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Abstract: Different from the conventional single-network hydrogels, double-network
(DN) hydrogels have attracted great research interest due to their ultra-high toughness,
however, their working principles behind complex mechanochemical coupling have
not been fully understood. In this study, an extended potential well model is
formulated to investigate host-guest chemistry and free-energy trap effect, coupled in
the DN hydrogels undergoing mechanochemical toughening. According to the Morse
potential and mean field model, the newly established potential well model can
describe the coupled binding of host brittle network and guest ductile network in the
DN hydrogels. A free-energy equation is further proposed to describe working
principles of mechanochemical coupling and toughening mechanisms using the depth,
width and trap number of potential wells, which determine the barrier energy of host

brittle network, mesh size of guest ductile network and mechanochemical host-guest
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interactions of these two networks, respectively. Finally, effectiveness of the proposed
model is verified using finite-element analysis and experimental results of various DN
hydrogels reported in literature. This study clarifies the linking of mechanochemical
coupling and toughening mechanisms in DN hydrogels having the host-guest
chemistry from both brittle and ductile networks using the potential well model.
Keywords: hydrogel; potential well; host-guest chemistry; mechanochemical

1. Introduction

Hydrogel recently becomes one of the most popular soft matters [1-5], and is highly
absorbent yet can maintain its well-defined biocompatibility and high stretchability
for various applications, especially in artificial muscle [6], artificial cartilage [7],
wound dressing [8], strain sensor [9] and bioelectronics [10-12]. However,
mechanical toughness of the conventional hydrogels is remarkably low [11,12], which
seriously limits their practical and potential applications.

Previous studies [11-17] reported that the single hydrogel network has problems to
achieve a high deformability and low toughness, therefore, double network (DN)
hydrogels have been proposed and currently attracted wide attentions. In the DN
hydrogels, there are two types of network structures, i.e., brittle network and ductile
network, which are able to resist external loads and improve mechanical properties by
sacrifice of covalent bonds and elastic stretchability, respectively [11-17]. There have
been numerous studies to understand the mechanochemical coupling and achieve
ultra-high toughness and strength of DN hydrogels using methodologies such as

continuum mechanics [18-20], mechanochemistry [21-24], multiple networks [25,26],



and phase separation [27,28]. However, working principles behind the
mechanochemical toughening of DN hydrogels have not been fully understood, even
though great efforts have been made.

In this study, an extended potential well model is formulated to describe the
host-guest chemistry based on free-energy trapping effects reported in DN hydrogels,
using the Morse potential [29-31] and mean field models [32,33]. A constitutive
relationship between the potential wells and molecular network structures of DN
hydrogels has been developed using free-energy equations. Depth, width and trap
number of potential wells have been applied to characterize the barrier energy of host
brittle network, mesh size of guest ductile network, and host-guest interaction of these
two networks, respectively, based on the rubber elasticity theory [34]. Finally,
effectiveness of the proposed model has been verified using finite-element analysis
(FEA) and various experimental results of DN hydrogels reported in literature
[6,22-25].

2. Theoretical framework

As illustrated in Figure 1, the DN hydrogel is synthesized based on the
methodology of host-guest chemistry, where the guest ductile networks are trapped
inside the host brittle networks. Thermodynamic and mechanical behaviors of guest
ductile networks are critically determined by the host brittle networks, which undergo
mechanochemical coupling, causing the decreased barrier energies and changes of
thermodynamic behaviors of guest ductile networks. Therefore, the potential well

model [30,32] has been employed to describe the host-guest interactions and



free-energy trap effect in the DN hydrogels, where the width and depth of the
potential wells are used to describe barrier energies (Fba) of the host brittle networks
and mesh sizes (&) of the guest ductile networks, respectively. Furthermore, the trap
number (Ne) of potential wells is introduced to characterize the host-guest
interactions between the host brittle network and guest ductile network, undergoing

the mechanochemical coupling.
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Figure 1. Schematic illustrations of potential well model for the host-guest chemistry and
free-energy trap effect in DN hydrogel, where the well depth and width are used to describe the

barrier energy (Fra) of host brittle network and mesh size (&) of the guest ductile network.

