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Supplementary text 
The structure of B gel.  

The average distance between adjacent micelles, d, is calculated by(1) 

𝑑 =  
2𝜋

𝑞𝑝𝑒𝑎𝑘
                                           (1) 

where 𝑞𝑝𝑒𝑎𝑘 is the peak position in 1D scattering profile. The number density of end block 

chain per volume in B gel, 𝑣𝐵, is calculated by 

𝑣𝐵 = (
2𝑤𝑃𝐵𝑀𝐴𝑁𝐴

𝑀𝑃𝐵𝑀𝐴
) ×

1
2𝑤𝑃𝐵𝑀𝐴
𝜌𝑃𝐵𝑀𝐴

+
𝑤𝑃𝑀𝐴𝐴
𝜌𝑃𝑀𝐴𝐴

+
𝑤𝑤
𝜌𝑤

           (2) 

where 2𝑤𝑃𝐵𝑀𝐴, 𝑤𝑃𝑀𝐴𝐴, and 𝑤𝑤 are the weight fractions of total end-blocks PBMA, mid-

block PMAA, and water in the B gel, respectively. 𝑁𝐴 is Avogadro’s number, and 𝑀𝑃𝐵𝑀𝐴 

is the number-averaged molecular weight of one end-block in the triblock copolymer. The 

𝜌𝑃𝐵𝑀𝐴, 𝜌𝑃𝑀𝐴𝐴 and 𝜌𝑤 are the densities of PBMA (1.053 g/cm3), PMAA (1.29 g/cm3), and 

water (0.997 g/cm3), respectively.   

For the triblock copolymer PBMA-b-PMAA-b-PBMA with polymerization degree 93-

302-93, 2𝑤𝑃𝐵𝑀𝐴, 𝑤𝑃𝑀𝐴𝐴, 𝑤𝑤  and 𝑀𝑃𝐵𝑀𝐴 are 5.95 wt%,  5.85 wt%, and 88.2 wt%, and 

13224 g/mol, respectively.  So, the 𝑣𝐵 = 2.75×1024 m-3. 

The aggregation number, N, or the number of end-blocks per micelle, is calculated by  

𝑁 = 𝑣𝐵 × 𝑑3                                (3) 

Here 𝑑 = 34.6 nm, which gives a 𝑁 = 114.  

The volume of a micelle v and its radius r is calculated by the following equation: 

                                                              v =
𝑀𝑃𝐵𝑀𝐴

𝜌𝑃𝐵𝑀𝐴𝑁𝐴
𝑁 =

4

3
𝜋𝑟3                  (4) 

It gives a PBMA micelle radius of r = 8.3 nm. 

The B gel was prepared with a polymer concertation of 0.19 (wt/wt) that the bridge fraction 

reaches the saturated state according to the previous study(2). The bridge fraction for 

micelles in glassy state is around 0.6 according to the prediction of dissipative particle 

dynamics model(3), which gives a number of bridged end-block chains in one micelle of 

                                                                 𝑓 = 𝑁 × 0.6                             (5) 

So, the connectivity 𝑓 = 69. 

The numbers of bridged end-block chain per unit volume in B gel:  

                                                               𝜈𝐵−𝑒𝑓𝑓 = 𝑣𝐵 × 0.6                         (6) 
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So, the 𝜈𝐵−𝑒𝑓𝑓  is = 1.65×1024 m-3. The numbers of bridged mid-block chain per unit 

volume in B gel is 
1

2
𝜈𝐵−𝑒𝑓𝑓.  

