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1. Methods

1.1 Synthesis of polyampholyte hydrogels (PA gels)

The charge-balanced polyampholyte hydrogels (PA gels) were synthesized by one-step random
copolymerization following the procedure in ref (7, 46). Briefly, a mixed precursor aqueous
solution of NaSS, DMAEA-Q, a-keto, and MBAA was injected into a reaction cell (20 cmx 20 cm)
consisting of a pair of glass plates with a 2 mm silicone spacer. In the precursor aqueous solution,
an optimized molar fraction f=0.515 [f=(NaSS)/Cm, Cn is the total monomer concentration] was
applied, and the content of initiator a-keto was 0.1 mol %. Polymerization was carried out in argon
atmosphere keeping the oxygen concentration less than 0.1 ppm by irradiating UV light
(wavelength 365 nm, light intensity ~4 mWcm™2) from both sides of the reaction cell for 11 h. After
polymerization, the as-prepared gels were dialyzed in de-ionized water for 3 weeks to remove the
counter ions and reach equilibrium. Unless specified, the dialysis temperature (Tqia) Was kept at 30
°C. To tune the hierarchical structures of the PA gels, two series of samples were prepared. One
was samples with different cross-linker content (Cmsaa) while the monomer concentration (Cm)
was kept at 2.5 M (PA-2.5-Cugaa); another was samples with different Cn, while the Cmsaa was
kept at 0.1 mol % (PA-Cn-0.1). The former tuned effective cross-linking density of the permanent
polymer network ve by chemical cross-linking, and the later tuned the ve by trapped topological
entanglement, as indicated in (24). The sample code, formulation, fabrication condition, structure
and properties of samples used in this work are shown Table S1. The thickness of the equilibrated

gels is to~1.65 mm.

1.2 Toughness measurement
The fracture energy of gels was obtained from a pure shear test. Two different samples, single-edge
notched and unnotched, were used to measure the fracture energy I". Unless specified, the sample

with a pure shear geometry (50 mm>10 mmx>L1.65 mm, Lo>Ho>t0) was mounted in a tensile tester



(Shimadzu Autograph AG-X tensile machine) with a 100 N load cell. For the notched sample, the
initial notch co was 10 mm (Fig. 3A). During the test, the water vapor was sustainably supplied
around the gels. The experiment temperature was kept constant at 24 <C, and the nominal loading
stretch rate was 1 s*. The force-displacement curves of the samples were recorded. The toughness
I"was calculated from

T=U(Hc)/(Lo>o), (SM-1)
Where U(Hc) is the work done by the applied force to the unnotched sample at critical stretching

distance Hc (the distance when crack starts to propagate on notched sample).

1.3 SAXS measurement

The bicontinuous hard/soft phase networks were characterized by small-angle X-ray scattering
(SAXS), which was carried out at the Synchrotron Radiation Facility (BL19U2, Shanghai, China).
The X-ray wavelength used was 1.03 A. A two-dimensional detector (Pilatus 1M with a resolution
of 9811043 pixels and pixel size of 172 pm, Dectris Co. Ltd) was used to record data. The sample-
to-detector distance was 5730 mm. The exposure time was 2 s for the undeformed gels.

For time-resolved SAXS measurements during uniaxial tensile loading, a tensile machine with
well controlled humidity and temperature (Hefei Puliang Technology Co., Ltd) was used. To get
the whole deformation information, unnotched rectangular samples (7.5 mm>16 mmx=1.65 mm,
Lo>Ho>to, see inset of Fig. S3A) were applied, for which, the microscopic deformation follows
M= (parallel to stretching direction), A2=As=A"Y2 (sample width and thickness direction) under
affine deformation for incompressible material (48). The nominal loading stretch rate was
controlled to be 1 s*. Experimental temperature was 24 °C. 2D SAXS patterns were acquired at a
rate of 0.25 s/frame. The resulting strain, stress and SAXS patterns were recorded.

