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ABSTRACT: Designing sacrificial bonds or networks has
emerged as a popular strategy to fabricate high-performance
elastomeric materials. Herein, we consider the properties of a
special kind of double sacrificial multiple networks (MNs),
which are composed of one chemically cross-linked covalent
network, one noncovalent hydrogen bond network, and one
noncovalent coordination network. We examine the effects of
the chemical cross-linking density C, the number of
coordination beads Nc, and the coordination interaction
strength εc on the structural characteristics of these MNs. The
larger concentration of coordination beads and stronger coordination interactions are shown to result in a larger coordination
network which partly replaces the hydrogen bond network. By applying triaxial deformation, we evaluate the toughening
mechanism of the MNs and determine the key parameters underlying the toughness of the MNs. In systems with strong
coordination interactions, the enhanced toughness is shown to arise from the long and oriented polymer fibers induced by
physical cross-linking sites in the coordination network. Furthermore, the characteristic sequential breakage of the different
sacrificial networks occurs during deformation, with the hydrogen bond network sacrificed to dissipate energy during the
initiation of strain, followed by the coordination network at much larger magnitudes of tensile strain. In general, this simulation
study not only demonstrates the toughening mechanism of the double sacrificial networks in MNs under deformation but also
provides some guidelines for the fabrication of materials with good mechanical properties via multiple network design.

1. INTRODUCTION

Elastomers with high extensibility and excellent recoverability
have attracted significant attention in a number of applications,
such as tires, shape-memory materials, and shock absorbers.1−3

It is well recognized that compounding elastomers with
nanoscale fillers serves as a convenient strategy to gain high
mechanical strength and toughness. However, the efficiency of
such an approach greatly depends on the filler dispersion, the
interfacial interaction, and the amount of the fillers added.4,5

Meanwhile, to ensure recoverability, introducing cross-links
into the elastomeric matrix is needed, which, however, could
lead to the formation of stress concentrations during the
deformation process.6 Therefore, it is still quite challenging to
achieve high toughness in covalently cross-linking elastomers.
Experimentally, double networks (DNs) have been proposed

as an efficient way to toughen the weak single network, with
the underlying mechanism attributed to the gradual rupture of
the sacrificial network to effectively dissipate energy.7,8 Unlike
the permanent covalent bonds of the polymer network,
reversible associations, such as those resulting from hydrogen
bonds,9 metal−ligand coordination bonds,10,11 host−guest
interactions,12 and ionic interactions,13,14 have been proposed
as sacrificial bonds which break and reform to endow the
system with better toughness.

Not surprisingly, constructing double or multiple networks
(MNs) with different reversible associations has already
become a popular strategy to fabricate elastomers with high
toughness, strength, and self-healing properties.15−19 For
instance, physical hydrogels consisting of two kinds of ionic
bonds with different strengths have been demonstrated to
exhibit high toughness.20 In their design, the strong bonds
serve as permanent cross-links, while the weak but reversible
bonds break first to dissipate energy and then reform. Similarly,
hybrid gels constructed by a combination of ionic networks
and different covalently cross-linked networks have been
shown to also exhibit high stretchability.21 Introducing
reversible hydrogen bond together with dynamic Zn2+−triazole
coordination into the permanent, covalently linked polymer
system has also been successfully explored.22 Similarly, Huang
et al. fabricated rubber/graphene composites by introducing
sacrificed pyridine−Zn2+−catechol coordination at the inter-
face, which successfully increased the overall mechanical
properties.23 A dual physical cross-linking (DPC) strategy
combining the coordination bond and hydrogen bond was also
shown to lead to hydrogels with ultrahigh strength and
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toughness.24 The use of metal−ligand coordination for
toughening the multiple networks was also shown to provide
attractive mechanical properties.25−27

In our previous work, we have successfully applied coarse-
grained molecular dynamics simulation to mimic several kinds
of reversible sacrificial bonds. By introducing a model to study
the cooperativity of hydrogen bond and Zn−triazole
coordination, we have fabricated and investigated elastomers
with enhanced mechanical properties and self-healing
capacity.16 Also, the reversible coordination bond was
introduced into the elastomer by a multiphase design, which
was shown to substantially enhance the toughness and self-
healing properties.28 With simulations, we have revealed the
toughening mechanism of such a multiphase design and
elucidated the mechanism of the sacrifice of the reversible
network. Furthermore, based on a double-network system,9 we
have investigated the effect of the hydrogen bond interaction
strength on the dispersion of physically cross-linking sites as
well as the mechanical properties.29

Despite the insights arising from the studies above, it is still
unresolved on how to reasonably incorporate multiple
noncovalent networks within each other to facilitate enhanced
toughness. Besides, to maximize the contribution of the
sacrificial bonds to the mechanical properties, an elucidation at
the molecular level on the toughening mechanism is also
required. The toughening mechanism of the multiple networks
(MNs) together with the interplay between coordination
interactions and hydrogen bonds has not been fully explored in
the past studies. Most research studies about the toughening
mechanism in the double network (DN) and triple network
systems have attributed the increased toughness to the
enhanced resistance against the crack propagation by forming
a large damage zone at the crack tip.19,22,30 Although they have
observed that the damage zone forms with the breakage of the
fragile sacrificial network via high-resolution equipment, such
as the three-dimensional violet laser scanning microscope and
the atomic force microscope, direct evidence revealing the
structural evolution in different kinds of noncovalent networks,