The mean-squared end-to-end distance of mid-block PMAA chain in Gaussian 

conformation is:  

𝑅𝐺𝑢𝑎𝑠𝑠𝑖𝑎𝑛 = √𝑁𝑏                          (7) 

where the 𝑁 and 𝑏 is the Kuhn number (302) and Kuhn length (0.33 nm) of the PMAA 

chain, respectively.(4) So 𝑅𝐺𝑢𝑎𝑠𝑠𝑖𝑎𝑛 = 5.73 𝑛𝑚. The actual end-to-end distance of PMAA 

equals to 𝑑0 − 2𝑟 = 18 𝑛𝑚. So, the chain in B gel is at pre-stretched state with a stretch 

ratio 𝜆𝑝𝑟𝑒 of about 3. According to the rubber elasticity, the Young’s modulus of B gel can 

be estimated(5):  

                                𝐸 = 3
𝜈𝐵−𝑒𝑓𝑓

2
𝑘𝐵𝑇𝜆𝑝𝑟𝑒

2                                 (8) 

Here 𝑘𝐵 is Boltzmann constant (1.38×1023 J∙K-1), T is the experimental temperature (298 

K). Equation 8 gives a modulus of 0.09 MPa, which agrees reasonably well with 

experiment result of 0.04 MPa.  

The contour length of one mid-block PMAA chain is calculated with the relation 𝑅𝑚𝑎𝑥

= 𝑁𝑏, which is 99.7 nm. 

 

Mechanochemical color-changing test 

Here we further confirm that the irreversible structure change in glue-B gel is not due to 

the chain scission of the mid-block. According to the literature, if the chain scission occurs, 

it generates mechanoradicals, which can be detected by mechanochemical color-changing 

test. The mechanoradicals can react with water to form hydrogen peroxide, which in turn 

oxidizes ferrous ions (Fe2+) into ferric ions (Fe3+) in the Fenton reaction (Inset of FIG. 

S9a). The detection limit of this mechanochemical color-changing method is around 10-6 

mol/L.(6)  

First, we calculate the amount of mechanoradicals generated by assuming that the 

irreversible energy is used for chain scission of mid-block. According to the Lake-Thomas 

model, the energy required for scissoring one chain is Echain = NUb where N is the repeated 
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number of monomer/bond, Ub is the bond energy.(7) To rupture one molar midblock chains 

needs energy 𝐸chain ≅ 1 × 108 J · mol−1 by using N = 302 and Ub = 350 kJ·mol-1.(8) The 

irreversible energy at λmax = 4 is 𝑈hys,irev ≅ 106 𝐽 ∙ 𝑚−3, The number density of fractured 

mid-blocks is 𝑛fracture = 𝑈hys,irev/𝐸chain ≅ 10−5 𝑚𝑜𝑙 ∙ 𝐿−1 . Each fracture mid-block 

generates two mechanoradicals. So, if ~10-5 mol/L mechanoradicals are generated, it can 

be detected by this method. 

We introduced ferrous ions and xylenol orange (XO), an indicator of ferric ions, into the 

glue-B gel and then stretched the gel to 𝜆 = 4. As shown in Fig. S9a, the ultraviolet (UV)-

visible light absorption spectrum of stretched sample is the same as that of undeformed 

sample, and no characteristic peak around 580 nm accounting for the absorption of Fe3+-

XO appears, suggesting no or negligible chain scission during stretching. On the other 

hand, the glue-C gel made from chemically crosslinked PMAA as the first network shows 

obvious characteristic peak around 580 nm, demonstrating the occurrence of chain scission 

during stretching (Fig. S9b). These results further confirm that the irreversible hysteresis 

of the glue-B gel is not due to the covalent bond rupture of the PMAA mid-block strands 

but due to pullout of the end-blocks from micelles. 

 

Tab. S1. Description of triblock copolymers. 
Triblock 

copolymer 
a)

A
m

B
n
A

p
 

b)
f

B
 

c)
Mn 

(kg/mol) 

d)
M

w
/M

n
 

A
81

B
159

A
60

 0.53 33.69 1.43 

A
120

B
168

A
112

 0.42 47.39 1.42 

A
100

B
204

A
96

 0.51 45.38 1.34 

A
95

B
302

A
95

 0.61 53.64 1.31 

A
105

B
390

A
105

 0.65 73.66 1.43 
a)The subscripts of m, n and p represent the degree of polymerization of the endblock, 

midblock and endblock respectively. A and B represent poly(butyl methacrylate) (PBMA) 

and poly(methacrylic acid) (PMAA), respectively. b)Molar fraction of midblock PMAA. 
c,d)Weight-average molecular weight and molecular weight distribution of the triblock 

copolymer, respectively. 
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FIG. S1. SAXS results of B and glue-B gels at unstretched state. (a) The 2D SAXS images. 