Fit 2D software from the European Synchrotron Radiation Facility was used to analyze the

SAXS data. The background scattering from the air was subtracted from the data. The 2D SAXS



patterns were integrated along the azimuthal direction to obtain 1D scattering profiles as a function
of the scattering vector

q=4nsino/A, (SM-2)
where q is the module of scattering vector, A is the X-ray wavelength, and 20 is the scattering angle.
The distance between adjacent hard (soft) phases (characteristic distance of the phase structure, d)
was obtained from the position of the scattering maxima gm according to Bragg’s law

d=2rt/qm. (SM-3)

1.4 Fatigue test
The fatigue experiments were performed using the Shimadzu tensile tester (AG-X, Shimadzu
corporation), and notched samples with the pure shear geometry were used (Fig. 3A), unless
otherwise mentioned. To prevent samples from dehydrating, a humidity chamber was set on the
tensile tester, where water vapor was sustainably supplied. The weight change of sample before and
after fatigue test was within 2 wt%. Cyclic loading-unloading was performed along the sample
height Ho direction. During fatigue tests, the maximum elongation ratio in each cycle held at Amax,
and the minimum held at A=1, at constant temperature 24 °C. A digital camera (canon 7D) was used
to record photos during crack extension for notched samples every 10 min and every 1 min for
samples with slow and fast crack growth, respectively (the extension length was recorded as c). The
crack propagation rate Ac/AN was obtained from the slope of the plots of crack length ¢ versus cycle
number N in steady state. To improve the reliability of results, several representative values of Amax
were tested for at least two times. The amplitude of load in terms of the energy release rate G was
calculated from

G=Wei(Amax)Ho, (SM-4)
where Ho is the initial distance between the two clamps, Wel(Amax) is the elastic strain energy density

of unnotched sample (the same kind of geometry for fatigue test) in steady state (Fig. S4E).



1.5 Birefringence test

To observe the stress distribution, a homemade circular polarizing optical system (47) was applied
to the fatigue test for several representative samples. In brief, notched sample in the pure shear
geometry (Fig. 3A) or notched rectangular samples (Fig. S7A) were fixed on the tensile tester.
Before cyclic loading, a video camera and a white LED light panel were installed on the front side
and back side of the sample, respectively. A circular polarizer film was fixed on the lens of the
camera and another one was fixed on the light panel. During cyclic loading, the shape and

isochromatic images were recorded by the camera.

2. Structures and mechanical properties of PA gels

2.1 Network structure analysis

The storage modulus G’ at ~2x 107 rad/s, where the plateau (quasi-plateau for no cross-linking and
lightly cross-linked gels) of G’ appeared (Fig. S1), was taken as the shear modulus ptto calculate
the effective cross-linking chain density per unit volume of the permanent network ve, since at such
a low frequency, the contribution of the transient network to shear modulus by the reversible ionic
bonds is negligible (Fig. S1).

Ve=LU(KT), (SM-5)
where k is the Boltzmann constant, and T is the absolute temperature (297.15 K). The ve thus
obtained should account for the chains cross-linked chemically by cross-linker and physically by
trapped topological entanglements.

The molar mass of polymer strands between effective cross-linking points Myt is related to the
shear modulus pias (26)

LEVKT=pgRT/ Myt | (SM-6)



here, p, ¢, R, and T are dry polymer density(g/m?), polymer volume fraction in gel, the gas constant
(J/mol K), and temperature (K), respectively. Note that the polymer volume fraction ¢ is nearly
constant (~46 vol%), so My is inversely proportional to ve. Myt is related to the molecular mass
between chemical cross-links and topological entanglements, My and Me, respectively, as 1/Mye
=1/Mx+1/Me.

Since the volume of one strand between the effective cross-linking points is 1/ve, so Ve correlates

to the nano-scale mesh size of polymer network ¢ by ve =& 3. Thus, we can get & from the value of

Ve. The Ve, Myt and & for samples prepared at various formulations are shown in Table S1.



