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Multi-Energy Dissipation Mechanisms in Supramolecular 
Hydrogels with Fast and Slow Relaxation Modes  

Subaru Konishi,a Junsu Park,a,c, Osamu Urakawa,a Motofumi Osaki,a,c Hiroyasu Yamaguchi,a,c,d Akira 
Harada,e Tadashi Inoue,a,c Go Matsuba,*f and Yoshinori Takashima*a,b,c,d 

Reversible cross-links by non-covalent bonds have been widely used to produce supramolecular hydrogels that are both 

tough and functional. While various supramolecular hydrogels with several kinds of reversible cross-links have been 

designed for many years, a universal design that would allow control of mechanical and functional properties remains 

unavailable. The physical properties of reversible cross-links are usually quantified by thermodynamics, dynamics, and bond 

energies. Herein, we investigated the relation between the molecular mobility and mechanical toughness of supramolecular 

hydrogels consisting of two kinetically distinct reversible cross-links by host-guest interactions. The molecular mobility was 

quantified as the second-order average relaxation time (<τ>w) of the reversible cross-links. We discovered that hydrogels 

combining fast (<τ>w = 1.8 or 18 s) and slowly (<τ>w = 6.6×103 or 9.5×103 s) reversible cross-links showed increased toughness 

compared to hydrogels with only one type of cross-link because relaxation processes in the former occurred with wide 

timescales.

1. Introduction 

Tuning the chemical and physical properties of polymeric 

materials is an important issue for widespread application, long 

service life, resource reduction, processability, and 

functionalization such as responsiveness, self-healing, and 

excellent mechanical properties.1–11 In particular, the 

mechanical performance of synthetic hydrogels12,13 is usually 

weaker than those of elastomers and natural hydrogels,14–16 

which limits their broad application.15,17 To achieve tough 

materials, mechanisms for dissipating energy from the 

environment or approximating an ideal polymer network are 

needed.7,18–28 One effective approach is to introduce reversible 

cross-links, such as non-covalent29,30 or dynamic covalent 

bonds31, into polymeric materials. They can dissociate when a 

polymeric material is under mechanical stress. The dissociation 

relaxes the stretched polymer chains and leads to dissipation of 

energy from the polymer network, high stretchability of the 

polymer network, and eventually toughening of the materials.18 

The characteristics of non-covalent bonds are often 

quantified by thermodynamics and dynamics.21,29,32,33 These 

parameters complexly tune the properties of cross-linked 

supramolecular polymeric materials. In general, the 

thermodynamic parameter will relate to the degree of cross-

linking in the network. The dynamics parameter directly 

influences the dynamic nature of cross-links and surrounding 

polymer chains, which will determine macroscopic 

viscoelasticity. Therefore, the dynamics of non-covalent bonds 

will affect the timescale of the above energy dissipation 

mechanism by reversible cross-links. 

Inspired by the different features of non-covalent bonds, 

combinations of several kinds of reversible cross-links in a single 

network have attracted much attention as a way to establish 

more highly functional materials.32 Such hydrogels containing 

two kinds of reversible cross-links are called dual physically 

cross-linked hydrogels. While many of them were designed for 

effective self-healing34–37 and multi-stimuli responsiveness38–44, 

some hydrogels cross-linked by metal-ligand coordination33,45, 

hydrogen bonding46,47, or ionic interactions48,49 have exhibited 

outstanding mechanical properties, probably due to their high 

binding energies.34,50–55 For diverse hydrogels as well as dual 

physically cross-linked hydrogels, there is no known set of 

general principles with which to design properties and 

functionality.18,24,56,57 

In addition, different reversible cross-links usually associate 

and dissociate with different timescales.58–67 Therefore, a 

combination of different reversible cross-links also influences 

the viscoelastic properties of dual physically cross-linked 

hydrogels, where the dynamics of reversible cross-links with 

different timescales may produce a specific response to the 

external deformation.68–72 Although the dynamics should be 
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related to the energy dissipation mechanisms and toughness of 

the hydrogels, only a few studies on the quantitative 

relationships between dynamics and toughness have been 

reported.25,65,67,73–79 

Herein, we show the relation between a combination of 

different molecular mobility and toughness values for 

supramolecular hydrogels (Fig. 1). To do this, we prepared 

hydrogels with dual reversible cross-links by using host-guest 

complexation of α-cyclodextrins (αCDs) and cation-terminated 

alkyl chain guests. We focused on the viscoelastic relaxation 

time (τ) as a parameter for the molecular mobility of reversible 

cross-links. τ is defined as the characteristic time required for 

the modulus or stress to decrease to the value divided by 

Napier’s constant under stress. Therefore, it will be useful for 

the discussion of energy dissipation in polymer materials as it 

closely relates to mechanical phenomena. Depending on the 

structure of the host-guest complex and the kinetics of bond 

breaking, the reversible cross-links show distinct second-order 

average relaxation times (<τ>w).65 Previously, in the case of the 

hydrogel with one type of reversible cross-link, we 

demonstrated the balance between <τ>w and initial strain rate 

was important to improve toughness. By contrast, 

supramolecular hydrogels consisting of two different host-guest 

cross-links are expected to show unique relaxation behavior on 

wide timescales. We investigated the effects of combined 

reversible cross-links with different <τ>w values on the 

viscoelastic and the mechanical properties of supramolecular 

hydrogels to design an effective energy dissipation mechanism. 