According to the Flory’s mean field model [32,33], there are three types of free
energies for host-guest interactions in the DN hydrogels, i.e., tail free energy (Fuail), tie
free energy (Fte) and barrier energy (F.), which are determined by the parameters of

confinement entropy [32,33], excluded volume [35], and electrostatic interactions



[36,37], respectively,
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where ks=1.38x10"2 J/K is the Boltzmann constant, T is the ambient temperature, pc
is the linear charge density, m is the number of chains of ductile network in the
potential well, b is length of chain of the ductile network, v=1 is the excluded volume,
Is is the Bjerrum length [32], and « is the inverse Debye length [32].

According to the lattice model [38] and Flory theory [39], the mesh sizes (&) of
guest ductile networks and barrier energies (Fpa) of host brittle networks are used to
describe width and depth of potential wells using the potential well model [32]. Due
to the mechanochemical coupling, the change in the free energy (AF;) of the potential

well can be expressed as [32],
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Based on the equation (4a), the change in free energy (AF) of DN hydrogels is



obtained as,
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where Ncm is the molar number of potential wells involved into the mechanochemical
reactions for brittle network.

Based on the Morse potential (Fm) [29] and bread-spring model [29-31], a
constitutive relationship of applied force (f) and stretching strain (AR) can be
introduced for the covalent bonds in the brittle network undergoing mechanochemical
coupling, i.e.,

F, =D,(l-e*)’- fAR (6)
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where De=501.6 kJ/mol is the maximum potential energy of the covalent bond [29],

a=0.5 At is the inverse length scale for reaching this maximum stretching ratio [29].
Combining equations (6) and (7), the Morse potential (Fm) as a function of
stretching strain (AR) of the covalent bond can be written using the following
equation [29],
F, =D,(l-e*)? —2aARD e “* (1—e ") (8)
According to the rubber elasticity theory [34], the stretching strain (AR) of covalent

bonds can be rewritten as,

1
AR = ARy (2 ~) 9)

where ARy is the affine motion coefficient, and 1 is the elongation ratio [34].



Based on the statistical mechanics, the number of covalent bonds (Ncm) can be
scaled up using the mechanochemical probability (p) of the covalent bonds in the

brittle network [29,35],
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where 7 is the mean breaking time of covalent bonds, po is the normalized initial
mechanochemical probability, Ne is the total number of potential wells undergoing
the elastic stretching, and AFcm is the mechanochemical free energy.

Furthermore, the mesh size (¢), which is used to characterize the width of potential
wells, is governed by the Cauchy-Green tensor (I1) and can be described by the
elongation ratios (i.e., 4, 4, and 4, or the elongation ratios along three directions,

respectively) [18-20],

E=6 (132)
L, =22+ 2+ A (13b)

where & is the initial mesh size of brittle network, and |1 is the strain invariant.
The stress (o) as a function of elongation ratio (1) for the DN hydrogel undergoing

the uniaxial tensile stretching can be obtained,
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where p,, = is the electrostatic attraction parameter. Assuming volume

invariance of an isotropic material, i.e., A14243=1 [34], the relationships of 11=1 and
22=23=2""2 can be obtained, and then used for the DN hydrogels under the uniaxial
tensile stretching.

Substituting equation (11) into (14a), the constitutive relationship of stress (o) as a

function of elongation ratio () for the DN hydrogel can be finally obtained,
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where 7,=24-2//2 is the inverse of Iy, er is the abbreviation of affine motion, and
e=]-1 is the engineering strain [6,22-25].

To verify the applicability of equation (15), effects of affine motion coefficients of
covalent bonds (ARo) and mesh size (&) of brittle networks on the mechanical
behaviors of DN hydrogels have been studied using equation (15). The obtained
results are plotted in Figure 2. Parameters used in the calculations are NelkgTpo=0.1
MPa, 2De/ksT=405, b=1 nm, &=10 nm, ARo=0.016 A, m=40 and pe2=0.6. Results
show that the stress is gradually increased from 0.54 MPa, 0.83 MPa, 1.34 MPa, 2.27
MPa to 4.01 MPa at the same elongation ratio of A=1000% and the mesh size of =10

nm, with the affine motion coefficient of covalent bond (ARo) increased from 0.012 A,