Figure 1. (a) Construction of sacrificial multiple networks: step I forms the chemical network and the resulting hydrogen bonding network, and
step II forms the second physical network that models the metal−ligand coordination network. Notably, the blue, red, yellow, and green beads
represent the beads in the elastomer backbone, reactive site I, reactive site II, and the coordination bead, respectively. (b) System with low chemical
cross-linking density, C = 0.035. Notably, only cross-linked reactive sites are marked with yellow and red. (c) System with high chemical cross-
linking density, C = 0.067. (d) Multiple network system C = 0.067, Nc = 100, εc = 50.0, compounded with coordination beads with its number Nc =
100, after the chemically cross-linking C = 0.067. Besides the coordination interaction, εc = 50.0ε denotes the interaction strength between the
reactive site II and the coordination beads.
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and the approaches to manipulate the mechanical properties
on the molecular level are still lacking.
To clearly reveal the toughening mechanism of MNs on the

molecular level and exploit some approaches to precisely tune
the mechanical properties, we use computer simulations within
a coarse-grained model to study the properties of a multiple-
network (MN) system that incorporates a covalent network,
and a combination of weak hydrogen bonds and strong
coordination networks to achieve toughening. Based on our
previous work, the interaction strength of the hydrogen bond
network is fixed at εh = 5.0ε, and we investigate different
parameters to elucidate the effect of the coordination network
on the structure−property relationship of the whole
system.29,31,32 Specifically, we study the influences of chemical
cross-linking density (C), the number of coordination beads
(Nc) and the interaction strength of a high-strength
coordination network (εc) on the morphologies and the
mechanical properties of the MNs. By comparing the radial
distribution functions (RDFs), we observe that at high
interaction strength εc, an effective coordinated network partly
replacing the original hydrogen bond network is formed.
Furthermore, with a triaxial deformation testing framework, we
evaluate the toughening mechanism of the MNs and determine
the key factors underlying the toughness of the MNs probed in
our study. Remarkably, the coordination interaction strength is
a significant factor in tuning the mechanical properties of the
MNs. The sequential breakage of noncovalent networks, the
role that the chain orientation plays under deformation,
together with the structural evolution of the hydrogen bond
network and coordination interaction network are unveiled.

2. MODEL AND METHODS
In our coarse-grained multiple network model inspired by the work of
Wu et al.,9 the chemically cross-linked branched polymer is
constructed by two different types of repeating units, as shown in
Figure 1a. Briefly, all of the repeating units are represented by the
standard bead-spring model. Monomer I is modeled as the linear
polymer with two reactive sites (reactive site I), which are used to
chemically cross-link with the reactive site II (in monomer II) and
form the randomly chemically cross-linked network. These reactive
site I beads and reactive site II beads are also used to introduce
hydrogen bond interactions to the system. Meanwhile, the monomer
II is modeled as a branched structure and provides four reactive sites
(reactive site II) to achieve the randomly branched structure. As for
all monomers, the length of the linear backbone structure is 14, while
the branched chain structure of monomer II is 3. The sizes of all
polymer beads are identical to the diameter denoted as σ and mass as
m. We introduce 1200 monomer I and 600 monomer II into the
simulation system, corresponding to the total number of polymer
beads for each system of 32 400. Similar to our previous work, the
coordination beads are also modeled as the Lennard-Jones (LJ)
sphere with the radius equal to 1.0σ, which are introduced to form the
coordination network.16,28 Since the radius of the coordination beads
is 2 times that of the polymer bead, the mass of the former is 8 times
that of the latter. The density of all beads (including the coordination
beads) in the system is set to the same value. Depending on the
simulation systems, the number of coordination beads ranges from 0
to 150, and the corresponding mass fraction of the coordination beads
varies from 0 to 3.57%.
In our simulations, the interaction of the polymer chain is modeled

by the expanded truncated and shifted Lennard-Jones (LJ)
potential.33 To simplify the system, the hydrogen bond interactions
and the coordination interactions, are also modeled with this LJ
interaction.
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where rcutoff determines the distance (r − rEV), in which the
interaction is truncated and shifted so that the energy becomes zero
and r is the distance between the two interaction sites of the center of
mass. Here, U(rcutoff) is a constant to maintain the continuity of the
interaction. The interaction strength between the backbone beads is
set to be attractive, εnon‑hydrogen bond = 1.0ε and rcutoff = 2.5σ. Since the
bond lengths of hydrogen bonds (length A_B in A−H···B, 2.2−4.0 Å)
and coordination bonds (1.5−3.0 Å) are comparable, we fixed the
same cutoff distance rcutoff = 2.5σ for all attractive LJ 12-6 interactions
and use different interaction strengths.34−37 According to their
different ranges of energy (hydrogen bond: 0.84−168 kJ mol−1;
coordination bond: <400 kJ mol−1) and our earlier work about the
hydrogen bond, the hydrogen bond interaction strength is fixed at εh
= 5.0ε, and the coordination bond interaction has a range εc = 10.0ε−
50.0ε.29,38,39 It should be noted that when mapping the bead-spring
model to real polymers, the energy parameter ε is about 2.5−4.0 kJ
mol−1 for different polymers, indicating that the value of 5.0ε for the
hydrogen bond interaction is about 12.5−20 kJ mol−1, which
corresponds to the hydrogen bond with moderate interaction strength
for elastomers.31,40 In our previous work, we showed that when the
strength of the nonbonded interaction of the physical network is
stronger than 5.0ε, the physical network finally forms via the sufficient
associations of the physical cross-linking sites, contributing to an
enhancement of the mechanical properties of the system.29 Similarly,
the coordination network (as the third network) in the system is also
constructed by introducing an attractive interaction between the
coordination beads and neighbor reactive site II beads, εc and rcutoff =
2.5σ. However, the interaction between the other beads and the
coordination beads in the systems is set to be repulsive,
εnon‑coordinate bond = 1.0ε and rcutoff = 1.12σ. The detailed corresponding
force field parameters are shown in Table 1.