2. Experimental 

Materials and Measurements are described in Electronic 

Supplementary Information (ESI). 

Preparation of the αCD-R1-R2 hydrogels 

The αCD-R1-R2 (2, 1, 1) and αCD-R (2, 2) hydrogels were 

prepared by radical copolymerization with a redox initiator 

system according to our previous reports64,65,80. Fig. 2c shows a 

typical polymerization scheme for the former hydrogels. The 

αCD monomer (αCDAAmMe) and two guest monomers with 

different cation end groups (R monomers) were sonicated in a 

0.5 M potassium chloride (KCl) solution at 50 °C for one hour to 

form two different 1:1 inclusion complexes. Because the Ka 

values of the R monomers and their molar concentrations were 

almost the same, each R1 and R2 monomers could form similar 

amounts of complexes with αCDAAmMe. The acrylamide (AAm) 

main monomer and potassium persulfate (KPS) were added to 

the resulting solution. Then, the total concentration of 

monomers was set to 2 M. The molar ratios of αCDAAmMe, R1, 

R2, AAm, and KPS were 2.0, 1.0, 1.0, 96 and 1.0 mol%, 

respectively. Finally, 1.0 mol% of N,N,Nʹ,Nʹ-

tetramethylethylenediamine (TEMED) was added. The solution 

was shaken quickly and poured into a Teflon mold to start 

gelation. Details of the reagents and solutions are presented in 

the Supplementary Information (Scheme S1 and Tables S1–S15). 

The αCD-R1-R2 (2, 1, 1) hydrogels containing VC11 were light 

yellow and transparent, and the others were colorless and 

transparent. 

3. Results 

3-1. Characteristics of the αCD-R1-R2 hydrogels 

 
Fig. 1. Conceptual figure for the present work. (a) Schematic of a supramolecular 
hydrogel with two reversible cross-links exhibiting distinct kinetics. (b) 
Schematics for viscoelastic relaxation of the supramolecular hydrogels and the 
corresponding high toughness. 

 

Fig. 2. (a) Chemical structures of the αCD-R1-R2 (2, 1, 1) and αCD-R (2, 2) 
hydrogels. (b) Association constant (Ka) of αCDAAmMe with cation-terminated 
alkyl (R) monomers and the second-order average relaxation time (<τ>w) of the 
corresponding αCD-R crosslink. Ka was measured in previous studies.64,65,95 (c) 
Typical preparation scheme and a picture of the αCD-ImC11-PyC11 (2, 1, 1) 
hydrogel. Other αCD-R1-R2 (2, 1, 1) and αCD-R (2, 2) hydrogels were prepared in 
a similar way. 
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We prepared supramolecular hydrogels with dual or single 

reversible cross-links based on host-guest complexation 

between αCD (host) and various cation-terminated alkyl chains 

(guest molecules, R). The hydrogels with dual reversible cross-

links were named αCD-R1-R2 (2, 1, 1) hydrogels (Fig. 2a). They 

have a poly(acrylamide) main chain and two kinds of host-guest 

units in the polymer side chains. (2, 1, 1) denotes the feed molar 

ratio of αCD, R1, and R2 units, respectively. Those with one type 

of host-guest cross-link, named αCD-R (2, 2) hydrogels, were 

prepared according to our previous work.65  

The αCDs can include the linear alkyl chains in their cavities 

to form 1:1 inclusion complexes,81,82 which act as reversible 

cross-links in the supramolecular hydrogels.83–87 In contrast, 

cations have difficulty forming the inclusion complex directly 

due to electrostatic instability toward CDs but can also pass 

through the cavity of an αCD.88,89 Therefore, cations at the alkyl 

end slow the kinetics for reactions of host-guest complexes of 

αCD with alkyl chains,90,91 which leads to longer relaxation times 

(τ) for the αCD-R cross-links.65 Furthermore, the high electric 

charge and bulkiness of cations make the τ values of the αCD-R 

cross-links longer. We prepared four kinds of cation-terminated 

alkyl monomers, ImC11, PyC11, VC11, and TMAmC11 (Fig. 2a). 

They have undecyl guest units and four different cationic units 

at the terminal imidazole (Im), pyridine (Py), viologen (V) and 

trimethylammonium (TMAm) groups. Their association 

constants (Ka) with αCDAAmMe monomers in aqueous 

solutions and the second-order average relaxation times (<τ>w) 

of the corresponding αCD-R cross-links in the αCD-R (2, 2) 

hydrogels are summarized in Fig. 2b. Because dissociations of 

the αCD-R cross-links show several relaxation modes,65 we 

simply use <τ>w to explain the difference in dynamics for each 

αCD-R cross-link. <τ>w is the average value of τ determined by 

considering the values of relaxation strength (G) and τ (eq. (6) 

in the Supplementary Information). While the values of Ka were 

almost the same, those of <τ>w varied depending on the 

structures of the cations. <τ>w for the αCD-ImC11 and αCD-

PyC11 cross-links, which bore monocationic units, were 

relatively short at 1.8 and 18 s. When dicationic VC11 or bulky 

monocationic TMAmC11 was used, however, <τ>w for the αCD-

VC11 and αCD-TMAmC11 cross-links were extraordinarily long 

at 6.6×103 and 9.5×103 s, respectively. 

