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Hybrid double network (DN) gels, including the physical interaction (PI) network and chemically cross-linked (C-
CL) network, exhibit superior mechanical behaviors. Herein, the influence of the physical interaction strength
and the strain rate on mechanical properties of hybrid DN gels was investigated by exploiting coarse-grained
molecular dynamics simulations. The PI network was constructed successfully based on clusters acting as

physically cross-linked sites. In the earlier stage, the resistance of clusters to the dissociation mainly caused the
increase of the stress. While at larger strains, the soar of the stress was dominated by the stretching of bonds in
the C-CL network. It was more difficult to dissociate clusters and stretch bonds with the physical interaction
strength increasing. Clusters were broken up and frequently rejoined at lower rates, along with the slight bond
stretching. Generally, this work provided the evolution of microstructure in hybrid DN gels, and guided the
designing of high-performance polymers.

1. Introduction

The double network (DN) structure [1-6] exhibiting high strength
and toughness gains increasing interest in the past two decades. Gong
et al. [1] first fabricated the DN gel, and Gong [5] summarized design
principles to prepare DN gels with superior mechanical properties.
Following that, plenty of other DN gels such as the microgel-reinforced
DN gel [7], ultrathin DN gel [4], free-shaped tough DN gel [8], and
liquid crystalline DN gel [3] were developed afterward. Upon defor-
mation, the first brittle and rigid network was fragmented into small
clusters, which was the fundamental mechanism of the high toughness
[2]. Therefore, the DN gel formed from the dual chemically cross-linked
(C-CL) network could not recover.

To endow the DN gel with the self-healing ability, hybrid DN gels,
where the first C-CL network was replaced by the physical interaction
(PI) network cross linked through reversible interaction such as
hydrogen bonds [9-12] ionic bonds [13-17], or hydrophobic associa-
tion [18,19] were developed. These gels have comparable mechanical
properties to conventional DN gels. Sun et al. [13] reported a hybrid DN
gel, where the first network was the ionically cross-linked alginate. The
synthetic hydrogel exhibited extreme stretchability (more than 20 times
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its original length) and high toughness (~9000 J/m?). Since reversible
bonds can break and reform, the deformation behavior of the hybrid DN
gel is unique. During the deformation, ionic cross-links unzipped pro-
gressively while the C-CL network bridged the crack to maintain the
integrity of the gel [13,14,16]. When loads were removed, the re-zipping
of ionic crosslinks could be taken advantage to heal the damage. Chen
et al. [9-11] prepared the agar/polyacrylamide (PAAm) hybrid DN gel,
and they first proposed a chain pulling-out model, based on successive
cyclic loading-unloading experiments, to account for the continuous
fracture of the agar network. Agar chains began to unzip and pull out
from physical associations at small strains far below the yielding, and
this behavior could last over the whole tensile deformation. At the same
time, there was no chain scission of the agar network, unlike the dual
C-CL DN gel. Consequently, the elastic modulus declined, and the
dissipation energy increased as the maximum strain increased. Many
other papers adopted this model to interpret the enhancement mecha-
nism of hybrid DN gels [15,17,20]. At larger strains, the stress was
transferred to the C-CL network. As a result, the C-CL bonds broke, and
the gel showed macroscopic destruction [16]. Furthermore, Lin et al.
[20] presented a chain pulling-in model to account for the excellent
compressibility of the agar/PAAm DN gel. Due to the finite lifetime of
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reversible bonds, the property of the PI network was sensitive to the
strain rate, which led to rate-dependent behaviors of hybrid DN gels [10,
12,15]. Wu et al. [12] studied the dependence of modulus on the strain
rate. The dependence was concerned with the number of unrelaxed
reversible bonds. More reversible bonds could not relax at higher strain
rates. Besides, reversible bonds were easier to break at larger deforma-
tion, leading to the weaker dependence on rates at larger strains. Chen
et al. [10] found more pronounced chain pulling-out behavior at lower
strain rates.