Table S1. Formulation of PA gels used in this work and characteristics of the structures
formed. Cn, Cmeaa, and Tgia are total monomer concentration, cross-linker concentration in
relative to monomer, and dialysis temperature, respectively. The ¢ is the polymer volume fraction,
and pis the storage shear modulus at 2>107 rad/s of the gels. ve is effective cross-linking chain
density per unit volume. Myerr is molar mass of polymer strands between effective cross-linking
points, and ¢ is nano-scale mesh size of permanent polymer network. The ¢, |4 Ve, Mxefr, and & are
average values of three tests. PA-2.0-0.1 (Tqia) are samples applied in ref (25). For brief, PA-2.0-
0.1 also denotes PA-2.0-0.1 (Tgia=30 °C).

Sample code Cm  Cupan lda ¢ H Ve Mxef 4
PA-Cr-Cuesa(Taa) (M) (mol%) (O (vole) (kPa) ~ (10%/m°)  (10°g/mol) ~ (nm)

PA-2.5-0 2.5 0 30 46.2 8.1 1.97 197.5 7.98
PA-2.5-0.075 2.5 0.075 30 46.8 6.3 1.54 260.0 8.67
PA-2.5-0.1 2.5 0.1 30 45.8 13.9 3.38 114.9 6.67
PA-2.5-0.2 2.5 0.2 30 45.1 18.3 4.47 86.6 6.08
PA-2.5-0.5 2.5 0.5 30 46.5 27.4 6.67 56.9 5.31
PA-2.5-1 2.5 1 30 46.1 45.3 11.1 35.3 4.49
PA-2.0-0.1 2.0 0.1 30 44.8 8.8 2.14 180.7 7.79
PA-1.75-0.1 1.75 0.1 30 44.7 7.9 1.94 209.7 8.10
PA-2.0-0.1(5 °C) 2.0 0.1 5 46.1 8.0 1.94 200.0 8.04

PA-2.0-0.1(60 °C) 2.0 0.1 60 45.4 7.7 1.88 207.7 8.11
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Fig. S1. Dynamic mechanical behavior, as well as dependence of the plateau elastic modulus
on chemical cross-linker density and monomer concentration. (A, B) Dynamic mechanical
behavior of PA-2.5-Cmeaa. Constructed master curves for frequency dependence of (A) storage
modulus (G’) and (B) loss factor (tan &) at a reference temperature of 25 °C by following the
principle of time-temperature superposition. It shows that the effect of ionic bonds on the dynamic
mechanical behavior mainly occurs at angular frequency larger than 10 rad/s. The G’ at low
frequency regime is mainly contributed from effective cross-linking networks, from both chemical
cross-linking and permanent topological entanglement. We used G’ at 2x107° rad/s as plateau elastic
modulus p (Table S1) for calculation of the effective cross-linking structure of the permanent
networks. A characteristic relaxation time of ~20 ms, which represents the exchange time of most
of the weak bonds (46), can be obtained from the frequency at the peak of loss factor (300 rad/s).
(C) Relation between the shear modulus x estimated from plateau elastic modulus and the chemical
cross-linker density Cmeaa and monomer concentration Cr. The same fitting constant reported in

literature (24) 0=0.031 mol %-M22 is used.



Table S2. A summary of the structural parameters and Aasiine Of PA gels prepared with different
chemical cross-linker densities (Cmeaa) and monomer concentrations (Cm) at the dialysis
temperature (Tgia) of 30T, as well as PA-2.0-0.1 dialyzed at different temperature Tgia. The data
of PA-2.0-0.1(Taiar) is extracted from ref (25). The SAXS scattering intensity Im is related to phase
density contrast Ap by ImcAp? as indicated in (24).