The bond stretching energy between the adjacent beads is modeled
via the stiff finite extensible nonlinear elastic (FENE) potential31,33

= − −E r kR
r
R

( ) 0.5 ln 1bond 0
2

0

2

(2)

where k is the stiff constant, r is the current bond length, and R0 is the
equilibrium bond length. To simplify the simulation, k and R0 in all
kinds of covalent bonds are set to 30ε/σ2 and 1.5σ, respectively.

Initially, all simulations start from a nonoverlapped configuration of
two different types of repeating units in a large simulation box.
Periodic boundary conditions in three directions are also employed in
the simulations. Then, we use the normal pressure and temperature
(NPT) ensemble to equilibrate all systems, by adjusting the Nose−́

Table 1. Potential Parameters of the Nonbonded LJ 12-6
Interactiona

nonbonded pair εij/ε rEV/σ rcutoff/σ

backbone backbone 1.0 0 2.5
backbone reactive site I 1.0 0 2.5
backbone reactive site II 1.0 0 2.5
backbone coordination bead 1.0 0.5 1.12
reactive site I reactive site I 1.0 0 2.5
reactive site I reactive site II 5.0 0 2.5
reactive site I coordination bead 1.0 0.5 1.12
reactive site II reactive site II 1.0 0 2.5
reactive site II coordination bead 50.0 0.5 2.5
coordination bead coordination bead 1.0 1.0 1.12

aIn our simulations, the interaction strength between the reactive site
II and coordination bead is a variable.
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Hoover temperature thermostat and pressure barostat, T* = 1.0 and
P* = 1.0, and the resulting reduced number density of polymer is
determined to be ρ* = 0.95, corresponding to the density of polymer
melt.32,41 To further confirm the melt state of the system, we
determine the glass-transition temperature, by calibrating volume−
temperature curves and using the linear fitting to obtain the glass-
transition temperature.42,43 The Tg for the MN systems is shown in
Figure S1 and is lower than the temperature chosen for our study.
The velocity-Verlet algorithm is used to integrate equations of motion
to describe the motion of all beads with the time unit δt* = 0.001
reduced by the LJ time (τ). The obtained structure is further
equilibrated under the NPT ensemble to ensure that each monomer
backbone has moved at least 2Rg (Rg is root-mean-squared radius of
gyration of the polymer).
We construct the MN system by following two steps. First, we

implement the cross-linking of the randomly branched network,
where the chemical cross-linking sites are introduced during a
continuous and controllable cross-linking process. Simultaneously, the
hydrogen bond interaction is also introduced by turning on the
interaction (εh = 5.0ε) between the reactive sites I and II (Figure 1a).
The permanent cross-linking bonds are imposed in the non-
crosslinked system by randomly selecting and tethering a reactive
site I bead from monomer I and a reactive site II bead from monomer
II. The cross-linking process is dynamic and continuous, which is
affected every 100 time steps. If the distance between these two beads
is smaller than 1.0σ, a bond modeled by the FENE potential is
produced between these two beads. A similar algorithm has been
employed by Kroll et al., except that their cutoff distance was set to be
1.3σ and a probability of 10% to form the cross-linking bond.44 Since
it is not our aim to study a specific cross-linking or vulcanization
process, we merely build the cross-linked network, and do not invoke
a probabilistic approach. The density of the cross-linking (conversion
of the cross-linking reaction) is regulated by the time of the cross-
linking process. In our systems, we define the density of cross-linking
as C = N(t)/V*, where the reduced volume is V* = 34 000 and N(t)
represents the number of the cross-linking bonds that have been
produced at the current time, t. A visualized comparison between low
and high cross-linking density can be found in Figure 1b,c. Therein,
the C = 0.035 and 0.067 represent that 50 and 95% of the two kinds
of monomers have been cross-linked separately. The dependence of
the cross-linking rate of the network on temperature and the coarse-
grained cross-linking kinetics have been reported in our previous
work.29 More discussion about the cross-linking method can be found
in the Supporting Information.
Subsequent to the above steps, the coordination network is