Although the molecular model describing the destruction of the
hybrid DN gel was presented, neither the unzipping nor the chain
pulling-out was directly evidenced. Understandings of the evolution of
microstructures in the hybrid DN gel still lacks. Molecular dynamics
(MD) simulation is a technology to study the time evolution of the
interacting particular system and predict the related physical properties.
The motion of particles is governed by the classical Newton’s equation.
MD simulations can aid to construct the constitutive model [21,22] and
provide a microscopic perspective of investigating polymers. Jang et al.
[23] shed light on mechanical properties of the PEO-PAA DN gel by
employing MD simulations. However, the all-atom level simulation
constricted the number of atoms in the model. Zhang Liqun’s group [24]
tuned the mechanical performance of the DN elastomer by adjusting the
stiffness of the stiff network, and furthermore they revealed the fracture
mechanism on the coarse-grained (CG) level [25]. Gavrilov et al. [26]
studied the phase behavior of the DN gel and its impact on mechanical
properties by utilizing the dissipative particle dynamics method. How-
ever, the entanglement within the subnetwork was absent in this model.
Higuchi et al. [27] performed CGMD simulations to elucidate the frac-
ture process of the DN gels. Most studies [23,24,26-28] dealt with DN
gels consisting of the double C-CL network. Simulations regarding
hybrid DN gels are still scarce. Recently, Zhang et al. [29] created the
CGMD model of the multi polymer network encompassing the hydrogen
bond network, the coordination network, and the C-CL network to
interpret toughing origins. Zhang et al. [30] successfully reproduced the
higher peak stress of hybrid DN gels based on CGMD simulations.
Nevertheless, the molecular mechanism of factors affecting the me-
chanical properties, such as the physical interaction strength, the
number of interaction sites in PI networks, and the strain rate, remains
elusive. Revealing the molecular origins of these parameters could
further promote the mechanical performance.

This paper is organized as follows. In section 2, after describing the
CGMD model representing the hybrid DN gel, the technique preparing
initial configurations and elongating systems was explained. In section
3.1, we first tuned the physical interaction strength to construct the
hybrid DN gel, and studied its influence on the structure and mechanical
properties. Following that, the strain-rate effect of the hybrid DN gel was
investigated in section 3.2. The effect of the number of PI sites was also
studied and shown in the Supplementary data. At last, conclusions were
drawn in section 4.

2. Models and simulation methods

In this study, the hybrid DN polymer represented by the CG model
[31] was composed of 100 PI chains and 100 C-CL chains. The PI chain
was made up of 20 repeating units (BAB>) in which A-type beads could
form physical interaction with each other. While C-CL chains only
involved sequentially linked 100 C-type beads. C-CL bonds could be
formed between C-type beads. All types of beads had the same mass m
and diameter ¢. Both PI chains and C-CL chains were illustrated in Fig. 1.

Herein, the Lennard-Jones (LJ) interaction [31] was utilized to
model the non-bond potential between 2 beads separated by ry:
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Fig. 1. Schematic representation of the PI chain where physical interaction
could be formed among A-type beads, and the C-CL chain where C-type beads
could be cross-linked by the covalent bond.

where Uit is @ constant term which makes sure the potential is
continuous at the cutoff distance r.. Reduced units were adopted here
since the CGMD simulations here did not aim for the specified polymer.
Therefore 6, m, and ¢, which represented the units of length, mass, and
energy, respectively, were all set to unity. The energy strength between
beads i andj, that is &, apart from exa was set to 1. The physical inter-
action strength was tailored by tuning exa from 1 to 15 (eaa =1, 3, 5,
10, 15) when studying its effect. Zhang et al. [29,32], and Zanjani et al.
[33] also employed the LJ potential to represent the reversible inter-
action. The FENE potential [31] was adopted to describe the connec-
tivity of bonded beads:
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where the spring constant k = 30¢/6? and the finite extended length
Rp = 1.56 could guarantee the stiffness of chains while avoid high-
frequency modes and chains crossing.

Preparing the initial configuration of hybrid DN gels involved 2
steps.