Sample code d, 1 N
PA-Crn-Cuaa(Teial) (nm) (arb.unit) e
PA-2.5-0 213.5 349 .4k --
PA-2.5-0.075 104.7 19.6k 3.27
PA-2.5-0.1 79.1 8.7k 2.54
PA-2.5-0.2 48.1 0.56k 1.90
PA-2.5-0.5 37.3 0.26k -
PA-2.5-1 -- -- -
PA-2.0-0.1 101.3 14.7k 3.06
PA-1.75-0.1 148.7 52.5k 3.65
PA-2.0-0.1(5 °C) 954 9.5k 2.82
PA-2.0-0.1(60 °C) 103.8 21.3k 3.52

Note that the physical gel without chemical cross-linking, PA-2.5-0, shows the largest Im and do,
that is close to detection limit of SAXS we used, and we could not get an accurate value of Aaffine.
The scattering intensity of weakly phase-separated PA-2.5-0.5 was too weak, so we also could not
get the Aaffine. The PA-2.5-1.0 did not show scattering peak indicating that phase-separated structure
was not formed.
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Fig. S2. Method to get the microscopic deformation of phase networks. PA-2.5-0.075 is taken
as an example. (A) The parallel (//) and perpendicular (L) sector regions for integrating the 1D
scattering intensity for deformed sample, and (B) the corresponding integrated 1D SAXS profiles.
The loading direction of sample is indicated by red arrow. The characteristic distance of deformed
bicontinuous phase networks (d) is calculated from the peak position of 1D SAXS profiles (gm), by
d=2n/gm. dy and d. represent characteristic distance in parallel and perpendicular to loading
direction, respectively. (C) Tensile stress—stretch ratio (1) curve of strongly phase-separated PA-
2.5-0.075. Inset shows that the 2D SAXS patterns elongate with stretch ratio in the perpendicular
direction, indicating the elongation and compression of the phase networks in parallel and
perpendicular directions, respectively, during loading. (D) Evolution of d; and d. with stretch ratio
A (upper). The lower shows the evolution of microscopic deformation dy/do and d./do with A. The
orange lines stand for the prediction of affine deformation of the phase networks (d;/do=A and
d_/do=A"Y2 for incompressible materials). The d; exceeds detecting range at A>1.7, while the d. can
be detected over the whole A range until the fracture of the sample. The maximum stretch ratio for
affine deformation (Aaffine) Of phase networks, is identified as the point where the microscopic
deformation starts to deviate from macroscopic deformation A. At A<Aatfine, the bicontinuous phase
networks keep intact and deform affinely; while at A>Aafine, the phase network deformation
becomes inhomogeneous deformation, and stress concentration occurs (23). We can see from the
evolution of di/do that the Aaffine Of phase networks is Aaffine=3.27 for this sample, and the
corresponding characteristic distance in parallel direction is dym=\affinedo. Note that we cannot
measure the d-spacing change for a sample in a pure shear geometry since the lateral deformation
is constrained and d. is always equal to do in the case of a pure shear geometry (49). Therefore, we

used the rectangular samples (inset of Fig. S3A) to get SAXS results. Initial loading strain rate was
1st,



2.2 Tensile and fracture behaviors

Fig. S3 shows the tensile and fracture behavior for PA-2.5-Cmeaa and PA-Ciy-0.1. The tensile
test was performed using a rectangular sample (inset of Fig. S3A) while the fracture test was
performed using prenotched samples in the pure shear geometry (inset of Fig. S3C). Although the
phase structure of the gels with Cmeaa<0.1 mol % is significantly different, they exhibit little
difference in uniaxial tensile behavior (Figs. S3A, S3E) and in fracture behavior in the pure shear
geometry (Fig. S3C). For gels with Cveaa>0.1 mol %, the mechanical behaviors are largely
different for different Cmeaa. The stretch ratio A at fracture and the toughness decrease with
increasing Cwmeaa (Figs. S3A, 3C, 3D). While sample with Cmeaa<0.1 mol % have a pronounced
softening at intermediate A, the sample with Cveaa>0.1 mol % do not soften much and have an
early strain hardening that should be related to the dense cross-linking.