constructed by introducing the coordination beads with a strong
attractive interaction εc = 50.0ε between themselves and reactive site
II beads (Figure 1a). Notably, the chemical cross-linking density (C),
the number of coordination beads (Nc), and the strength of the
coordination interaction (εc) can be regulated in the whole process.
The obtained final structure is further equilibrated under the NPT
ensemble to make sure that each monomer has moved at least 2Rg. As
Figure 1 indicates, the MN system is seen to involve a combination of
(i) covalent bonding by cross-linking, (ii) hydrogen bond interaction,
and (iii) coordination interaction. For instance, a snapshot
introducing the system C = 0.067, Nc = 100, εc = 50.0 is presented
in Figure 1d.
After sufficient equilibrium, the triaxial tensile deformation of

multiple networks is performed by following the procedure
introduced in our previous work.45−47 The triaxial tensile test is
generally used to investigate the toughness of the elastomers, which
can induce cavitations, crazing, and fracture of the polymer.48−51 We
can integrate the triaxial stress−strain curve to obtain the dissipated
work so as to quantitatively compare the toughening effects. To
achieve triaxial deformation, we perform our tensile tests by stretching
the simulation box along the Z direction at a constant velocity while
keeping the box length unchanged in the other two directions and
maintaining the periodic boundary conditions in all directions. The
stress σT in the Z direction is represented by the deviatoric tensor, σT
= −Pzz, the hydrostatic pressure in the Z direction. Meanwhile, the

tensile strain εT at time t is (Lz(t) − Lz(0))·Lz(0)−1, and the tensile
rate is set to be εṪ = 0.0327/τ, which is the same as the simulation
work form Gao et al.52,53 In addition, the second-order Legendre
polynomial is used to characterize the chain orientation, ⟨P2(cos θ)⟩ =
(3⟨cos2 θ⟩ − 1)/2, where θ denotes the angle between the given bond
and the deformation direction.54 The possible value of ⟨P2(cos θ)⟩
ranges from −0.5 to 1, and the values −0.5, 1, and 0 indicate a perfect
orientation perpendicular to the deformation direction, parallel to the
deformation direction, and random orientation, respectively. All of the
simulations are carried out using the large scale atomic/molecular
massively parallel simulator (LAMMPS), developed by the Sandia
National Laboratories.55 More details of the simulation techniques
can be found in our previous work.56−58

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology of the Multiple
Networks. Before we study the toughening behavior of the
MNs, we investigate the structure of the MNs arising from the
introduced coordination beads. In view of the fact that
coordination interactions manifest only between the reactive
site II beads (on monomer II) and the coordination beads, the
introduction of the coordination beads interferes with the
hydrogen bond network. We begin by briefly discussing the
effect of the coordination interaction strength (εc) and the
number of coordination beads (Nc) on the morphology and
structure of the multiple networks.
First, we fix the cross-linking density of following systems

and consider the system with no coordination bead (Nc = 0) as
the reference system, which only consists of the covalent
network and the hydrogen bond network (εh = 5.0ε). The
radial distribution functions (RDFs) of the cross-linked
reactive site II beads for systems with low (C = 0.035) and
high (C = 0.067) cross-linking densities are shown in Figure
2a,b for different εc. The peak located at approximately r =
1.05σ represents the beads on the surface of the coordination
beads, and the peak at r = 3.0σ represents the direct contact on
the surface of the coordination beads. From the results
displayed in Figure 2a, with an increase in the strength of the
coordination interaction (εc) beyond εc = 10.0, we observe
that the reactive site II beads begin to aggregate on the surface
of the coordination bead (r = 1.05σ) as evidenced by the sharp
peak in the RDFs. Such results indicate that the coordination
network forms, which consists of the noncovalent cross-linking
sites by aggregating the polymer backbones and partly replaces
the original hydrogen bond network. Similar results can also be
found in the case with high cross-linking density (Figure 2b).
Such results indicate that the interaction strength εc is of
significance for the formation of the coordination network. To
confirm the role of high εc in the formation of the coordination
network, a comparison between the RDFs of the systems with
different Nc is shown in Figure 2c, where a relatively high
chemical cross-linking density (C = 0.067) and a high
interaction strength (εc = 50.0ε) are adopted. As is expected,
all coordination bead filling systems exhibit the characteristic
peaks (r ≈ 1.0σ and 3.0σ), in which case the coordination
network has formed with such a high interaction strength.
To quantitatively describe the surface aggregation state, i.e.,

the physical cross-linking sites induced by the coordination
interaction, the average number of neighbor cross-linked
reactive site II beads around each coordination bead is
calculated and shown in Figure 3a. The beads are considered
to be “neighbors” if they are within the distance of r = rcutoff +
rEV, the upper distance limit of the LJ interaction (Figure
S2).59 As shown in Figure 3a, independent of the number of