The as-prepared hydrogels were evaluated with tensile and 

rheological tests in this study, and hydrogels washed with D2O 

were analyzed by IR and NMR spectroscopy (Fig. S1–S13). All of 

the units were confirmed from the IR and NMR spectra. 

Furthermore, the molar ratios of each unit were calculated from 

the FG-MAS NMR spectra. Their values were almost identical to 

the feed molar ratios, indicating that predefined molar ratios 

were introduced into the αCD-R1-R2 (2, 1, 1) hydrogels. 

To confirm the formation of inclusion complexes serving as 

cross-links in the αCD-R1-R2 (2, 1, 1) hydrogels, we analyzed the 

hydrogels swollen in D2O by 2-dimensional nuclear Overhauser 

effect spectroscopy (2D NOESY) (Fig. S8–S13). In all spectra, the 

protons of undecyl units showed NOE correlations to inner 

protons (C3,5,6H) of the αCD units. This result indicates that the 

alkyl chains of R guests were included in the cavity of αCD and 

formed reversible cross-links in the hydrogels. 

3-2. Mechanical properties of the αCD-R1-R2 hydrogels 

The mechanical properties of the αCD-R1-R2 (2, 1, 1) and αCD-R 

(2, 2) hydrogels were evaluated with uniaxial tensile tests 

(tensile speed = 1.0 mm/s, room temperature = approximately 

25 °C) (Fig. 3a and S14–S19). We calculated toughness by 

integrating the obtained stress-strain curves and Young’s 

modulus from the initial slope of the curves. Fig. 3b shows the 

plots of toughness and Young’s modulus. The toughness values 

varied with the structures of the reversible cross-links, while 

Young’s moduli were almost the same. In particular, four of the 

hydrogels, the αCD-ImC11-VC11 (2, 1, 1), αCD-ImC11-

TMAmC11 (2, 1, 1), αCD-PyC11-VC11 (2, 1, 1) and αCD-PyC11-

TMAmC11 (2, 1, 1) hydrogels, showed relatively high toughness 

values (2.3~3.5 MJ/m3). The hydrogels consisted of 

 
Fig. 3. Mechanical properties of the αCD-R1-R2 (2, 1, 1) and αCD-R (2, 2) hydrogels. (a) Stress–strain curves. (b) Plots of toughness and Young’s modulus. αCD-ImC11 
(2, 2): black chain line and green open triangle (△). αCD-PyC11 (2, 2): red chain line and red open circle (○). αCD-VC11 (2, 2): blue dashed line and blue open square 
(◻). αCD-TMAmC11: black dashed line and black open circle (○). αCD-ImC11-PyC11 (2, 1, 1): green solid line and green filled diamond (◆). αCD-ImC11-VC11 (2, 1, 1): 
blue solid line and blue filled square (◼). αCD-ImC11-TMAmC11 (2, 1, 1): black solid line and black filled square (◼). αCD-PyC11-VC11 (2, 1, 1): red solid line and red 
filled circle (●). αCD-PyC11-TMAmC11 (2, 1, 1): black dotted line and black filled circle (●). αCD-VC11-TMAmC11 (2, 1, 1): orange dashed line and orange cross mark 
(×). 
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combinations of reversible cross-links with short <τ>w of 1~10 s 

and long <τ>w of > 1000 s. In particular, the toughness of the 

αCD-PyC11-VC11 (2, 1, 1) hydrogel (3.5 MJ/m3) was 3-4 times 

larger than those of the αCD-PyC11 (2, 2) and αCD-VC11 (2, 2) 

hydrogels (0.80 and 0.10 MJ/m3, respectively). On the other 

hand, in the case of the αCD-ImC11-PyC11 (2, 1, 1) hydrogel 

containing two fast reversible cross-links, the toughness was 

moderate (1.8 MJ/m3). The αCD-VC11-TMAmC11 (2, 1, 1) 

hydrogel with two slowly reversible cross-links was weak (0.26 

MJ/m3). It was revealed that a combination of fast and slowly 

reversible cross-links significantly improved toughness while 

maintaining Young’s modulus. 

3-3. Linear viscoelasticity of the αCD-R1-R2 hydrogels 

Dynamic viscoelastic measurements and stress-relaxation tests 

were performed to evaluate how the combination of reversible 

cross-links affected the relaxation behaviors of the αCD-R1-R2 (2, 

1, 1) hydrogels (Fig. S28–S33). Fig. S29d–S34d show the master 

curves for the hydrogels referenced to 25 °C, and Fig. S29f–S34f 

show their stress-relaxation curves for 25 °C. 

Fig. 4 shows a comparison of the αCD-PyC11-VC11 (2, 1, 1), 

αCD-PyC11 (2, 2) and αCD-VC11 (2, 2) hydrogels. According to 

our previous work65,92, viscoelasticity of the αCD-R1-R2 (2, 1, 1) 

hydrogels αCD-R (2, 2) hydrogels can be explained by the stick 

reptation model.93 Storage moduli (Gʹ) of the hydrogels show 

rubbery plateaus originating from the network formed by αCD-

R cross-links in high angular frequency (ω) region. In the low ω 

(or long time) region where the cross-links dissociate, Gʹ 

reduces to the second plateau derived from entanglements 

through the Rouse mode. Note that the terminal relaxation of 

chain reptation is not observed in the present experimental 

window because the cross-links retard the reptation process. 