(b) 1D scattering intensity profiles. The d0, estimated from the peak indicated by the arrow 

in the figure, is the average distance between neighboring micelles. d0 = 34.6 nm and 22.7 

nm for B gel and glue-B gels, respectively. The decrease in d-spacing of glue-B gel is due 

to the shrinkage of the B gel by hydrogen bond formation, which is confirmed by the good 

consistency between their d-spacing ratio ( 22.7 𝑛𝑚/34.6 𝑛𝑚 = 0.71 ) and sample 

thickness ratio (1.1 𝑚𝑚/1.5 𝑚𝑚 = 0.72) of glue-B gel to B gel.  

 

 

FIG. S2. Nominal stress-stretch curves for glue-B gels in uniaxial tension with (a) different 

strain rate, (b) chemical structures and (c) triblock copolymer concentrations. The gel 

preparation method was same as that used in main text. In (a) and (b), the concentrations 

of the triblock copolymer and AAm monomer were 0.2 wt/wt and 2 mol/L, respectively. In 

(c), the concentration of AAm monomer was fixed at 2 mol/L, and various concentrations 

of triblock copolymers were used. 
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FIG. S3. 1D scattering intensity profiles of B gel stretched at different  integrated along 

the direction parallel (a) and perpendicular (b) to the stretching direction. The yellow lines 

in the 2D SAXS pattern define the horizontal and vertical sector regions for integrating the 

1D scattering intensity. (c) The d-spacing change in the direction parallel (d//) and 

perpendicular (d⊥) to the stretching direction during deformation. d spacing stands for the 

average neighboring inter-micelle distance, which is calculated from 2π/q. The initial strain 

rate was 0.01 s-1. 

 

FIG. S4. 1D scattering intensity profiles of glue-B gel stretched at different  integrated 

along the direction parallel (a) and perpendicular (b) to the stretching direction. The yellow 

lines in the 2D SAXS pattern define the horizontal and vertical sector regions for 

integrating the 1D scattering intensity. (c) The d-spacing change in the direction parallel 

(d//) and vertical (d⊥) to the stretching direction. The initial strain rate was 0.01 s-1. 
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FIG. S5. Microscopic deformation ratio (d /d0) in the parallel (//) and perpendicular (⊥) 

directions of stretching versus stretching ratio λ for glue-B gel at initial strain rate of (a) 

0.001 s−1, (b) 0.05 s−1 and (c) 0.1 s−1. The dotted lines are for affine deformation. 

 

 

FIG. S6. Loading-unloading curves of the cyclic tensile test of the glue-B gel at different 

waiting times between the first and second cycles for (a) 𝜆 = 1.7, (b) 𝜆 = 2.5, (c) 𝜆 = 3.0, 

and (d) 𝜆 = 4.0 . The stretching velocity keeps constant as 0.2 mm/s for loading and 

unloading, and the initial strain rate for loading was 0.01s-1. 
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FIG. S7. Mechanical performance comparison between glue-B gel, C gel and glue-C gel 

in uniaxial tensile test at an initial strain rate 0.01 s-1. 

 

 

FIG. S8. (a) Nominal stress-elongation curves of the B gel under different initial strain 

rates ranging from 0.0001 to 0.1 s-1. (b) The moduli of B gel as a function of initial strain 

rate.  

 

 

FIG. S9. Comparison of mechanochemical color change between glue-B and glue-C gels 

based on Fenton reaction. The UV-visible spectra of (a) glue-B gel and (b) glue-C gel fed 

with 100 M (NH4)2FeII(SO4)2, 100 M XO, and 20 mM H2SO4. The peaks at around 440 

and 580 nm correspond to unbonded XO and Fe3+-XO complexes, respectively. 
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