SPN at ultra-high strength of 100 MPa. 
To further emphasize the extreme compressibility of our SPNs, a 
large specimen with 70 (L) × 50 (W) × 6 (T) mm (where L is length, 
W is width and T is thickness) was prepared for a car-compression 
test (Fig. 5d). A four-wheel car with a total weight of 1,200 kg was 
driven and held on top of the specimen for 1 min placed between 
two copper sheets to avoid any slippage or surface contamination. 
Subsequently, the car repeatedly compacted the specimen 16 times 
as shown in Supplementary Video 4, and no fracture or irreversible 
deformation was observed on account of complete self-recovery.

To demonstrate the use of our materials for bioelectronic appli-
cations, we fabricated a hydrogel-based capacitive pressure sen-
sor. The dome-shaped structures were included on the surface of 
the SPN to improve the sensitivity (Fig. 5e). Compared to previ-
ous reports (Supplementary Table 4), our hydrogel-based sensor 
enables access to ultra-high working pressures up to 2.5 MPa, while 
exhibiting considerable sensitivity (Fig. 5f). Incorporating this sen-
sor under the sole of a human foot, real-time monitoring of three 
motions (walking, jumping, standing) was successfully achieved 
(Fig. 5g). These results highlight the ultra-compressibility of our 
glass-like SPNs and display their potential applicability in prosthet-
ics legs and/or arms and soft robotic skin49,50.

Outlook
In conclusion, we have successfully introduced a general strat-
egy to incorporate slow-dissociative, non-covalent crosslinkers 
for the fabrication of glass-like SPNs. On account of these kineti-
cally stable crosslinks, the resultant networks are extremely com-
pressible exhibiting an ultra-high strength up to 1.0 GPa and no 
fracture observed at 93% strain. The materials also demonstrate 
rapid room-temperature self-recovery over multiple cycles result-
ing from the slow-dissociative supramolecular interactions that 
can act as both sacrificial bonds and quasi-permanent crosslinks. 
Our approach highlights how to harness control over the crosslink 
dynamics within SPNs through rational molecular design, which 
leads to unprecedented, tuneable bulk material properties. A uni-
versal scaling law (λ = Akd

−b) that applies for both rubber-like and 
glass-like networks is reported, which completes the overall pic-
ture of dynamic mechanics for SPNs. This work provides a general 
platform to exploit slow-dissociative crosslinks in the design and 
construction of highly compressible soft materials, holding great 

promise for myriad applications including artificial muscles, tissue 
engineering, soft robotics and wearable bioelectronics.
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Methods
Materials. Unless otherwise stated, all the chemicals used in the present work were 
purchased from Sigma Aldrich and directly used without further purification: 
acrylamide (for molecular biology, 99%, high-performance liquid chromatography 
(HPLC)), 1-vinylimidazole (99%), 2,3,4,5,6-perfluorobenzyl bromide (99%), 
benzyl bromide (reagent grade, 98%), 2-(bromomethyl)naphthalene (96%), 
2,3-dimethylbenzyl bromide (Aldrich Partner Apollo Scientific Ltd, 95%), 
4-methoxylbenzyl bromide (95%), 4-methylbenzyl bromide (96%), 4-iodobenzyl 
bromide (95%), 4-bromobenzyl bromide (98%), 4-chlorobenzyl bromide (97%), 
4-fluorobenzyl bromide (97%), 4-(bromomethyl)benzonitrile (99%), 4-nitrobenzyl 
bromide (99%), 2-naphthyl isocyanate (97%), N-hydroxyethyl acrylamide (97%, 
1,000 ppm MEHQ), acetonitrile (HPLC, 99.9%), ethanol (absolute, 99.8%, HPLC), 
acetone (ACS reagent, 99.5%), diethyl ether (ACS reagent, 99%), deuterium oxide 
(D2O, D 99.8 at.%), dimethyl sufoxide-d6 (DMSO-d6, D 99.9 at.%), nitrogen, 
2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (photoinitiator, 
I-2959, 98%) and 1,2-bis(2-(4,5-dihydro-1H-imidazol-2-yl)propan-2-yl)diazene 
dihydrochloride (Aldrich Partner, Ambeed, Inc., thermoinitiator, VA-044, 95%). 
Cucurbit[8]uril was synthesized and isolated in 100-g scale from the mixture 
of cucurbit[n]uril derivatives using a conventional protocol. Milli-Q water was 
obtained from a Milli-Q Integral Water Purification System (18.2 MΩ cm−1). Unless 
otherwise noted, all the sample solutions for characterization were prepared in D2O 
or Milli-Q H2O under heating and ultrasonication.