The change in characteristic distance do during the uniaxial extension, which reflects the
deformation of the bicontinuous phase networks of PA gels, was measured by time-resolved SAXS.
The analysis method was shown in Fig. S2. The phase separation of the samples PA-2.5-0.5 and
PA-2.5-1.0 are too weak to measure during tensile test, and the phase size of PA-2.5-0 is close to
detection limit of SAXS. Thus, we did not get accurate data of these three samples. Other results
are shown in Figs. S3B, S3F. Consistent with the results in ref.(23), the phase networks elongate
with load and gradually become highly anisotropic (inset in Fig. S2C). All the tested gels show a
wide range of affine deformation at the phase network scale, and the maximum stretch ratio for
affine deformation of the phase networks (Lafrine), increases from 1.9 to 3.27 with Cmeaa decreasing
from 0.2 mol % to 0.075 mol % (Table S2, Fig. S3B). Decreasing Cm while keeping Cmeaa constant
also increases Aaffine, Showing a similar effect with that of Cmeaa. Specifically, for the PA-Ci-0.1,
the Aaffine INCreases from 2.54 to 3.65 with decreasing Cn from 2.5 M to 1.75 M (Fig. S3F). As
previously discussed, we interpret the deviation from the affine deformation as the onset of stress
concentration due to the damage of hard phase network (25).
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Fig. S3. Tensile and fracture behavior of PA gels with varied cross-linker density (PA-2.5-
Cwmeaa) and monomer concentration (PA-Cm-0.1). (A-D) Sample PA-2.5-Cnveaa. (A) Tensile
behaviors of the PA gels at a nominal strain rate 1 s, (B) Phase network deformation ratio in
parallel (d;/do) and perpendicular (d1/do) directions versus global elongation ratio A for PA gels
under uniaxial tensile deformation. The orange lines represent the prediction of affine deformation
(dy/do=A and d/do=2""2 for an incompressible material). The maximum A for affine deformation of
the phase network, Aafine, Where the di/do deviates from the predicted affine deformation, is
indicated by arrows with the corresponding colors. Inset shows the Aafrine s a function of Cuvgaa.
The geometry of the rectangular sample used in the tensile test and time-resolved SAXS
measurement is shown in the inset of (A) (Lo=7.5 mm and Ho=16 mm). (C) Stress-A curves for
unnotched (solid line) and notched (dash line) sample in the pure shear test (Lo=50 mm and Ho=10
mm, co=10 mm and O for notched and unnotched sample, respectively). The stress has been