In the master curves (Fig. 4b), the αCD-PyC11-VC11 (2, 1, 1) 

and αCD-PyC11 (2, 2) hydrogels showed similar relaxation 

modes at ω = 10-1~100 rad/s derived from αCD-PyC11 cross-links, 

while the αCD-VC11 (2, 2) hydrogel did not show relaxation in 

this ω range. In stress-relaxation curves (Fig. 4c), the αCD-

PyC11-VC11 (2, 1, 1) hydrogel showed gradual relaxation similar 

to that of the αCD-PyC11 (2, 2) hydrogel in the short time region 

(~up to 100 s), whereas it showed a plateau and slower 

relaxation mode similar to those of the αCD-VC11 (2, 2) 

hydrogel in a long time (103~104 s) region. These results 

indicated that the αCD-PyC11-VC11 (2, 1, 1) hydrogel had 

combined relaxation modes derived from each network 

comprising αCD-PyC11 and αCD-VC11 cross-links. In other 

words, relaxation of each αCD-R cross-links in the αCD-PyC11-

VC11 (2, 1, 1) hydrogel should occur independently. 

To discuss the details, these master curves and relaxation 

curves were analyzed with the generalized Maxwell model 

(Tables S16–S26). Table 1 shows the combined results for the 

relaxation modes calculated from both curves. In this section, 

we discuss τ and G of the individual relaxation modes but not 

<τ>w because a comparison of individual relaxation modes is 

enough to examine the combined effects of the αCD-R cross-

links on the relaxation behaviors of the αCD-R1-R2 (2, 1, 1) 

hydrogels. As shown in Table 1, for example, the αCD-PyC11-

 
Fig. 4. Representative viscoelastic characteristics of the αCD-R1-R2 (2, 1, 1) and 
αCD-R (2, 2) hydrogels. (a) Chemical structures of the αCD-PyC11-VC11 (2, 1, 1), 
αCD-PyC11 (2, 2) and αCD-VC11 (2, 2) hydrogels. (b) Comparison of the master 
curves referenced at 25 °C. (c) Comparison of stress-relaxation curves at 25 °C. 

Table 1. Relaxation strength (Gp), relaxation time (τp) in the pth relaxation mode and terminal modulus (GN) used for curve fitting of the αCD-R1-R2 (2, 1, 1) and αCD-R 

(2, 2) hydrogels. 

Sample G1, τ1 G2, τ2 G3, τ3 G4, τ4 G5, τ5 GN 

 [Pa], [s] [Pa], [s] [Pa], [s] [Pa], [s] [Pa], [s] [Pa] 

αCD-ImC11 (2, 2) 1.4×104, 0.09 1.5×104, 1.6 3.4×103, 11 1.3×103, 1.2×102 5.2×102, 3.3×103 9.5×103 

αCD-PyC11 (2, 2) - 1.4×104, 2.2 2.3×104, 19 4.1×103, 1.6×102 2.7×103, 2.4×103 5.2×103 

αCD-VC11 (2, 2) - - - 4.7×103, 1.0×103 1.2×104, 5.5×103 8.7×103 

αCD-TMAmC11 (2, 2) - - - - 1.7×104, 9.5×103 0 

αCD-ImC11-PyC11 (2, 1, 1) 7.3×103, 0.16 1.3×104, 2.4 1.1×104, 21 3.5×103, 1.9×102 1.9×103, 2.4×103 5.4×103 

αCD-ImC11-VC11 (2, 1, 1) 6.0×103, 0.16 7.9×103, 2.9 1.0×103, 27 - 7.0×103, 4.6×103 8.7×103 

αCD-ImC11-TMAmC11 (2, 1, 1) 6.3×103, 0.16 8.2×103, 2.4 - - 1.8×104, 2.2×104 0 

αCD-PyC11-VC11 (2, 1, 1) - 4.5×103, 2.4 6.6×103, 16 1.4×103, 1.2×102 8.7×103, 7.0×103 4.5×103 

αCD-PyC11-TMAmC11 (2, 1, 1) - 4.8×103, 2.9 7.6×103, 20 - 2.1×104, 9.8×103 0 

αCD-VC11-TMAmC11 (2, 1, 1) - - - 8.8×103, 7.1×103 2.4×104, 9.4×103 0 
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VC11 (2, 1, 1) hydrogel indeed had short relaxation times (2.4 

and 16 s) for the 2nd and 3rd relaxation modes, which were in 

accordance with τ2 and τ3 of the αCD-PyC11 (2, 2) hydrogel. On 

the other hand, it showed a long relaxation time (τ5, 7.0×103 s) 

consistent with τ5 of the αCD-VC11 (2, 2) hydrogel. It is 

convincing that the relaxation strengths (G2, G3, and G5) of the 

αCD-PyC11-VC11 (2, 1, 1) hydrogel were smaller than G2 and G3 

of the αCD-PyC11 (2, 2) and G5 of the αCD-VC11 (2, 2) hydrogels 

because the αCD-PyC11-VC11 (2, 1, 1) hydrogel contained 1 

mol% content for both PyC11 and VC11 units compared with 2 

mol% in the αCD-R (2, 2) hydrogels. 