Macromolecules Article

DOI: 10.1021/acs.macromol.9b00116
Macromolecules XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00116/suppl_file/ma9b00116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00116/suppl_file/ma9b00116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00116/suppl_file/ma9b00116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00116/suppl_file/ma9b00116_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.9b00116


coordination beads (Nc) and cross-linking density (C), when
the interaction strength (εc) changes from 10.0ε to 25.0ε, the
average number of neighbor beads practically reaches its
asymptotic limit. Notably, only those reactive site II beads
which have been bonded with reactive site I beads are involved
in this calculation, so the “neighbor” number increases with
increasing the cross-linking density. A higher interaction
strength denotes a more favorable surface aggregation of the
cross-linked reactive site II beads, in which case the formed
metal−ligand like structures serve as the noncovalent cross-
linking sites, help construct the coordination interaction
network, however, inevitably destroy part of the hydrogen
bond network. Besides, independent of the interaction strength
(εc) and cross-linking density (C), neighbor number decreases
with increasing the number of coordination beads (Nc), which
is attributed to the fixed total number of cross-linked reactive

site II. In either case, when the interaction strength εc increases
to 25.0ε, the neighbor number reaches its asymptotic limit.
Therefore, combining Figure 2c, a conclusion can be deduced
that the morphology of MNs shows less dependence on the
number of coordination beads. Furthermore, the neighbor
number of each reactive site I bead (Figure 3b) is seen to be
almost independent of the interaction strength (εc) and the
number of coordination beads (Nc). Compared with the
systems with Nc = 0 (red dashed lines), only a small decrease
in the neighbor number can be found when the interaction
strength increases, which indicates that only a small number of
hydrogen bond cross-links have been replaced by the
coordination bond cross-links.

3.2. Mechanical Properties of the Multiple Networks.
Having qualified the effects of coordination interaction
strength (εc) and the number of coordination beads (Nc) on
the structure of multiple networks, we now discuss the results
for mechanical properties. We discuss the influence of three
parameters separately: the number of coordination beads (Nc),
the coordination interaction strength (εc), and the chemical
cross-linking density (C).

3.2.1. Effects of the Number of Coordination Beads. In
line with our previous work, the non-constant volume
stretching process is generally adopted to simulate the fracture
of materials.46,47 To investigate the effect of the number of
coordination beads (Nc), we consider systems in which C =
0.035 and εc = 50.0ε. The latter choice was motivated by our
RDFs results (Figure 2c), which indicated that for εc = 50.0ε, a
favorable coordination network likely contributes to a good
toughness performance result. For our results, the number of
coordination beads is varied in the range of 0, 50, 100, and
150, corresponding to the mass fractions of ϕ = 0, 1.22, 2.41,
and 3.37%. To quantitatively characterize the toughening
effect, we integrate the triaxial stress values to obtain the

Figure 2. Comparison of the cross-linked reactive site bead II-reactive
bead II radial distribution functions, g(r), for systems with different
chemical cross-linking densities: (a) low chemical cross-linking
density C = 0.035, (b) high chemical cross-linking density C =
0.067. The number of coordination beads, Nc, is fixed at 100 for all
systems. (c) Comparison of RDFs for the systems with the different
number of coordination beads introduced. The chemical cross-linking
density is fixed at C = 0.067 and the interaction strength for the
coordination interaction is fixed at εc = 50.0ε.

Figure 3. Average number of neighbor cross-linked reactive site II
beads around (a) each coordination bead and (b) each reactive site I
beads. Notably, the distance limit is r = rcutoff + rEV. The red dashed
lines represent the neighbor number when Nc = 0.
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dissipated work by following Gersappe et al.,49 and such results
are displayed in Figure 4.

In the tensile stress−strain curves shown in Figure 4a, all
systems exhibit a linearly elastic response at small strain and
then reach the yielding point, which signifies the onset of voids
and cavities. However, compared to the system with Nc = 0, a
much faster decrease in the tensile stress occurs in the system
with Nc = 50 after reaching the yielding point and thus results
in low mechanical properties. Explicitly, for Nc = 50, despite
the high strength of εc, the combination of the coordination
and hydrogen bond network exhibits the lowest dissipated
work, indicating an untoughened effect. These features are
more clearly seen in Figure 4b, in which the case for Nc = 50 is
seen to underperform relative to Nc = 0. In contrast, systems
Nc = 100 and 150 exhibit a much longer stress plateau (Figure
4a) and more dissipated work (Figure 4b), which indicates a
much better toughening effect by the appropriate number of
coordination beads. Notably, compared with the system with
Nc = 0, the reduced yielding stress can be found in every
compounded system (Nc ≠ 0). Previous studies have
extensively explored the mechanism affecting the yielding
stress: the yielding behavior is found to be controlled by the
local interfacial interaction.49,50 Meng et al. reported that
compared with the pure polymer matrix, the repulsive
interaction between nanoparticles and polymer induces a
decrease in the yielding stress.50 In our work, the coordination
beads possess attractive interactions with reactive site II beads
but involve repulsive interactions with the backbone beads. In
the system with Nc = 0, the hydrogen bond cross-links consist
of reactive site I beads and reactive site II beads, being
attractive with the backbone beads, which induces high
yielding stress. Compared with the unfilled systems with Nc
= 0, although in the systems with Nc ≠ 0 the noncovalent

coordination bond cross-links form via the strong attraction
between coordination beads and reactive site II beads, the
repulsive interaction between coordination beads and back-
bone beads induces a decrease in the yielding stress.
To investigate the toughening mechanism, we present the