Urene =

Step 1. (cross-linking of C-CL chains): All chains were first placed
randomly into a large box with the initial density 0.3m/s° to free from
the overlapping of chains. The simulation box was then compressed
under the NPT ensemble with the reduced pressure P* = 1.0 and the
reduced temperature T* = 1.0 to mix PI chains and C-CL chains. Density,
potential, and the radius of gyration were checked to ensure the struc-
ture in equilibrium. After the equilibration, interchain cross-linking
bonds were introduced into C-CL chains every 100 steps when any
two C-type beads were within 1.00. The maximum number of bonds in
each C-type bead was taken as 3. Since C-CL chains were loosely cross-
linked in experiments [9,10,17], the number of cross-linking bonds was
fixed at 1059, which corresponded to the cross-linking degree ¢ =
9.66% (¢ = N./N; where N, is the number of cross-linking bonds and N;
is the number of total bonds in C-CL chains). Noting that in order to
achieve a homogenous mixing of PI chains and C-CL chains, r, = 21/%¢
was chosen for beads belonging to same types of chains except for r4
and others were setasr. = 2.5¢. In addition, eaa was 1.0 before the cross
linking so that the C-CL network was first set up. The frequency distri-
bution of the number of cross-linking bonds between C-CL chains was
given in Fig. S1(a). Considering the total number of cross-linking bonds,
the C-CL network would be homogeneous if each C-CL chain cross linked
with others with 21 bonds. The peak of the frequency occurred when the
number of cross-linking bonds was 17 or 21, which were close. The
heterogeneity in the network was also observed in experiments. Addi-
tionally, the snapshot of the cross-linking C-type beads in the model with
ean = 10 was shown in Fig. S1(b). After cross-linking, all C-CL chains
were linked together.
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Step 2. (Constructing the PI network): After setting up the C-CL
network, the system underwent a long period of relaxation in which
thermodynamic statistics (temperature, density, and potential), as well
as the radius of gyration almost did not fluctuate with the time. In this
stage, all r. were changed to 2.50 to avoid the negative thermal
expansion coefficient [34,35] and exa was turned on. In other words, the
PI network was constructed after the completion of the C-CL network.
Wan et al. also changed r, after cross-linking to mix the stiff and flexible
chains homogeneously [24]. All parameters of Eq. (1) were listed in
Table 1. The final configuration was selected as the initial configuration
of the elongation, and it was also followed by the NVT production run at
the same temperature. All simulations were carried out by the velocity
Verlet algorithm with a time step of 0.001. The periodic boundary
conditions, which were widely used in other literature [25,32] studying
the DN structure, were applied along with all three directions of the
simulation box. During the simulation, the temperature and pressure
were controlled by the Nose-Hoover thermostat and Andersen barostat,
respectively.

The tension simulation was performed in the NVT ensemble by
elongating the simulation box in the z-direction with a constant engi-
neering strain rate 0.0327/t. The deformation was conducted every
1000 steps, as did in many previous studies [36,37]. The volume of the
box was maintained, that is, the system was incompressible, so the
Poisson’s ratio was 0.5. Therefore, the stress in the tensional direction
was evaluated as 6 = 6,, — %(0XX + oyy), where oy, oyy and o,, were the
normal stresses of the x-, y- and z-directions, respectively. The stress was
calculated via the virial theorem [38]:

n—1 n
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where m;, v;, and vjs are the mass and a- and f-component velocities of
the bead i, respectively. And ry;, and Fj; are the a-component distance
and f-component force between bead i and j, respectively. V and n are
the volume of the simulation box and the total number of atoms,
respectively. When investigating the strain rate effect, we chose
0.00005/7, 0.0001/t, 0.000327/t, 0.000654/t, 0.00327/t, and
0.0327 /7. The reproductivity of the data was validated by conducting 3
different deformation runs, starting from different equilibrium config-
urations at a given set of parameters. The commercial software J-OCTA
4.1 platform (JSOL Corporation, Japan) [39] was used to set up the
model and visualize snapshots, and simulations were carried out by
using COGNAC 9.2 [40].