Monomer synthesis. All the guest monomers were readily synthesized through salt 
formation reaction between different substituted benzyl bromide (10.0 mmol) and 
1-vinylimidazole (15.0 mmol) through stirring in acetonitrile (20 ml) at 82 °C for 
12 h. After reaction, the mixture was divided into two portions in two Falcon tubes. 
Then, 30 ml of diethyl ether was added into each of the tubes to precipitate the 
imidazolium salt from the reaction mixture. The white solid of imidazolium salt 
was was collected by centrifugation at 10,000 r.p.m. for 10 min at 4 °C to remove 
the supernatant containing excess 1-vinylimidazole. After that, the crude product 
was washed by 40 ml diethyl ether in each tube and centrifuged again. Eventually, 
the white imidazolium product was combined and dried in a vacuum oven at 50 °C 
until a constant weight was reached.

SPN fabrication. Certain amounts of acrylamide, non-covalent crosslinker 
(5FBVI-RBVI-CB[8]) and photoinitiator (I-2959) were predetermined 
(Supplementary Table 5), weighed out in a glass vial and dissolved (or dispersed) 
in Milli-Q water with the precalculated volume under ultrasonication for 10 min. 
The resultant precursor solution (or suspension) was sealed and purged with 
nitrogen for at least 30 min to remove residual oxygen in the solution phase, 
which may eliminate radicals during polymerization. The precursor solution was 
carefully injected into a laboratory-made glass mould until the whole mould was 
filled without any bubble or spare space. The glass mould filled with the precursor 
solution was exposed to ultraviolet irradiation at 350 nm with 4.8 mW cm−2 for 
6 h to undergo in situ photopolymerization. After one-pot polymerization, the 
SPNs was removed from the glass mould and further cut into the test specimens 
with certain sizes and shapes using a dumbbell/cylinder-shaped cutter or a razor 
blade. The prepared SPNs were directly used in the subsequent characterization or 
demonstration without further purification. As the relatively long polymerization 
time is used, the residual amount of acrylamide is less than 1%, which will not be 
problematic for further application.

ITC. ITC experiments were conducted on a Malvern MicroCal Auto-ITC200 
apparatus at 298.15 K in Milli-Q H2O. In a typical titration to study secondary 
binding, the solution of 1:1 complex (5FBVI-CB[8]) was loaded in the sample cell 
at a concentration of 0.5 mM, and the second guest molecule was loaded in the 
syringe at a tenfold higher concentration of 5.0 mM. One titration experiment 
consisted of one injection of 0.6 μl and 32 consecutive injections of 1.2 μl with 
90 s intervals between injections. The first one or two data points were removed 
before data analysis as they may contain contamination, and the resultant ITC 
curves were fitted by one set of sites model within Malvern MicroCal Analysis 
Centre software to gain thermodynamic information on the secondary binding 
(Keq, ΔH, ΔS). The ITC data were further analysed using a kinITC method, using 
Affinimeter-ITC-Advanced software, to obtain association/dissociation kinetic 
rate constants for the secondary binding (ka, kd). All the titrations were repeated for 
three times to provide the average values with their corresponding error bars.