0.014 A, 0.016 A, 0.018 A to 0.020 A, as plotted in Figure 2(a). The effect of mesh
size (&) of brittle network on stress-strain behavior is further studied using equation
(15). The obtained results are plotted in Figure 2(b). The analytical results reveal that
with an increase in the mesh size (&) of brittle network from 7.5 nm, 10 nm, 12.5 nm,
15 nm to 17.5 nm, the stress is increased from 0.58 MPa, 0.61 MPa, 0.63 MPa, 0.65
MPa to 0.67 MPa, at the same elongation ratio of 1=700% and affine motion
coefficient of ARp=0.016 A. Clearly, an increase in the width of potential wells (&)
enhances the strength of DN hydrogels, at the same barrier energy (Fpa) and the same

total number of potential wells (Ne).
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Figure 2. Analytical results of equation (15) for the effect of mechanochemical coupling on the
stress-elongation ratio behavior of DN hydrogel. (a) Effect of affine motion coefficient of covalent
bond (ARg), at a given constant of mesh size & =10 nm. (b) Effect of mesh size (&) of brittle

network, at a given constant of affine motion coefficient of covalent bond AR¢=0.016 A.

To further verify the effectiveness of equation (15), analytical results of stresses for
DN hydrogels of PNaAMPS/PAAM (PNaAMPS:
poly(2-acrylamido-2-methylpropanesulfonic ~ acid)  sodium  salt; PAAM:

poly(acrylamide)) as a function of strain were obtained. The results are plotted in



Figure 3(a), together with their experimentally obtained data reported in Ref. [6]. The
parameters used in equation (15) for calculations are NeksTpo=0.133 MPa,
2De/keT=405 [29], ARy=0.0152 A, &/b=10, m=44 and pe,=0.6. It is revealed that these
analytical results of the PNaAMPS/PAAmM DN hydrogels agree well with the
experimental data, with errors of +1.43%. During deformation, the hydrogel
undergoes three-stage mechanical behaviors, i.e., elasticity, yielding and
mechanochemistry, in the strain (¢) ranges from 0~50%, 50%~200% and 200%~750%,
respectively. Furthermore, the strong mechanochemical coupling effect in the DN

hydrogel results in an ultra-high stress at the same strain.
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Figure 3. Analytical results and experimental data [6] of stress-strain curve of PNaAMPS/PAAM
DN hydrogel. (b) Schematic illustrations of molecular networks undergoing elastic, yielding and

mechanochemical behavior using potential well in response to external stress.



Figure 3(b) illustrates the working principle of potential wells for the host-guest
chemistry and mechanical behaviors of DN hydrogel. The width (mesh size, &) of
potential wells determines the elasticity of host brittle network and DN hydrogels.
Whereas the depth (barrier energy, Fna) Of potential wells determines the yielding
behavior of DN hydrogels caused by the host-guest interactions between the host
brittle network and guest ductile network. Finally, the mechanochemical behavior of
DN hydrogel is determined by the trap number (Ne) of potential wells. Increase of
this trap number results in an increase in the mechanochemical probability (p) of the
host brittle network, thus causing decreased the barrier energy (Foa).

3. Finite-element analysis (FEA) and experimental verification
3.1 FEA simulation

To further investigate effects of width (mesh size, &), depth (barrier energy, Fna) and
trap number (Ne) of potential wells, we used FEA simulations to study the
constitutive stress-strain relationship in the DN hydrogels by considering all the above
three factors. The FEA models are shown in Figure 4. The brittle networks were
designed as a sparse regular network (20 mm x 20 mm). In the simulations, the
Young’s modulus and Poisson's ratio of brittle networks were chosen as 1 MPa and
0.45, respectively. An 8-node hexahedron element, C3D8R, was used to perform the
calculations, and 5000 elements were used to model the whole unit. The spatial
properties of the main network (i.e., the host brittle network in this study) is
determined by the width (&) and trap number ( N, ) of potential wells, which can be

written as &£ oc N, . Here the variable of £ has been employed to represent the



attributes of widths (&) and trap numbers (N, ) of potential wells to the space
structure of the main network.

There are three types of potential wells for the brittle networks, i.e., &=5 mm, Fpa=2
mm and N.=3; &=5 mm, Fpa=4 mm and Ng=2; £&=12 mm, Fpa=4 mm and N.=3. In the
uniaxial stretching, the decrease of depth (barrier energy, Fna) of potential wells from
4 mm to 2 mm has decreased the stress from 0.52 MPa to 0.45 MPa. The decrease in
trap number (N.;) from 3 t0 2 has decreased the stress from 0.52 MPa to 0.47 MPa.
Whereas the increase of the width (mesh size, &) from 5 mm to 12 mm has increased
the stress from 0.52 MPa to 0.56 MPa. These FEA simulation results prove our
hypothesis that the mechanical behaviors of DN hydrogels are determined by the

width (&), depth (Fba) and trap number (V.;) of potential wells.
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Figure 4. FEA simulations of the effects of width (mesh size, &), depth (barrier energy, Fpa) and

trap number (V,;) of potential wells on the constitutive stress-strain relationship of DN hydrogel.