results for the polymer chain orientation in Figure 5a. The
trends seen therein, especially the dependence on Nc, are in
good agreement with their corresponding tensile stress−strain
curves (Figure 4a). Compared with the system Nc = 0, systems
Nc = 100 and 150 also show a longer and higher orientation
plateau when the strain is greater than 1.0. Such results
indicate that the toughening effect can be attributed to the
orientation of the polymer chains induced by the physical
cross-linking sites in the coordination network. To provide a
more visualized depiction of the mechanism, snapshots of the
strain process are displayed in Figure 5b,d. Compared with the
system with Nc = 0 (Figure 5b), in the system with Nc = 50
(Figure 5c) whose chain orientation is the lowest, the voids
and cavities emerge and then converge quickly, leading to
several single and short fibrils, and finally results in no plateau
stress and a clear fracture behavior at large strain. In contrast, a
much longer tensile stress plateau occurs when a larger number
of coordination beads are introduced to the system (Nc = 150,
Figure 4a), in which case sufficient coordination beads act as
the physical cross-linking sites and initiate long and highly
oriented polymer chains/fibrils. Meanwhile, as Figure 5d
shows, the oriented polymer chains/fibrils also prevent the
cavitations and voids from growing and propagating quickly to
sustain the external stress.
To further reveal the molecular changes, except for the chain

orientation, we computed the contributions to the total
nonbonded interaction energy arising from the coordination
and hydrogen bond interactions, respectively (Figure 6a,b). In
Figure 6a, it is seen that when compared with other MN
systems with coordination beads, the energy of coordination
interaction of systems with Nc = 50 exhibits a much lower
value and is nearly unmodified during the deformation process.
Notably, even though the absolute value of energy of system
Nc = 100 and 150 exhibits a plateau in the initial portion of the
strain, a latter decreasing trend is clearly seen and indicates the
influence of the coordination interaction to meet the demand
of sacrificial network to toughen the MNs. Also, the ΔEc (ΔEc
= Ec(εT = 4.0) − Ec(εT = 0)), the ability to dissipate the
energy, shows enormous difference when the Nc increases from
50 to 150, which indicates that the more noncovalent cross-
links compounded in MNs, the more energy will the
coordination interaction help to dissipate. Meanwhile,
according to the energy of hydrogen bond interaction in
Figure 6b, the absolute value of energy also decreases and the
hydrogen bond network has been broken to dissipate the
energy. Additionally, in Figure 6b, compared with all MNs with
Nc ≠ 0, the hydrogen bond network of the system Nc = 0
obviously dissipates the maximum value of ΔEh (ΔEh = Eh(εT
= 4.0) − Eh(εT = 0)), the ability to dissipate the energy (Figure
S3) during deformation, which also validates that the hydrogen
bond network has been interfered by the coordination network
when compounding with coordination beads. To support the
results of the variations of energy, the variations of the average
number of neighbor cross-linked reactive site II beads are
shown in Figure 6c, which are also in good agreement with the
trends exhibited by the coordination interaction energy (Figure
6a). Meanwhile, different from the staged decreasing trend
displayed by the coordination interaction energy, the energy of

Figure 4. (a) Stress−strain curves for the different number of
coordination beads Nc. (b) Dissipated work obtained by integrating
the stress−strain curves.
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hydrogen bond interactions shows a direct and rapidly
decreasing trend (Figure 6b), a behavior which is consistent
with the variation of neighbor number during deformation

(Figure 6d). Combining these phenomena about the variation
of energy and structural evolution in the toughened MNs (Nc
= 100 and 150), the sequential breaking of different
noncovalent associations can be deduced: the hydrogen bond
cross-links break at the initial strain to dissipate the energy,

Figure 5. (a) Chain orientation of systems with the different number
of coordination beads Nc, which is corresponding to Figure 4a.
Snapshots of the systems (b) C = 0.035, Nc = 0, (c) C = 0.035, Nc =
50, εc = 50.0, and (d) C = 0.035, Nc = 150, εc = 50.0 showing the
deformation state at different strains.

Figure 6. Variations of energy and structural evolutions of
noncovalent cross-links. The total (a) coordination interaction energy
and (b) hydrogen bond interaction energy as a function of strain
during the tensile process. The average number of neighbor cross-
linked reactive site II beads around each (c) coordination bead and
(d) reactive site I bead. The ΔE for the coordination interaction and
hydrogen bond interaction is calculated by ΔE = E(εT = 4.0) −E (εT
= 0).
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while the coordination cross-links do not break until the strain
reach around 0.6. The sequential breakage of MNs is proposed
as shown in Figure 7.