corrected by the effective initial area of cross section. The nominal strain rate is 1 s. The legend
represents the values of Cmeaa. (D) The fracture energy of PA gels determined from the pure shear
test as a function of Cmeaa. The error bars are standard errors from 3 measurements. (E-F) Sample
PA-C-0.1. (E) Uniaxial tensile behaviors of PA-Cm-0.1. For each composition, results from two
specimens are shown. (F) Microscopic deformation of phase networks in perpendicular direction
(d1/do) with elongation ratio A for PA-Cm-0.1. Aaffine is indicated by arrows.
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Fig. S4. Stress-stretch ratio (A) curves for unnotched samples and method to obtain energy
release rate G. (A) Unnotched sample with pure shear geometry used in this work to obtain the
energy release rate G for the same kind of geometry (Ho=10 mm and Lo=50 mm). (B) Triangle
loading profile for cyclic loading. To obtain the G for the crack propagation, the maximum (Amax)
and minimum elongation ratios, as well as nominal strain rate were the same with that applied for
fatigue test. (C) Evolution of stress-A curves with cycle number N at Anax=2.57 for PA-2.5-0.075
as an example of the strongly phase-separated gels. (D) Evolution of stress-A curves with cycle
number N at Amax=1.83 for PA-2.5-0.5 as an example of the weakly phase-separated gels. The
energy release rate G for these two representative samples at the above Amax was the same. Softening
and shakedown were observed for both samples. After 3000 cycles, the change of stress with A was
negligible, and the samples are considered as in steady state. Large hysteresis loops [indicated by
purple hatched lines in (E)] were observed even in steady state for both samples, indicating that the
dissociation and association of ionic bonds reached an equilibrium under the working strain rate (1
s)). The energy release rate G was calculated by G=Wei(Amax)Ho, where the Wei(Amax) is the elastic
strain energy density of the unnotched sample in steady state [yellow area in (E)]. (F) The Wei(Amax)
as a function of cycle numbers N for PA-2.5-0.075 and PA-2.5-0.5 at Amax=2.57 and 1.83,
respectively, which also shows that the elastic strain energy density reaches steady state after 3000
cycles. Inset shows the ratio between hysteresis energy and the total input work Uhys/ Wex (both Uhys
and Wex are the values of the same cycle) as a function of cycle number N. Unys/Wex decreases
slightly from 1% to 5 cycle, and then keeps constant at ~40%, indicating that the dissociation and
reforming times of the ionic bonds are much shorter than the observation time scale. (G) Stress-A
curves in steady state (3000 cycle) for samples PA-2.5-Cvpaa with an energy release rate G ~150
J/m?. Large hysteresis loops are observed for all the gels. (H) Unys/Wex in steady state (3000 cycle)
for PA-2.5-Cveaa with an energy release rate G~150 J/m?. It shows that Unys/Wex in steady state
keeps at ~40%, independent on Cwmpaa, indicating that the ionic bonds play a same role on cyclic
loading in steady state in strongly and weakly phase-separated gels.
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Fig. S5. Effect of ionic bonds on self-recovery and fatigue behavior. The as-prepared and
equilibrated gels PA-2.5-1 are taken as an example. (A) Cyclic loading-unloading (first cycle)
behavior of the as-prepared and equilibrated gels PA-2.5-1 at Amax=2 under nominal strain rate 1 s~
1 (B-C) Crack propagation rate Ac/AN versus energy release rate G in logarithmic (B) and linear
scale (C). In fatigue test, the measurements were performed with samples of pure shear geometry
(Lo=50 mm, Ho=10 mm, and co=10 mm) and nominal strain rate 1 s**. The applied Amax for fatigue
test is Amax=1.11 to 1.20 for the as-prepared gel, and Amax=1.18 to 1.53 for the equilibrated gel. Since
the as-prepared gel shows 30% volume shrinkage after dialyzed in water to equilibrated state, we
also plotted the crack propagation rate Ac/AN versus G rescaled by polymer volume fraction ¢ by
G/¢ in logarithmic (D) and linear scale (E). Here, we adopted the linear relation between fracture
threshold 7oand ¢, 7o ¢, as proposed in (43).

Cu Oy

The polymer volume fraction ¢ of the equilibrated gel PA-2.5-1 was obtained by ¢ =1-
where cyw is weight fraction of water (0.454), pq is the density of the gel (~1.185+0.004 g cm™®), and
pw is the density of water at 25 °C (~0.997 g cm™). The ¢ of the equilibrated PA-2.5-1 is estimated
to be 0.46. The as-prepared gel has 30% volume shrinkage after dialyzed in water to remove the
counterions and to reach equilibrated state. The ¢ of the as-prepared PA-2.5-1 is ¢ (as-prepared) =
#(equilibrated)x(100%-30%)/100%=0.32.