The above features were generalized for other αCD-R1-R2 (2, 

1, 1) hydrogels. The αCD-R1-R2 (2, 1, 1) hydrogels exhibited 

independent relaxations derived from dissociations of αCD-R1 

and αCD-R2 cross-links. These results indicated that the αCD-R1 

and αCD-R2 cross-links always dissociated with different 

timescales and dissipated mechanical energy in the αCD-R1-R2 

hydrogel, at least in the linear viscoelastic range. 

3-4. Mechanical hysteresis of the αCD-R1-R2 hydrogels 

Linear viscoelastic measurements revealed independent 

relaxations of αCD-R1 and αCD-R2 cross-links in the αCD-R1-R2 (2, 

1, 1) hydrogels. To evaluate their energy dissipation capabilities 

directly, we performed cyclic tensile tests at a tensile rate of 1 

mm/s without intervals and calculated the hysteresis areas and 

ratios of the αCD-R1-R2 (2, 1, 1) and αCD-R (2, 2) hydrogels from 

the surrounding area with cyclic stress–strain curves (Figs. 5 and 

S25–S27). Then, the number of cycles was five, and the 

maximum strains for each cycle were set to 16%, 32%, 48%, 64% 

and 80% of the fracture strain of each hydrogel. Fig. 5a–c shows 

cyclic stress–strain curves for the αCD-PyC11-VC11 (2, 1, 1), 

αCD-PyC11 (2, 2), and αCD-VC11 (2, 2) hydrogels. They showed 

different stress–strain curves during the cyclic tensile tests. 

To discuss the energy dissipation mechanism and changes in 

the hydrogels under stretching in detail, we investigated the 

changes in hysteresis properties with the number of cycles, 

while the relation between hysteresis properties and maximum 

strains was shown in Fig. S27. Fig. 5d shows the dependence of 

the hysteresis area on the number of cycles. In all αCD-R1-R2 (2, 

1, 1) and αCD-R (2, 2) hydrogels, hysteresis losses increased with 

increases in the number of cycles. The order of the hysteresis 

area was in accord with that of the toughness in Fig. 3b. This 

implied that more mechanical energy was dissipated in tougher 

αCD-R1-R2 (2, 1, 1) and αCD-R (2, 2) hydrogels. 

Fig. 5e shows the dependence of the hysteresis ratio on the 

number of cycles. Interestingly, the dependence changed 

according to a combination of dynamics of the αCD-R cross-links. 

First, in the cases of αCD-ImC11 (2, 2), αCD-PyC11 (2, 2), and 

αCD-ImC11-PyC11 (2, 1, 1) hydrogels, which had only fast 

reversible cross-links, the hysteresis ratios decreased with 

increasing numbers of cycles. For example, the hysteresis ratio 

of the αCD-ImC11-PyC11 (2, 1, 1) hydrogel in the first cycle was 

44%, and it decreased to 24% in the fifth cycle. This dependence 

indicated that fast dissociating αCD-R cross-links (with short 

<τ>w) effectively dissipated much energy at low strain due to the 

viscoelastic behavior of cross-links, while the capability for 

energy dissipation decreased gradually at large strain due to a 

decrease in the strain rate. The strain rate is defined with the 

constant tensile speed (1 mm/s) and sample length during 

stretching (L): 

Strain rate / s−1 =  
Tensile speed

Sample length
=  

1

𝐿
 

Second, the αCD-VC11 (2, 2), αCD-TMAmC11 (2, 2), and 

αCD-VC11-TMAmC11 (2, 1, 1) hydrogels with only slowly 

reversible cross-links showed zero or very low (~ 3%) hysteresis 

ratios regardless of the number of guest types. This meant that 

 
Fig. 5. Hysteresis properties of the αCD-R1-R2 (2, 1, 1) and αCD-R (2, 2) hydrogels. Representative cyclic stress–strain curves of (a) αCD-PyC11-VC11 (2, 1, 1), (b) αCD-
PyC11 (2, 2) and (c) αCD-VC11 (2, 2) hydrogels. Maximum strains were set to 16%, 32%, 48%, 64%, and 80% of the fracture strain of each hydrogel. (d) Hysteresis areas 

at each cycle of the αCD-R1-R2 (2, 1, 1) and αCD-R (2, 2) hydrogels. (e) Hysteresis ratios at each cycle of the αCD-R1-R2 (2, 1, 1) and αCD-R (2, 2) hydrogels. 
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the slowly reversible αCD-R cross-links entirely acted as elastic 

bodies and could not dissipate mechanical energy. 

Finally, the four αCD-R1-R2 (2, 1, 1) hydrogels with fast and 

slowly reversible cross-links (R1 = ImC11 or PyC11, R2 = VC11 or 

TMAmC11) showed unique changes in hysteresis ratios. Their 

hysteresis ratios at the first and second cycles were moderately 

high (lower than those of hydrogels with only fast reversible 

cross-link). However, they increased from the third to fifth 

cycles. This result indicated that the four αCD-R1-R2 (2, 1, 1) 

hydrogels dissipated more mechanical energy at large strain 

than at low strain. We considered that these specific hysteresis 

ratios contributed to toughening the αCD-R1-R2 (2, 1, 1) 

hydrogels, such as the αCD-PyC11-VC11 (2, 1, 1) hydrogel. 