3.2 Experimental verification
3.2.1 Effect of potential well width on the mechanochemical coupling
Experimental data [6,22-25] of DN hydrogels were applied to verify the analytical

results generated from the proposed model of equations (12) and (15). Here, NeiksTpo



is the modulus of DN hydrogel based on the rubber elasticity theory [34], N is the
total number of potential wells undergoing elastic stretching, ks=1.38x102 J/K is the
Boltzmann constant, 7=298.15 K is the temperature, po is normalized initial
mechanochemical probability. ARy is affine motion coefficient of bond stretches
according to rubber elastic theory [34], & is the initial mesh size of brittle network
(width of potential well), b is length of segment, m is the number of segments of guest
ductile network in a potential well. p. is the linear charge density, v=1 is the

intersegment excluded volume interaction strength, /s is the Bjerrum length at which

: : : : . . I
inter-charge interaction energy is kz7, and x is the inverse Debye length, p,, = P eh
e

is electrostatic attraction parameter [32,35-37]. D.~=501.6 kJ/mol is the maximum
potential energy of the unstretched Morse potential of carbon bond [29], which has a
relationship of 2D./kgT=405 [29]. 0=0.5 A’ is an inverse length scale for reaching the
maximum stretching [29], &=4A-1 1is strain. Finally, the Levenberg-Marquardt
optimization algorithm was adopted for all the calculations.

Four groups of experimental data [6,22-25] of DN hydrogels were used to verify
the analytical results generated using the proposed models, based on equations (12)
and (15), with the chosen parameters as following, T=298.15 K, v=1, De=501.6
kd/mol [29], «=0.5 A [29], and ¢=1-1 [6,22-25]. The other parameters used in the
calculations using equation (12) are listed in Table 1. Figure 5(a) shows the hysteresis
energy Vvs. strain curves for the DN hydrogels of P(BCD-co-AMPS)/PMBAA [22]
(BCD: bicyclo[6.2.0]decane, AMPS: 2-acrylamido-2-methylpropane sulfonate;

MBAA: N,N'-methylenebisacrylamide). Here 4 mol% or 8 mol% cross-linking



density of MBAA has been used as the ductile network, and reactive strand extension
(RSE) has also been introduced to enhance the stretchability of brittle
P(BCD-co-AMPS) network [22]. The hysteresis energy is found to gradually increase
from 0.022 MJ/m3, 0.053 MJ/m?* to 0.079 MJ/m? at the same strain of =1, for the

DN4, DN8 and DN8-RSE hydrogels, respectively.

0.03

0.304

——R=96.07% | 3 | T

o

=

o
1

o

o

a1
1

Hysteresis energy F, (MJ/Im®)
o
&

o

o

S
1

0.0 05 1.0 15 2.0 00 05

) . 1.0 15 20
Strain ¢ Strain ¢
Molecular network Potential well
Mechanochemistry (C)
DN4

IE!
kBarriur-v
g
oy

B B
A &

Mechanochemistry

o1&t
e it}

DNS-RSE Stored length release Mechanochemistry

3

o % EbLoadmg‘E o, Loading‘g é
¢t .
6 A

Figure 5. Comparisons of analytical results using equation (12) and experimental data [22] of the

Loading

g
—_— ——

Barrier—

S|
I

I

hysteresis energy as a function of strain for P(BCD-co-AMPS)/PMBAA DN hydrogels. (a) The
hysteresis energy Vs. strain curves. (b) Divergences of analytical and experimental results of stress.

(c) Schematic illustration of the working principle of width (mesh size, &) in potential wells.

Figure 5(b) shows the values of correlation index R between the analytical and

experimental results, which are 96.07%, 95.88% and 96.26% for the DN4, DN8 and



DNB8-RSE hydrogels, respectively. It can be seen that the analytical results obtained
using equation (12) agree well with the experimental data (JAF.»/<0.03 MJ/m®). The
working mechanism of P(BCD-co-AMPS)/PMBAA DN hydrogels is illustrated in
Figure 5(c). With an increase in the molar content of ductile MBAA networks from 4
mol% to 8 mol%, both the well width (mesh size, £) and hysteresis energy are
increased. Furthermore, the RSE is found to increase well width (mesh size, &) of the

DNB8-RSE hydrogel, thus resulting in an increased hysteresis energy.