The fast self-recovery of PA gels under our fatigue test condition is reflected by the large
hysteresis loops in steady state as shown in Fig. S4, caused by the reformation of ionic bonds during
fatigue test. The as-prepared gel containing large amounts of counterions (these small ions screen
the ionic bond formation between polymer chains) is elastic, not showing hysteresis loop (Fig.
S5A). The fatigue-resistance of the as-prepared gel is weaker than the equilibrated gel that contains
large amount of ionic bonds (Fig. S5B-E). The rescaled fatigue threshold Go/¢ are 23.6 J/m? and
41 J/m? for the as-prepared gel and equilibrated gel, respectively. Moreover, above the Go/¢, the
crack propagation rate Ac/AN of the equilibrated gel is much smaller than that of the as-prepared
gel, demonstrating that the fast self-recovery caused by the noncovalent interactions (ionic bonds
in PA gels) slows down the extension of the crack under fatigue test. This can be explained that the
noncovalent interactions in self-recovery systems reduce local stress concentrations in front of a
propagating crack and reduce the elastic energy transferred to the crack tip (43).
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Fig. S6. Geometry effect on fatigue behaviors. Sample with the pure shear geometry drawn in

the inset of Fig. 5A was applied. The aspect ratios Lo/Ho=5 and co/Ho =1 were kept the same when

changing Ho from Ho=10 mm to Ho=20 mm. A new batch of sample PA-2.0-0.1 is taken as an

example (note that the phase structure may be different for samples from different batches). (A, B)

Crack propagation behavior at different Amax for samples with Ho=20 mm (A) and Ho=10 mm (B).

(C) Comparison of crack propagation rate Ac/AN versus Amax for samples tested in the pure shear
geometry at different initial heights Ho. The Atran are Atran=2.35+0.05 and Aan=2.6+0.10 for Ho=20
mm and Ho=10 mm, respectively. The value of Atan is the middle point of the slow-to-fast transition
regime (indicated by the corresponding color of dotted line and arrow) and the error bar of Ayan is
the half width of this transition regime. (D) The crack propagation rate Ac/AN versus energy release
rate G in logarithmic scale. Symbols in (D) are the same as those in (C). Inset shows the initial
regime in the linear scale, and the fatigue threshold Go (indicated by arrow) is obtained by linearly
extrapolating the results to the horizontal axis. The Go for the two Ho is almost the same (Go=60.9
JIm? and 56.5 J/m? for Ho=10 mm and 20 mm, respectively). The Gan corresponding to the energy
release rate at Ayan are Guan=202.3+9.1 J/m? and Gyan=142.1+15.3 J/m? for Hy=20 mm and Ho=10
mm, respectively. In Fig. S6D, the Ac/AN is the average values of points in Fig. S6C at the
corresponding Amax, and the Ac/AN in the slow-to-fast transition regime was obtained from the
statistical average values of the high probability mode at the corresponding Amax (the AC/AN in Fig.
4A-4D and Fig. 5B was also obtained by this method). In this experiment, a nominal strain rate of
0.8 st was used due to the limits of the crosshead speed of the tensile machine (1000 mm/min).
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Fig. S7. Fatigue behavior of sample with rectangular geometry. Here takes PA-2.0-0.1 as an
example. (A) Rectangular geometry (Lo=7.5 mm, Ho=16 mm, and co=1 mm). (B, C) Evolution of
birefringence patterns with increasing fatigue cycles N at Amax=2.94<Atran (B) and at Amax=3.44>htran
(C). (D) crack propagation rate Ac/AN as a function of Amax for PA-2.0-0.1 tested in a pure shear
geometry (Lo=50 mm, Ho=10 mm, and co=10 mm) and the rectangular geometry.

Coincide with the results shown in Fig. 3D and 3E, the stress concentration around crack tip is
also gradually eliminated with increasing fatigue cycles N at slow crack propagation mode, that is
Amax<Atan, resulting in crack blunting (Fig. S7B); while the stress concentration becomes more
severe with increasing fatigue cycles N at Amax>Atan, resulting in relatively sharp crack tip (Fig.
S7C). Most importantly, rectangular sample shows a slow-to-fast crack propagation transition at
Aran=3.07+0.13 (Fig. S7D), very close to that of pure shear geometry (Awan=3.14). The data of

sample in the pure shear geometry in Fig. S7D were extracted from (25).