In short, tough αCD-R1-R2 (2, 1, 1) hydrogels with fast and 

slow cross-links showed high hysteresis ratios at large strains. 

On the other hand, the hydrogels with only fast cross-links 

showed decreases in the hysteresis ratios with increasing strain, 

and the hydrogels with only slow cross-links showed very low 

hysteresis ratios. Therefore, the slow αCD-R2 cross-links in the 

αCD-R1-R2 (2, 1, 1) hydrogels should increase the hysteresis 

ratios at large strains. 

3-5. Comparison between αCD-R cross-link with slow dynamics 

and chemical cross-link 

As mentioned above, the αCD-R1-R2 (2, 1, 1) hydrogel with fast 

and slow cross-links showed high toughness and a high 

hysteresis ratio at large strains. To investigate the contributions 

of slow αCD-R2 cross-links to related mechanical properties, we 

compared the αCD-VC11 cross-link in the αCD-PyC11-VC11 (2, 

1, 1) hydrogel with the chemical cross-link N, Nʹ-

methylenebisacrylamide (MBAAm). Therefore, the αCD-PyC11-

MBAAm (1, 1, 0.5) and (1, 1, 1) hydrogels, which combined fast 

reversible cross-link and chemical cross-link, were prepared in a 

similar way, and their mechanical properties were evaluated by 

tensile tests and cyclic tensile tests as previously described (Fig. 

6 and Tables S11–S12). 

Figs. 6b–c and S20–S21 show the results of tensile tests on 

the αCD-PyC11-MBAAm (1, 1, 0.5) and (1, 1, 1) hydrogels 

compared to the αCD-PyC11-VC11 (2, 1, 1) hydrogel. Although 

the αCD-PyC11-MBAAm hydrogels may be categorized as dual 

cross-link gel32 with chemical and physical cross-links, they were 

brittle (high Young’s modulus and low toughness). 

Fig. 6d–e and S28 show the results of the cyclic tensile tests. 

The αCD-PyC11-MBAAm (1, 1, 0.5) and (1, 1, 1) hydrogels 

showed different hysteresis behaviors than the αCD-PyC11-

VC11 (2, 1, 1) hydrogel during cyclic tensile tests. The hysteresis 

areas and ratios of both αCD-PyC11-MBAAm hydrogels were 

entirely low. In particular, the hysteresis ratios were almost 

constant (14~17%) or decreased slightly with increasing the 

number of cycles, suggesting that they could not dissipate 

mechanical energy effectively. 

The above results for the αCD-PyC11-MBAAm hydrogels 

address the importance of combining slowly reversible cross-

link (not chemical cross-link) and fast reversible cross-link to 

realize the high toughness of the αCD-R1-R2 (2, 1, 1) hydrogel 

system. 

 
Fig. 6. Comparison between the αCD-PyC11-VC11 (2, 1, 1), αCD-PyC11-MBAAm 
(1, 1, 0.5), and αCD-PyC11-MBAAm (1, 1, 1) hydrogels. (a) Chemical structures of 
the hydrogels. (b) Stress–strain curves. (c) Toughness and Young’s modulus. (d) 
Hysteresis areas at each cycle. (e) Hysteresis ratios at each cycle. 

 

Fig. 7. SAXS profiles (absolute intensity) for (a) the αCD-PyC11-VC11 (2, 1, 1), (b) αCD-PyC11 (2, 2), and (c) αCD-VC11 (2, 2) hydrogels during stretching. (Note) *a: The 
αCD-VC11 (2, 2) hydrogel broke before the strain reached 400%. 
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3-6. Structural analyses of αCD-R1-R2 hydrogels with in-situ SAXS 

under stretching 

To consider the effects of structural changes in the polymer 

network on toughness, we analyzed the internal structures of 

the αCD-R1-R2 (2, 1, 1) and αCD-R (2, 2) hydrogels under 

stretching by in-situ small-angle X-ray scattering (SAXS) with a 

tensile device at the BL40B2 beamline of SPring-8 (Figs. 7 and 

S35–S36). The hydrogels were stretched at a tensile rate of 0.63 

mm/s to adjust the initial strain rate to 0.042 /s. This value was 

similar to the initial strain rate used in the above tensile tests. 

Therefore, the effects of hydrogel viscoelasticity on the 

structural and mechanical properties should be at comparable 

levels in both SAXS and tensile tests. When the strain (εc) 

reached 0%, 50%, 100%, 200%, 300%, and 400%, εc was 

temporarily fixed, and then the SAXS profiles were recorded. 

Because of the strain limit of the tensile machine, we were able 

to collect SAXS data until 400% strain. The obtained SAXS 

profiles were converted into absolute intensities (Iabs) to 

eliminate the effects of exposure time (te), transmittance (T) 

and hydrogel thickness (Z). 