Table 1
The parameters of Eq. (1).
Non-bond gj/e re/o
pair
A-A 1.0 (Step 1) 2.5
1.0, 3.0, 5.0,10.0, 15.0 (Step 2, loading
step)
A-B 1.0 21/6 (Step 1)

2.5 (Step 2, loading

step)

A-C 1.0 2.5

B-B 1.0 21/6 (Step 1)
2.5 (Step 2, loading
step)

B-C 1.0 2.5

c-C 1.0 21/6 (Step 1)

2.5 (Step 2, loading
step)
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3. Results and discussion
3.1. Influence of the physical interaction strength €

The structure of hybrid DN gels was first studied by using pair dis-
tribution functions (PDFs) [41]. PDFs of the model with eaa = 10 were
displayed in Fig. 2(a), while others were shown in Fig. S2. It could be
clearly observed that the short-ranged peak of g(r),_, was higher than
those of other PDFs when eps > 1, which indicated that A-type beads
packed compactly with respect to other bead pairs. g(r),_, with all eaa
were compared in Fig. 2(b). The first peak of g(r),_, increased with eaa
increasing, which indicated the closer packing of A-type beads in models
with higher exa. What’s more, there was only one peak of g(r),_, at
r ~ 20 when exp < 5. Two peaks were found when exa > 5, since dense
clusters were formed by the compacted A-type beads. The aggregation
shortened the distance between A-type beads, and the illustration of the
dense clusters could be seen in Fig. 2(c). The arrangements of A-type
beads in models with ey < 3 were also drawn as a comparison. The
apparent first peak and double peaks around r ~ 2¢ at high physical
interaction strength were also observed in the work of Zhang et al. [32]
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Fig. 2. (a) PDFs of the model with ey = 10. (b) g(r),_, for various ea. Insets
are the local enlarged drawings. (c) Schematic representation of the arrange-
ment of A-type beads in the equilibrium state. The pink beads denoted A-type
beads while the blue lines represented the other part of the PI chain. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)



R. Zhao et al.

In addition, the coordination number of A-type beads reached a
threshold at eqa =5 (Fig. S3), which further proved that the dense
clusters exhibited in these models. Furtherly, the shallow peaks at
r ~ 100 of g(r),_, when exa > 5 suggested the average separation dis-
tance of dense clusters. However, no long-range peaks were observed in
models with exa < 3, since A-type beads were distributed more uni-
formly in the simulation box. Next, the connectivity of clusters was
characterized. Two A-type beads belonged to the same cluster when the
distance was less than 1.5¢ (the first valley of g(r),_,). Fig. 3(a) showed
the normalized average number of clusters (NANC), N,/ Na where
Ny is the average number of clusters and N, is the total number of
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Fig. 3. (a) The NANC for models with various exa. Snapshots of the model with
(b) eapn =1 and (c) ean = 15, where different colors of spheres represented A-
type beads belonging to diverse clusters. Lines denoted B-type beads in the PI
network. To be more visually, the C-CL network was not shown. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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A-type beads. The NANC decreased quickly as eap increased at first.
When epp > 5, the NANC tended to stable. The transition was also
attributed to the dense clusters. The frequency distribution of the cluster
size (the number of A-type beads contained in the cluster) was shown in
Fig. S4. The peaks occurred at 2, 2, 10, 10 and 10 for the model with exp
from 1 to 15, respectively, which also demonstrated the formation of
dense clusters. The dense clusters could be evidently observed by
snapshots. Fig. 3(b and c) presented snapshots of the model with exp = 1
and exp = 15, where different colors of spheres represented A-type
beads belonging to diverse clusters. Lines denoted B-type beads in the PI
network. A-type beads in the model with exa =1 were distributed
evenly (Fig. 3(b)), but they were trapped in clusters when exs = 15
(Fig. 3(c)). Remarking that even if exp became so high, A-type beads
were not all connected. In other words, they did not locate in the same
cluster. These clusters acted as cross-linked sites linking PI chains.
Above all, the PI network, as well as the hybrid DN structure, were set up
successfully when epa > 5.