Rheology. Rheological characterization was implemented by a Discovery Hybrid 
Rheometer (DHR)-2, TA Instruments, with a Peltier Plate for temperature control. 
All the measurements were conducted on a 20-mm parallel stain steel plate 
geometry with a fixed gap at 1,500 μm, and the necessary calibration for geometry 
was carried out before testing. All the samples for rheological characterization 
were measured just after the SPN fabrication. Oscillatory frequency-sweep 
measurements were conducted at 1.0% strain in the frequency range from 0.1 to 
100 rad s−1. Continuous step-strain measurements were performed at 1.0 rad s−1 
in high-amplitude oscillatory (500% strain) and low-amplitude oscillatory (5.0% 
strain), respectively. The above data were collected at 293.15 K and analysed 
using TRIOS software, TA Instruments. TTS experiments were conducted on 

a series of frequency-sweep measurements from 0.016 to 16.0 Hz at 1% strain 
in the temperature range from 273.15 to 353.15 K with 10 K intervals. For 
each temperature, the frequency-sweep curve was shifted horizontally with a 
temperature-dependent shift factor αT, using 303.15 K (30 °C) as the reference 
temperature (α30 = 1). Time–kinetics superposition experiments were carried out 
on a series of frequency-sweep measurements from 0.016 to 16.0 Hz at 1% strain 
and 298.15 K (to be consistent with kinITC dataset) using 11 different SPNs with 
distinct non-covalent crosslinkers. For each SPN, the frequency-sweep curve 
was shifted horizontally with a kinetics-dependent shift factor λRBVI, using BVI 
as the reference guest (λBVI = 1). Through plot and linear fit for ln λ and ln kd, the 
quantitative relationship between dynamic mechanical property and crosslink 
dissociation kinetics was revealed.

Compression. Compressive tests were conducted, just after the SPN fabrication, 
on a Tinius Olsen Model 50ST Benchtop Tester equipped with a 50-kN load cell 
at room temperature. In a typical compressive test, a cylinder specimen with a 
fixed shape (22 mm D × 7 mm H, where D is diameter and H is height) was placed 
between two stain steel plates and compressed at a specific deformation rate 
(10 mm min−1) to obtain the stress–strain curve. Cyclic compressive tests with 
variable waiting time (0–120 s) were further carried out to study self-recovery of 
the resultant glass-like SPNs. Compressing-retraction cycles were obtained by 
compressing cylinder specimens until set load forces from 8 to 40 kN with 8-kN 
intervals. Multi-cycle compressive tests were performed by compressing a cylinder 
specimen until the highest load force (40 kN) at a rate of 10 mm min−1, relaxing the 
specimen at the same deformation rate and repeating the above two steps as one 
whole cycle for 12 times with 2 min waiting time between cycles.

Capacitive pressure sensor. To improve sensitivity of pressure sensor in the high- 
pressure range above 100 kPa, a SPN specimen (20 mm L × 20 mm W × 2 mm T)  
with a 5 × 5 matrix of dome structures (2 mm D × 2 mm H) was designed and 
used. This specimen was prepared similarly to the above SPNs, using a flat, 
transparent glass mould along with a polylactic acid mould containing defined 
holes complementary to dome-shaped structures (fabricated by an Ultimaker 2, 
three-dimensional printer). The prepared pressure sensor with dome structures 
was tested with a universal test machine (Tinius Olsen Model 50ST Benchtop 
Tester) and a LCR meter (Compact LCR Meter ST2830). By compressing the 
sensor with the universal test machine (1–1,000 N) and recording the capacitance 
simultaneously, a plot of capacitance and stress was obtained. Through linear fit, 
the average sensitivity was calculated in their corresponding pressure range (S1, S2, 
S3). The use of the obtained pressure sensor was further demonstrated by sensing 
human motions on a foot. Through monitoring the capacitance, a real-time plot 
of capacitance variation was obtained to show three different human motions 
including 2 × 10 s of walking, 2 × 10 s of jumping and 10 s of standing with a 10 s 
pause between each motion.

Data availability
Data generated and analysed during this study are provided as source data with this 
paper or included in the Supplementary Information. Further data are available 
from the corresponding authors upon request.
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