Table 1. Values of parameters used in equation (12) for P(BCD-co-AMPS)/PMBAA DN

hydrogels.
NelFpapo(MJI/m3)  ARy(A) 2De/ksT
DN4 3.3x10°3 6.63x10?
DN8 7.6x103 6.72x102 = 405 [29]
DN8-RSE 11.3x10°3 7.66x103

Experimental data [23] of PAMPS/PCDME (PCDME: poly-N-(carboxymethyl)-N,
N-di-methyl-2-(methacryloyloxy) ethanaminium) DN hydrogels have further been
applied to verify the analytical results generated using the proposed model based on
the equation (15). For the PAMPS/PCDME DN hydrogel, the PCDME acts as the
ductile network and the PAMPS works as the brittle one [23]. Figure 6(a) plots the
constitutive stress-strain relationship of PAMPS/PCDME DN hydrogels with various
PCDME molar ratios (Rmo) of 10.5 mol/L, 25.6 mol/L and 44.3 mol/L. All the
parameters used in the calculations using the equation (15) are listed in Table 2. These

analytical and experimental results reveal that the yielding strains are increased from



1.75, 5.73 to 6.53, for the PCDME/PAMPS DN hydrogels with an increase in molar

ratio of PCDME (Rmo) from 10.5 mol/L, 25.6 mol/L to 44.3 mol/L.

Table 2. Values of parameters used in equation (15) for PAMPS/PCDME DN hydrogels.

Rmo(mOI/L) NelkBTpO(M Pa) fo/b m 2De/kBT ARO(A) Pea
10.5 0.302 4 11
25.6 0.182 7 19 405 [29] 0.016 0.42
44.3 0.087 30 92
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Figure 6. Comparisons of analytical results using equation (15) and experimental data [23] of the
stress vs. strain for PAMPS/PCDME DN hydrogels, at given various PCDME molar ratios (Rmo)
of 10.5 mol/L, 25.6 mol/L and 44.3 mol/L. (a) The stress-strain curves. (b) Divergences of
analytical and experimental results of stress. (c) Schematic illustration of the effect of width (mesh

size, &) on the yielding behavior of DN hydrogels with various PCDME molar ratios (Rmo).

Figure 6(b) shows the divergences between the analytical and experimental results,
obtained by calculating the correlation index (R?). The obtained R? values are 99.37%,

99.87% and 99.70% at molar ratios (Rmo) of PCDME of 10.5, 25.6 and 44.3,



respectively. The working principle of ductile PCDME networks in the
PAMPS/PCDME DN hydrogels is illustrated in Figure 6(c). With an increase of molar
ratio of ductile PCDME network, the increased well width (mesh size, &) increases the
yielding strain of the DN hydrogel, according to the proposed potential well model
based on the equation (15).
3.2.2 Effect of barrier energy on the mechanochemical coupling

Experimental data of PAMPS/PAAM [25] (PAMPS:
poly(2-acrylamido-2-methylpropanesulfonic  acid) and PVA/PAMPS/PAAM
(PVA-DN) (PVA: poly(vinyl alcohol) DN hydrogels were also applied to verify the
proposed model based on the equation (15). PVA/PAMPS is applied as the brittle
network, whose stiffness (with a modulus of 0.15 MPa) is lower than that of PAMPS
brittle network (with a modulus of 0.25 MPa). In this study, 0.1 mol% or 0.6 mol% of
2-oxoglutaric acid has been used as the photoinitiator for crosslinking between two
networks [25]. Experimental results revealed that the moduli and stiffness of PAMPS
brittle networks were gradually decreased with an increase in the molar content of the
photo-initiator. Both the analytical and experimental results are plotted in Figure 7(a).
The parameters used in the calculations using equation (15) are listed in Table 3. The
stresses are 0.75 MPa, 0.63 MPa, 0.72 MPa and 0.50 MPa for the DNO.1,
PVA-DNO.1, DNO.6 and PVA-DNO.6 hydrogels, respectively, at a constant strain of
¢=3. Furthermore, results of stress-strain relationship in the DN hydrogels using the
classical Mooney-Rivlin (M-R) equation [34] (6=(2C1+2C2/A)(A-1/42), where C; and