After the structure was characterized, tensile simulations with
different exp were conducted. It was found in Fig. 4(a) that the stress
underwent 3 stages: fast growth (I), strain softening (II), and strain
hardening (III) for models with the DN structure. Feng et al. [42] syn-
thesized a hybrid DN gel where the PI network was the thermoplastic
polyurethane, and the C-CL network was the PAAm. The stress of the
as-prepared gel also showed a first quick increase, followed by slow
growth, and at last it increased rapidly. The similar trend was also
observed in stress-strain curves found in other experiments [10,11,14,
43,44], and the simulation [32]. The stress was independent of 4 when
no PI network exhibited (eaa < 3). Nevertheless, it was promoted a great
with e increasing if the DN structure was formed (eaa > 5). The hybrid
DN gel, consisting of Fe>* ionically cross-linked pectin and C-CL PAAm,
developed by Lu et al. possessed higher stress than that of the PAAm
single gel [14]. In addition, much literature confirmed the promotion of
the stress in the hybrid DN gel than that of the single network gel [15,17,
20]. Fig. 4(b) presented the bond stress and non-bond stress, which
corresponded to the bond potential part and non-bond potential part of
the second term of Eq. (3), respectively. Later, stress-strain curves of
models with the DN structure (eaa > 5) would be discussed.

At stage I, the non-bond stress rose rapidly. To find out the network
responsible for the growth of the non-bond stress, we took the model
with exa = 5 as an example to calculate the variation of the non-bond
potential AE,,, ponq for all bead pairs. AE,q,_pong Was defined as the
difference of the non-bond energy between the tensile and initial states.
As shown in Fig. SSAEM | .. the difference of the non-bond energy
between A-type beads, increased sharply in stage I, which indicated that
dense clusters adsorbed a large amount of energy obtained from the
external force. The number of A-type beads in the range of [ry, 73] from
an A-type bead was calculated to reveal the evolution of clusters further.
The definition was similar to the coordination number [36]:

>

PA = 4”‘]/\/'\ /rzg(r)AfAdr, (©)]

r

where N, V and r are the number of A-type beads, the volume of the
system, and the distance between two A-type beads, respectively. r; and
ry are two successive minimums of g(r),_,. We counted A-type beads in
the first three layers. Thus, for models with exa < 3, [r1,72] were taken as
[0, 1.52506], [1.5250, 2.4750], and [2.4750, 3.4250], respectively. These
regions surrounded the first three peaks of g(r),_,, respectively. Simi-
larly, [r1,72] for models with exn > 5 were chosen as [0, 1.525¢],
[1.5250, 2.5750], and [2.5750, 3.1750], respectively. The number of A-
type beads in the first three layers were defined as PA1, PA2, and PA3,
respectively (Fig. 5(a—c)). In stage I, PA1 and PA3 owned a short plateau,
then PA1 declined, but PA3 went up. It suggested that dense clusters
remained stable initially. Then A-type beads in the first layer were
pulled out to the second layer, which squeezed out A-type beads in the
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Fig. 5. (a) PAl, (b) PA2, (c) PA3, (d) variations of the non-bond energy between A-type beads, (e) NNC, and (f) P, as a function of strain for various exa.
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second layer into the third layer. As a result, PA2 remained stable in this
stage. In this region, A-type beads started to separate apart from each
other, which led to the increase of AEA2 | . (Fig. 5(d)). The separated
A-type beads, driving B-type beads through the covalent bond, diffused
into the C-CL network gradually, indicated by the decrease of AEAS |
and AEggnfbond (Fig. S5). Moreover, the normalized number of clusters
(NNC), Ngus/Na, was depicted in Fig. 5(e). In this stage, NNC did not
change with the strain, revealing that dense clusters just became loose
but did not dissociate. Then, the orientation of clusters was evaluated by

adopting the second Legendre polynomial P;:

P, :% (3cos’0—1), (5)
where 0 represents the angle between the first principle inertia axis of
the cluster and the tensile axis, and the bracket denotes the average
among all clusters. P, takes the value of —0.5, 0, or 1 when the two axes
are perpendicular, disordered, or parallel, respectively. As shown in
Fig. 5(f), P2 increased soon with strain increasing in this stage, which
suggested that clusters also accommodated the deformation by aligning
themselves to the tensile direction. Therefore, a larger force, which led
to the increase of non-bond stress, was required to orient clusters and
separate A-type beads in the originally dense cluster under tensile
strains. Compared to the non-bond stress, the bond stress showed slow
growth. The bond energy of the C-CL network and the PI network were
shown in Fig. 6. The bond energy of the PI network changed greatly with
respect to that of the C-CL network, indicating that bonds of PI chains
stretched more. In order to make clear which type of bond in PI chains
being responsible for the increase, the mean bond energy, normalized by
the number of bonds, of each bond type in PI chains was shown in
Fig. S6. The mean bond energy of B-B bonds grew fast in this stage with
respect to that of A-B bonds. As shown in Fig. S7, the density of A-type
beads was concentrated in clusters, while B-type beads dispersed more
uniformly. Consequently, the local density around clusters was higher
than that in other parts. The higher local density around clusters indi-
cated stronger attraction, resulting in slighter deformation of A-B bonds.