Fig. 7 shows a comparison of SAXS profiles (Iabs) for the 

tough αCD-PyC11-VC11 (2, 1, 1) hydrogel with those of the αCD-

PyC11 (2, 2) and αCD-VC11 (2, 2) hydrogels. In these hydrogels, 

no characteristic peak was found at the initial state (εc = 0%), 

and no new correlation peak arose under stretching. 

Furthermore, changes in their profiles were similar: Iabs within 

the scattering vector (q) range of 0.2~1.0 nm-1 decreased with 

increasing εc. This trend was also observed for the other 

hydrogels (Figs. S35–S36). On the other hand, for the αCD-VC11 

(2, 2) hydrogel with low fracture strain, Iabs within q range of 

0.05~0.2 nm-1 suddenly increased after εc reached 100%, which 

indicated heterogeneous structure such as crack formation. In 

addition, in Figs. S36c, e, and f, Iabs for the αCD-ImC11-

TMAmC11, αCD-PyC11-TMAmC11, and αCD-VC11-TMAmC11 (2, 

1, 1) hydrogels at q < 0.2 nm-1 was already high at initial state. 

This indicated that some combinations of the αCD-R cross-links 

caused heterogeneous structures at the initial state. 

These results demonstrated that the αCD-R1-R2 (2, 1, 1) and 

αCD-R2 (2, 2) hydrogels had similar initial structures (no periodic 

structure) and showed similar structural changes under 

stretching regardless of their cross-linking structures. Therefore, 

we postulated that their toughness and hysteresis ratios were 

not attributable to structural changes but to differences in the 

relaxation behaviors of the reversible αCD-R cross-links. 

4. Discussion 

4-1. Proposed mechanism for supramolecular hydrogels with fast 

and slowly reversible cross-links 

Based on the viscoelastic properties and hysteresis properties 

of the hydrogels, we propose an energy dissipation mechanism 

for tough αCD-R1-R2 hydrogels with fast and slowly reversible 

cross-links, as shown in Fig. 8. First, at low strains, dissociation 

of the αCD-PyC11 cross-links with short <τ>w, which was 

compatible with a high strain rate, caused effective energy 

dissipation and enabled elongation of the hydrogel, while the 

αCD-VC11 cross-links with long <τ>w then behaved as elastic 

body and reduced the initial hysteresis ratio. Second, as the 

strain increased, the strain rate decreased. Therefore, in 

addition to the αCD-PyC11 cross-links, the αCD-VC11 cross-links 

could act as viscoelastic bodies and dissociate at large strains 

(low strain rates), which in turn dissipated energy and improved 

toughness. In summary, we concluded that additional energy 

dissipation enabled by dissociation of the αCD-R2 cross-links 

with long <τ>w at large strains improved the toughness of the 

αCD-R1-R2 (2, 1, 1) hydrogels with fast and slowly reversible 

cross-links. 

 
Fig. 8. Proposed multi-energy dissipation mechanism for the high toughness and unique hysteresis behavior of the αCD -R1-R2 (2, 1, 1) hydrogels with fast and slowly 
reversible cross-links, such as the αCD-PyC11-VC11 (2, 1, 1) hydrogel. 
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4-2. Design of supramolecular hydrogels with triple reversible 

cross-links 

Our proposed mechanism indicates that relaxation by slowly 

reversible cross-links at large strain should improve toughness. 

In the case of the hydrogels with dual reversible cross-links, the 

αCD-PyC11-VC11 (2, 1, 1) hydrogel was the toughest. We 

hypothesized that the addition of αCD-TMAmC11 cross-links 

with <τ>w longer than that of the αCD-VC11 cross-links would 

give a tougher material. 

For testing the hypothesis, αCD-PyC11-VC11-TMAmC11 (w, 

x, y, z) hydrogels with triple reversible cross-links were prepared 

and evaluated as described above (tensile rate = 1 mm/s), 

where (w, x, y, z) denotes the molar ratios of the αCD, PyC11, 

VC11, and TMAmC11 units, respectively (Fig. S22–S24 and 

Tables S13–S15). They showed three values for <τ>w, 1.8, 

6.6×103, and 9.5×103 s. The molar ratios (w, x, y, z) were set to 

(2, 0.67, 0.67, 0.67), (3, 1, 1, 1), and (2, 1, 0.5, 0.5). The αCD-

PyC11-VC11-TMAmC11 (2, 0.67, 0.67, 0.67) and (3, 1, 1, 1) 

hydrogels contained equal amounts of three R guests. The αCD-

PyC11-VC11-TMAmC11 (2, 1, 0.5, 0.5) hydrogel contained more 

PyC11 units and equal amounts of VC11 and TMAmC11 units. 