3. Deducing scaling relation between Go and &based on the Lake-Thomas model

According to Lake-Thomas theory (44), threshold Go is related to mesh size of permanent polymer
network & by

Go=AVeNxeff Ubé, (SM-7)
where Nxerf IS the average number of repeat units between the effective permanent cross-linking
points, since the trapped topological entanglements also contribute to Go as indicated in main text.
U is the bond energy. ve=¢ 2 is the effective permanent cross-linking chain density of the network.
A is a pre-factor. Since the PA strands are in collapsed globule state (26, 50), we have

E~Nyer . (SM-8)

Thus, we can write

Go~¢&. (SM-9)



4. Estimate of the number of entanglements for the physical PA gel.

For the PA gel prepared with no chemical cross-linker (PA-2.5-0), it fully dissolves in concentrated
NaCl (4M) at elevated temperature, indicating that the PA-2.5-0 is a pure physical gel, not
containing any chemical cross-linking by any side chemical reaction. The average molecular mass
M of linear PA chains was estimated from the overlapping concentration C* of the polymer
solution, where the viscosity increased dramatically (7). The PA-2.5-0 gel was dissolved in 4 M
saline solution at 55<C for 2 days, then we obtained homogeneous aqueous solution. The overlap

concentration determined by the specific viscosity in 4 M saline solution was C*=~10 g/L (Fig.
S8), corresponding to the repeat unit concentration =0.05 mol/L. C* is related to the average degree

of polymerization N and the coil size of a polymer chain R as

o (SM-10)
NAﬂﬂ'R3
3

where, the Na is Avogadro constant (6.02>10% mol™). Assuming that the polymer in 4 M NaCl
solution is in the © solvent, R>=C.a?N, where a (~ 0.15 nm) is the repeat unit size and C is a
number related to the local stiffness of a polymer chain (typical values are 7-9 for flexible polymers
(26)), Thus, we have

N~(L3)ch'3. (SM-11)

4N, 7a’C*

Taking a value C.=7 for flexible polymers, the degree of polymerization is N~1.6>10% and the
corresponding molecular mass is around M~3.2x10° g/mol for the chains of physical gel PA-2.5-0.
The molar mass of polymer strands between entanglements Me, was evaluated from the quasi-
plateau modulus (Ge), by using Ge=pgRT/Me, as described in Section S2.1. The value of M. for gel
PA-2.5-0 is 197.5x103 g/mol, as presented in Table S1. The number of topological entanglements
per linear chain of PA-2.5-0.1 is estimated as ~16 from the ratio M/Me.
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Fig. S8. Concentration dependence of specific viscosity zsp for pure physical gel PA-2.5-0
dissolved in 4 M saline solution. From the plot, we can get the overlap concentration C*= 10

g/L.



Movie S1. Stress concentration around crack tip is reduced with cycle number N for the strongly
phase-separated gel when fatigue test is performed at Amax<Atran, resulting in crack blunting and
extremely slow crack propagation. Gel PA-2.5-0.075 with high phase contrast at Amax=2.64 is taken

as an example. The movie plays at 2 times of real-time speed.

Movie S2. Severe stress concentration around crack tip persists for the strongly phase-separated gel
when fatigue test is performed at Amax>han, resulting in rapid crack propagation. Gel PA-2.5-0.075
with high phase contrast at Amax=3.44 is taken as an example. The movie plays at 2 times of real-

time speed.

Movie S3. Severe stress concentration around crack tip persists for the weakly phase-separated gel
when fatigue test is performed at a very small Amax, resulting in rapid crack propagation. Gel PA-
2.5-0.5 with low phase contrast at Amax=1.81 is taken as an example. The movie plays at 2 times of

real-time speed.
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