In the strain softening region (stage II), the non-bond stress tended to
maintain its level. AEA | - still took up the major part (Fig. S5). In
Fig. 5(a—c), PA1, and PA2 dropped off soon, whereas PA3 increased
quickly. These indicated the severe separation of A-type beads. The
aggregation of A-type beads furtherly decreased, which accounted for
the dramatic increase of AEﬁé‘nfbond (Fig. 5(d)). The NNC also increased
sharply in this stage, meaning the dissociation of clusters, shown in
Fig. 5(e). After stage I, clusters could barely bear loads, since they had
become loose. Thus, they were broken up under further deformation,
impeding the rise of the non-bond stress. As clusters were destroyed, P,
in Fig. 5(f) tended to rise slowly in this region. Besides, from Fig. 6, the
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bond energy of the C-CL network started to increase, while that of the PI
network reached a plateau. Owing to the stretching of bonds in the C-CL
network, the increase of the bond stress accelerated. To conclude, both
the C-CL and PI network contributed to the stress, in which the C-CL
network began to get tensed, and the PI network was broken up in this
stage. The competition between the bond and non-bond stress led to the
strain softening.

At last, for the strain hardening stage (stage III) in Fig. 5(a-c), PA1,
and PA2 decreased a little slowly since A-type beads were far away from
each other. The NNC and AEA% | . increased slowly, since many
clusters had been broken up. There were few large clusters which could
bear the stress. Additionally, the bond energy of the C-CL network
increased notably with regard to that of the PI network. So the bond
stretching of the C-CL network took a prominent role in improving the
bond stress. Hence, the remarkable stretching of the C-CL network and
the further dissociation of clusters made the bond stress overtake the
non-bond stress, and lead to the soar of the bond stress. This remarkable
increase caused the strain hardening.

As mentioned above, the growth of the stress was originated from the
resistance of clusters to dissociation and bonds to stretching. Herein, the
influence of exp would be discussed. When there was only the C-CL
network (eap = 1 or 3), PA3 was the largest, as shown in Fig. 5(a—c).
Since A-type beads were evenly distributed, more A-type beads exhibi-
ted in the farther region. And PA1, PA2, and PA3 varied slowly due to
the uniform distribution of A-type beads. On the contrary, dense clusters
were formed once the DN structure was formed. A-type beads prevailed
in the first and the second layer. PA1, PA2, and PA3 changed a great. The
PA1 exhibited an increasing trend as ex4 increased, which revealed that
clusters were more compact at higher exa. As shown in Fig. 5(d), A
EAA | nq increased with the growth of eaa. The increase related to the
separation of A-type beads, as discussed above. As ep4 increased, A-type
beads got closer together, which required larger force to separate.
Hence, the stress was more concentrated on clusters when exa was high,
which led to higher P, (Fig. 5(f)). Therefore, the resistance of clusters to
dissociation was improved with €54 increasing, which led to higher non-
bond stress. In Fig. 6, both the bond energy of the C-CL and PI network
rose with the increase of exa. The weaker relaxation of chains due to
larger intermolecular attraction made the system difficult to stretch.
Thus the stronger force was needed to elongate the model to the same
strain, which led to the apparent bond stretching.