C> are material constants) are plotted, and the analytical results from the proposed



model of equation (15) have good agreements with the experimental results [25].
Figure 7(b) shows the divergences between analytical and experimental results based
on the values of correlation coefficient (R?), which are R?=98.70%, R?=94.89%,
R?=99.52% and R?=94.62% for the DNO0.1, PVA-DNO0.1, DNO0.6 and PVA-DNO.6,

respectively.
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Figure 7. Comparisons among analytical results using equation (15), using the classical

B

Mooney-Rivlin (M-R) model [34], and experimental data [25] of the stress as a function of strain
for PAMPS/PAAmM DN hydrogels. (a) The stress-strain curves. (b) Divergences of analytical and
experimental results of stress. (c) Schematic illustration of the effect of depth (barrier energy, Fua)

on the stress-strain behavior in PAMPS/PAAmM DN and PVA-DN hydrogels.

The working principle of the PAMPS/PAAmM DN and PVA-DN hydrogels is
illustrated in Figure 7(c). With an increase in photo-initiator from 0.1 mol% to 0.6

mol%, or introducing PVA, the modulus of PAMPS brittle networks is decreased with



a decrease in depth of potential well in DN hydrogels, resulting from the decrease in

the barrier energy (Fba).

Table 3. Values of parameters used in equation (15) for PAMPS/PAAmM DN hydrogels.

NekeTpo(MPa) &l m 2De/keT  ARo(A)  pea
DNO.1 0.153 237
20
PVA-DNO.1 0.128 249
405 [29] 0008  0.42
DNO.6 0.180 80
11
PVA-DNO.6 0.126 85

Figure 8(a) plots both the calculated and experimental stress-strain relationships for
the PAMPS/PAAm DN hydrogels with different void ratios of brittle PAMPS
networks of 0 vol%, 1 vol%, 3 vol% and 10 vol% [24]. All the parameters used in the
calculations using the equation (15) are listed in Table 4. With the increase in the void
ratios from 0 vol%, 1 vol%, 3 vol% to 10 vol%, the stress was decreased from 0.88
MPa, 0.82 MPa, 0.73 MPa to 0.60 MPa at the same strain of ¢=3. Moreover, the
correlation index (R?) between the analytical and experimental results were calculated
to be 95.10%, 98.63%, 97.65% and 98.71% for 0 vol%, 1 vol%, 3 vol% and 10 vol%
PAMPS/PAAm DN hydrogels, respectively, as shown in Figure 8(b). It can be seen
that the analytical results agree well with the experimental data [24], where the
divergence of stress is limited to |Ao|<0.15 MPa.

Effects of depth of brittle network (i.e., the barrier energy, Fna) on the
PAMPS/PAAm DN hydrogel have further been analysed, and the obtained results are
shown in Figure 8(c). With an increase in void ratio of PAMPS brittle network, the

depth (or the barrier energy, Fna) of brittle network is decreased, mainly due to the



decrease in host-guest interaction between two networks of PAMPS and PAAm.

Table 4. Values of parameters used in equation (15) for PAMPS/PAAmM DN hydrogels.

vol% Nelke Tpo(MPa) &lb m 2De/ksT ARo(A) Pea
0 0.233 9 59
1 0.210 10 67
405 [29] 0.008 0.42
3 0.182 11 85
10 0.136 14 127
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Figure 8. Comparisons of analytical results using equation (15) and experimental data [24] of the
stress as a function of strain for PAMPS/PAAmM DN hydrogels. (a) The stress-strain curves. (b)
Divergences of analytical and experimental results of stress. (c) Schematic illustration of the effect

of depth (barrier energy, Fpa) on the stress-strain behavior.

4. Conclusions

In this study, a potential well model is established to understand the
mechanochemical coupling and toughening mechanism of host-guest chemistry in the
DN hydrogels, where the width, depth and trap number of potential wells have been

employed to describe the mesh size, barrier energy and mechanochemical interaction,

respectively. Analytical and experimental results reveal that the width, depth and trap



number of potential wells play essential roles to determine the elasticity, yielding and
mechanochemical behaviors of the DN hydrogels, respectively. Furthermore, the
mechanochemical coupling and toughening mechanism have been identified by the
parameters of width, depth and trap number of the proposed potential well model.
Finally, effectiveness of the proposed model is verified using FEA and experimental
results of DN hydrogels reported in literature. Good agreements among analytical,
simulation and experimental results have been obtained. This study clarifies the
toughening mechanism and identifies the mechanochemical coupling in DN hydrogels,
of which the host-guest chemistry has been investigated using the potential well

model.
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