Fig. 9 shows the results of tensile tests on the αCD-PyC11-

VC11-TMAmC11 (w, x, y, z) hydrogels compared with the αCD-

PyC11-VC11 (2, 1, 1) and αCD-PyC11-TMAmC11 (2, 1, 1) 

hydrogels. The stress-strain curves of the αCD-PyC11-VC11-

TMAmC11 (w, x, y, z) hydrogels in Fig. 9b were similar to that of 

the αCD-PyC11-TMAmC11 (2, 1, 1) hydrogel, and their 

toughness was similarly low (Fig. 9c). We considered two 

reasons for the low toughness: high cross-linking density and 

loss of a synergetic effect of energy dissipation by dissociating 

cross-links and high stretchability of polymer network.21 For the 

αCD-PyC11-VC11-TMAmC11 (3, 1, 1, 1) hydrogels having 3 

mol% the αCD-R cross-links, high cross-linking density led to 

high Young’s modulus, which resulted in small fracture strain 

and decreased toughness like the Lake-Thomas model.94  

Next, the stress-strain curve and mechanical properties of 

αCD-PyC11-VC11-TMAmC11 (2, 1, 0.5, 0.5) hydrogel were 

approximately intermediate between the αCD-PyC11-VC11 (2, 

1, 1) and αCD-PyC11-TMAmC11 (2, 1, 1) hydrogels.  For this 

result, we considered that the slowest αCD-TMAmC11 cross-

links were dominant and reduced the stretchable length of 

cross-linked polymer chains, although the αCD-PyC11 and αCD-

VC11 cross-links could dissociate to dissipate mechanical energy. 

Therefore, the synergetic effect was lost and the toughness of 

the αCD-PyC11-VC11-TMAmC11 (2, 1, 0.5, 0.5) hydrogel 

decreased. Lastly, the αCD-PyC11-VC11-TMAmC11 (2, 0.67, 

0.67, 0.67) hydrogel containing less αCD-PyC11 cross-links 

showed even lower toughness than the αCD-PyC11-VC11-

TMAmC11 (2, 1, 0.5, 0.5) hydrogel. Considering the synergetic 

effect, the ability of energy dissipation decreased with 

decreasing αCD-PyC11 cross-links, which should result in low 

toughness of the hydrogel. 

The results from linear viscoelastic measurements in the 

section 3-3 indicated that the three reversible cross-links in the 

αCD-PyC11-VC11-TMAmC11 (w, x, y, z) hydrogels relax 

independently. However, their toughness was low due to high 

cross-linking density or the loss of synergy between the energy 

dissipation mechanism and the high stretchability of the 

polymer network. In particular, the slowest αCD-TMAmC11 

cross-links should dominantly limit the stretchability of polymer 

chains bound by cross-links. This indicates that the 

consideration of viscoelastic behavior of the slowest αCD-R 

cross-link is important for preparing a tougher hydrogel, rather 

than simply combining three types of cross-links with different 

<τ>w. If we utilize the slower relaxation of a reversible cross-link 

(<τ>w > 9500 s) as the third component to design a tougher 

material, we have to propose a new design concept. 

As a result, the αCD-R1-R2 (2, 1, 1) hydrogels combining fast 

and slowly reversible cross-links were competent to improve 

toughness in the present work. We found the first condition to 

improve toughness was to use a cross-link with short <τ>w which 

matched the initial strain rate and then showed viscoelastic 

behavior. The second condition was to combine it with slowly 

reversible cross-links having long <τ>w to reinforce the energy 

dissipation mechanism at large strains. 

Conclusions 

We evaluated supramolecular hydrogels based on host-guest 

interactions, including αCD-R1-R2 (2, 1, 1) with dual reversible 

cross-links and αCD-R (2, 2) with single reversible cross-links, to 

investigate the effects of combining cross-links with different 

relaxation times (τ) on the mechanical properties of the 

hydrogels. We chose four cation-terminated alkyl chains, ImC11, 

PyC11, VC11, and TMAmC11, as R guest units. The second-order 

average relaxation times (<τ>w) for the αCD-R cross-links were 

1.8, 18, 6.6×103, and 9.5×103 s, respectively. Combinations of 

fast (R1 = ImC11 or PyC11) and slowly (R2 = VC11 or TMAmC11) 

reversible cross-links effectively increased the toughness by 

 
Fig. 9. Mechanical properties of the αCD-PyC11-VC11-TMAmC11 (w, x, y, z), αCD-
PyC11-VC11 (2, 1, 1), and αCD-PyC11-TMAmC11 (2, 1, 1) hydrogels. (a) Chemical 
structures of αCD-PyC11-VC11-TMAmC11 (3, 1, 1, 1). (b) Stress–strain curves in 
tensile tests at a tensile speed of 1 mm/s. (c) Plots of toughness and Young’s 
modulus. 
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several times. Other combinations, such as two fast cross-links 

or two slow cross-links, failed to improve toughness effectively. 

Cyclic tensile tests revealed that the tough αCD-R1-R2 (2, 1, 

1) hydrogels with fast and slowly reversible cross-links showed 

increases in hysteresis ratios from the third to fifth cycles and 

the highest hysteresis ratios at the fifth cycle (at large strain). 

This means that much energy in these hydrogels was dissipated 

at large strain. We concluded that the energy dissipation 

mechanism operating at large strain was derived from the 

relaxation via slow dissociation of αCD-R2 cross-links in addition 

to that via fast αCD-R1 cross-links. This indicated that additional 

energy dissipation caused by dissociation of αCD-R2 cross-links 

with long <τ>w at large strain improved the toughness of the 

hydrogels. 

In the present work, we discovered the usefulness of αCD-

R2 reversible cross-links with slow dynamics for designing tough 

materials by combining them with fast αCD-R1 reversible cross-

link. We hope that material design based on quantitative 

features such as relaxation time will enable next-generation 

functional materials regardless of the types of non-covalent 

bonds. 
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