3.2. Influence of the strain rate
After investigating the effect of eaa, the model with the hybrid DN

structure (eaa = 5) was chosen to study the rate-dependent behavior.
Stress-strain curves with various stain rates were shown in Fig. 7(a). The
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Fig. 6. The bond energy of the (a) C-CL network and (b) PI network as a function of strain for various eaa.
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Fig. 7. (a) The stress-strain curves of the model with exp = 5 at various strain rates. (b) The relaxation time of PI and C-CL chains for the model with e = 5. The
blue dashed lines denoted the time scales of strain rates. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

system exhibited obvious strain-rate sensitivity when the strain rate was
above 1 x 107*/z. The stress was promoted when increasing the strain
rate. This rate-dependent effect of the stress was also found in the hybrid
PAAm/agar gels [10] and the hybrid DN elastomer [12]. Many reports
[45-47] attributed the strain rate effect to the mismatch between the
relaxation time of the polymer and the loading time. If the loading speed
was faster, polymer chains could not relax to disentangle. They behaved
like stiff solids. In contrast, the polymer would become viscous liquids
with shorter relaxation time. Herein, the relaxation time 7, which
measured the time required for monomers or chains to move to the
distance corresponding to their own size, was inversely proportional to
the diffusion coefficient D. D was calculated from the Einstein’s
equation:

1 1
D =1lim —MSD(t) ~ -
T

t—oo OF

(6)

where MSD is the mean-square displacement. It could be found in Fig. 7
(b) that from 3.27 x 10~* /7, the relaxation time of both the PI and C-CL
chains exceeded the time scale of the loading. Increasing the strain rate
would delay the relaxation of chains, which led to higher stress. Besides,
the relaxation time of PI chains was longer than that of C-CL chains.
Thus, the PI network behaved as the hard phase, providing the initial
modulus under the deformation. This was also in agreement with the
conclusion drawn in section 3.1 that the PI network was responsible for
the fast growth (stage I) of the stress. The hybrid DN gel was similar to
the conventional soft-hard phase polymer, like polyurethane whose
Young’s modulus increased as hard segment content rose (Fig. S8)
[48-50].

As shown in Fig. 7(a), the stress quickly passed through the rapid
growth stage and entered into the strain softening region when the strain
rate was low. While with a higher strain rate, the first stage was pro-
longed. The stress in the first stage was mainly concerned with the
Eﬁ(‘?n—bond’ and Py
for all strain rates were presented in Fig. 8. The NNC and AEAA |
decreased first with the strain when the loading time exceeded the
relaxation time (5 x 107°/z and 1 x 107%/7). Since PI chains were
relaxed at these rates, clusters were broken up easily. The A-type beads
escaping from the original clusters could take part in other clusters.
When one cluster was totally destructed, and the released A-type beads
joined another cluster, the NNC and AEA2 | . would decline. The easy
dissociation of clusters would shorten the first stage of the stress. With
the development of the strain, the distance between A-type beads got
farther, which prevented the lonely A-type beads from entering into
another cluster. So the NNC and AE22 |, . increased again at large
strains. Once the strain rate was high, the NNC remained stable for all

resistance of clusters to the deformation. The NNC, A

0.15 - -
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Fig. 8. (a) The NNC, (b) variations of the non-bond energy between A-type
beads and (c) P, as a function of strain for the model with various strain rates.
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rates at the first stage due to the stiff clusters, which were hard to break.
The AEAR | . increased with increasing rates, suggesting that more
energy was required to make clusters loose. The stiffer clusters at higher
rates guaranteed the longer first stage of the stress as well as its higher
level. After stage I, the NNC began to increase, which indicated clusters
were broken up. With a higher rate, the dynamics of the polymer was
slowed down, so it was difficult for the escaped A-type beads to rejoin
the cluster, resulting in the growing NNC with the strain rate. In
addition,P, decreased as the strain rate rose, which arose from the
“frozen” A-type beads at higher rates.