For the low cross-linking density system, introducing
sufficient coordination beads not only helps in forming
noncovalent coordination cross-links that induce the chain
orientation to toughen the MNs, but also helps dissipating
much more energy via the breakage of the noncovalent
coordination cross-links, and especially, the systems with
sufficient coordination cross-links (Nc = 100 and 150) show
sequential breakage of different noncovalent associations.
However, for system with Nc = 50, although the coordination
interaction is strong enough and has contributed more energy
(absolute value of Ec) than that of the hydrogen bond
interaction (absolute value of Eh), the noncovalent coordina-
tion cross-links are insufficient to induce enough chain
orientation to sustain the external stress, and lead to lower
mechanical properties than the other systems. In our
simulations, the variations of energy, together with the
corresponding neighbor numbers are merely used to reflect
the structural evolutions of different noncovalent cross-links.
The mechanical responses of the MNs are mainly governed by
the chain orientation.
To sum up, combining Figures 4−6, the enhanced

toughness of MNs is attributed to the long and highly oriented
polymer chains/fibrils induced by noncovalent cross-linking
sites. Meanwhile, the oriented polymer chains also help in
further dissipating the energy with the sequential breakage of
the double sacrificial noncovalent networks. Also, these results
together demonstrate that to toughen the polymer network by
MNs, the effective number of physical cross-linking sites
should be considered carefully in formulating such materials.
3.2.2. Effects of the Coordination Interaction Strength

and Cross-linking Density. Having investigated the effects of
the number of coordination bonds on the MNs, we now
present the results for the effects of the coordination
interaction strength (εc). We divide the following results into
two parts: low (C = 0.035) and high (C = 0.067) chemical
cross-linking density. We fix all of the following systems with
Nc = 100. For systems with low (C = 0.035) chemical cross-
linking density, the strain−stress curves of the systems with εc
varying from 10.0ε to 50.0ε are shown in Figure 8a.
Meanwhile, the dissipated work and the corresponding chain
orientation are shown in Figure 8b,c, respectively. The system
with εc = 10.0ε shows the lowest tensile stress during the

whole process and its chain orientation also decreases to zero
rapidly. Furthermore, according to Figure 8b, it is observed
that the coordination beads introduced fail to toughen the
multiple networks when εc = 10.0ε for the presented lowest
dissipated work. We recall this for such interaction strength,
the RDFs and neighbor numbers results (Figures 2b and 3a)
indicate that a coordination interaction network consisting of
incomplete coordination cross-links is present, albeit only
partly replacing the hydrogen bond network. Although the
chain orientation of systems εc = 50.0ε and 25.0ε shows a
decreased trend (εT > 2.0), which corresponds to the decrease
of the stress, we still consider them to exhibit comparable and
enhanced toughness with a much longer and higher stress
plateau and more dissipated work compared to the system Nc
= 0. Therefore, with an increase in the interaction strength
from 10.0ε to 50.0ε, both the plateau tensile stress, the length
of the stress plateau, and the dissipated work exhibit the
enhanced trend. We conclude that compared with the
reference system (C = 0.035, Nc = 0), the coordination
network in MNs with εc = 50.0ε and 25.0ε has successfully
toughened the elastomers with much more dissipated work.

Figure 7. Proposed sequential breakage in multiple networks systems
under deformation.

Figure 8. (a) Stress−strain curves for different coordination
interaction strengths εc. (b) Dissipated work obtained by integrating
the stress−strain curves. (c) Chain orientation of systems
corresponding to the stress−strain curves.
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Besides, they exhibit a much longer and higher tensile stress
plateau (0.5 < εT < 1.5, when εc = 25.0ε and 0.5 < εT < 2.5,
when εc = 50.0ε). To sum up, compared with the system with
no coordination network, the system with coordination beads
exhibits comparable dissipated work when εc = 25.0ε (62.5−
100 kJ mol−1), which confirms a threshold of εc for tuning the
interaction strength and designing the MNs in practice.
Also, the variations in the energy of coordination interaction

and hydrogen bond interaction during deformation are
displayed, respectively, in Figure 9a,b. Therein, according to
their different variation trends, the sequential breakage of
different noncovalent cross-links can be found when εc = 25.0ε
and 50.0ε, but it is seen to disappear when εc is set to 10.0ε.
Compared with the characteristic staged decrease in the
absolute value of coordination interaction energy in the
systems with εc = 25.0ε and 50.0ε, the monotonically
decreasing trend of energy, the much lower absolute values
and the lowest ΔEc in system εc = 10.0ε demonstrate that the
coordination network dissipates less work and finally fails to
effectively toughen the MNs. Such results are further validated
by the average number of neighbor cross-linked reactive site II
beads (Figure 9c,d). For the neighbor numbers representing
different associations, both their decreasing trends and values
fit the corresponding variation of energy of interaction.
Notably, in the system with εc = 10.0ε, the neighbor number
of two kinds of noncovalent associations decreases rapidly with
the initiation of strain. Together, these results in Figures 8 and
9 demonstrate that the formation of effective coordination
network requires a strong enough εc. For the toughened MNs
by strong coordination interaction (εc ≥ 25.0ε), the oriented
polymer chains are still found to be the toughening
mechanism, which is same as the former discussion about
the number of coordination beads. When weak and incomplete
coordination network (εc ≥ 10.0ε) is introduced into the
systems, it interferes and then partly replaces the present
toughening network constructed by hydrogen bond interaction
(εh ≥ 5.0ε). Although both of the noncovalent cross-links have
been sacrificed to dissipate the work, neither of them can
initiate enough oriented polymer chains to toughen the
elastomers efficiently. Also, with an increase in the εc, the
sequential breakage of the different kinds of noncovalent
associations is found.
The results for systems with C = 0.067 are also probed to