To evidently observe the influence of the strain rate on the evolution
of clusters, 3 clusters among all clusters were selected, as shown in Fig. 9
(aand b). Snapshots of these clusters as well as the chains with which the
3 clusters linked when ¢ = 5 x 107° /7 and ¢ = 0.0327 /7 were displayed
in Fig. 9(b-h). At a lower strain rate (5 x 107°/z), beads could hop to
neighbor clusters, which efficiently dissipated the energy. For example,
the blue bead marked by the arrow jumped from cluster 2 to cluster 1 at
the strain of 0.06. And red beads in cluster 1 hopped to cluster 2 and
cluster 3 when the strain was 0.09. Keeping increasing the strain would
destroy clusters, which was seen at the strain of 1.05. The originally
integrated clusters were broken up. If the system was loaded with a
higher rate, clusters seemed to be “frozen”. Clusters still remained intact

Polymer 210 (2020) 122995

even at the strain of 0.32, which was the end of the rapid growth stage.
But clusters became loose and aligned themselves to the z-direction.
Beads began to get out from clusters when the strain was 0.59, which
was much larger than 0.06 at lower rates. Compared to the system with a
lower rate at the same strain of 1.05, clusters showed less dissociation at
higher rates. The continuous destruction of clusters coincided with the
chain pulling-out model [10]. The purple chain was gradually pulled out
from cluster 3 as cluster 3 was broken up into many sub-clusters. Its
pulling-out was originated from separating the green bead marked by
the green arrow from cluster 3. The pulling-out occurred just at the
strain of 0.09 with the lower rate, but at the strain of 0.59 in the higher
rate. So the pulling-out of chains happened earlier and easier at lower
rates. Concerned with discussion in Fig. 8(a), the dissociation of clusters
indicated the PI chains pulled out from clusters. The easy disruption of
clusters at lower rates meant the pulling-out became frequent, which
was the same as the chain pulling-out model [10]. The pulling-out be-
haviors turn evident, as suggested by the earlier and larger hysteresis.
It could be observed from Fig. 7(a) that the modulus in the stress
softening region increased with the increase of the strain rate. According
to section 3.1, the enhancement of modulus in this stage was originated
from the tenseness of the network. The bond energy of the C-CL and PI
network were shown in Fig. 10. The bond energy of both the network

. cluster 1

.a— Cluster 2

O — b
“ “ ey
ﬁo‘_ g G
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Fig. 9. (a) Snapshot of the model with exa = 5 where different colors of spheres represented A-type beads belonging to diverse clusters. Lines denoted B-type beads in
the PI network. (b-h) The evolution of 3 clusters circled in (a) as well as chains with which the clusters linked when (c—€) ¢ =5 x 107%/7 and (f-h) ¢ = 0.0327/ 7.
The red, blue, and green spheres represented A-type beads belonging to clusters 1, 2, and 3, respectively. The grey spheres denoted PI chains which clusters linked to,
and the purple chain was a selected chain of them. Noting that, to clearly observe the clusters, the radii of grey and purple beads were reduced to 0.4 times of those of
red, blue, and green spheres. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 10. The bond energy of the (a) C-CL network and (b) PI network as a function of strain for the model with various strain rates.

increased as rates went up. The higher the strain rate, the less the
relaxation of the system, so the stronger the bond stretching was for both
the network. Noting that for the strain rate of 5x 1073/ 7, the bond
energy of the PI network decreased in the whole strain range. At this
rate, the PI network was fully relaxed, so the bond length shifted to the
balanced state swiftly. In summary, with increasing strain rates, the
clusters became stiffer, and the bond stretching was more evident.

4. Conclusion

In this work, hybrid DN gels consisting of the PI network and the C-
CL network were reproduced by utilizing the CG model. The effect of the
physical interaction strength exp was first studied. When exp > 5, PI
chains were cross linked through clusters aggregated by A-type beads.
The tensile stress-strain curves contained 3 regions: the rapid growth
region was followed by the strain softening and then hardening regions.
The first region was concerned with the orientation of clusters and the
separation of A-type beads in clusters. After this, clusters dissociated,
and the C-CL network began to get tensed. The competition between
them caused the strain softening. The notable bond stretching in the C-
CL network at larger strains contributed to the strain hardening. With
the growth of exa, more force was required to dissociate clusters and
stretch bonds, leading to the higher stress. The hybrid DN gel exhibited
rate sensitivity if its relaxation time was longer than the loading time. As
the strain rate increased, clusters became stiffer, and the network got
tenser. So it was more difficult to elongate the system. In conclusion, this
work not only illuminated the molecular origins of the deformation, but
also discussed the effect ofeaa and the strain rate of hybrid DN gels.
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