verify the influence of εc on the toughening effect. From the
results displayed in Figure 10a, in comparison with the
reference systems with Nc = 0, systems with εc = 25.0ε and
50.0ε are seen to exhibit much higher tensile stress and a
longer stress plateau, which is consistent with the observation
in the systems with low cross-linking density. Also, similar to
the former results, system with εc = 10.0ε shows the lowest
tensile stress, whose coordination cross-links are assumed to be
not strong enough to sustain the stress. According to the
dissipated work in Figure 10b, it finally exhibits decreased
toughness compared with Nc = 0. After the initial strain (εT >
0.6), compared with the reference system with Nc = 0, the
coordination network effectively toughens the systems for all
cases, except when εc = 10.0ε. Furthermore, we observe that
there is a rapid enhancement in the tensile stress for the system
εc = 50.0ε, whose tensile stress quickly increases after its
yielding point. In Figure 10c, the chain orientation is enhanced
when εc increases from 10.0ε to 50.0ε, which fits the stress−
strain curves well. However, the differences between the values
of orientation are much smaller than those in the former

systems with C = 0.035. Notably, a high cross-linking density
will greatly enhance the chain orientation, which screens the
chain orientation contributed by the noncovalent cross-links
(Figure S4). We observe that the orientation of the system

Figure 9. Variations of energy and structural evolutions of
noncovalent cross-links. The total (a) coordination interaction energy
and (b) hydrogen bond interaction energy as a function of strain
corresponding to the tensile process in Figure 8a. The average
number of neighbor cross-linked reactive site II beads around each (c)
coordination bead and (d) reactive site I bead. The ΔE for the
coordination interaction and hydrogen bond interaction is calculated
by ΔE = E(εT = 4.0) − E(εT = 0).
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with Nc = 0 becomes a bit higher than all MN systems with Nc
≠ 0 when the strain is greater than 2.5, but the corresponding
value of the tensile stress is a little bit smaller than those of the
systems with εc = 25.0ε and 50.0ε. Since the bond orientation
is greatly enhanced by many covalent cross-links, which

screens the contributions from the noncovalent cross-links, it is
difficult to confirm that the toughening effect completely
comes from the increased chain orientation. Here, we just
confirm the former observation and conclude that the
dissipated work, i.e., the toughening effect, can be greatly
enhanced by the high interaction strength (εc ≥ 25.0ε).
Furthermore, we observe in the coordination and hydrogen
bond energies shown in Figure 10d,e, similar to the case of C =
0.035, the staged energy variation of coordination interactions
and a diminished trend of hydrogen bond interactions in the
system with εc = 25.0ε and 50.0ε, which also fits their
structural evolutions, i.e., the variations in the neighbor
numbers (Figure S5a,b). Such results also indicate that the
sequential breakage of these two kinds of noncovalent
networks exists during deformation, and further confirm that
the MNs built by low coordination interaction strength cannot
exhibit the typical sequential breakage.
To further analyze the poor effects of low εc, systems with C

= 0.067, εc = 10.0ε and different Nc are studied and the
detailed results of their mechanical properties are presented as
follows. Figure 11a shows the tensile stress−strain curves for
the different number of coordination beads, and the
corresponding dissipated work is shown in Figure 11b.
Surprisingly, compared with system Nc = 0, even the number
of coordination beads reaches 150, all compounded systems
(Nc ≠ 0) show reduced tensile stress and dissipated work
during the whole deformation process. Also, different from the
results in Figure 4a,b, the number of coordination beads shows
less dependence on the stress and dissipated work. According
to Figure 11b, it has been observed that the coordination
network with low interaction strength (εc = 10.0ε), whose
strength is comparable with that of hydrogen bond network (εh
= 5.0ε), fails to toughen the systems efficiently. It can be
further confirmed by the comparison in the chain orientation
during deformation. As Figure 11c shows, even the values of
the chain orientation are very close to each other when strain
initiates, later (εT > 1.5) the orientation of the system Nc = 0 is
distinctly higher than that of all of the compounded systems,
which further demonstrates that coordination cross-links
constructed by εc = 10.0ε are not strong enough to induce
oriented polymer chains so as to sustain the stress. For the
energy viewpoint, as Figure 11d,e reveals, the energy of
coordination interaction network, together with the hydrogen
bond interaction network clearly decreases with the increasing
strain, without exhibiting a similar plateau in energy observed
in the toughened MNs before, which is also supported by the
structural evolutions, i.e., variations in the neighbor numbers
(Figure S6a,b). Generally, the total coordination interaction
energy is smaller than the total hydrogen bond interaction
energy, which indicates an insufficient contribution to the total
nonbonded interaction and some damage to both noncovalent
networks. Finally, this comparison reveals that not all kinds of
coordination interaction can help to toughen the elastomers. In
summary, the fragile coordination cross-links constructed by εc
= 10.0ε are easy to be sacrificed and induce a decrease in the
orientation of the polymer chain, thus these less oriented
polymer chains fail to sustain the stress. Meanwhile, the
sequential breakage of different noncovalent associations is
absent for the fragile coordination cross-links.
After revealing the key factors influencing in the toughening

effect, i.e., the sufficient and strong coordination cross-links, we
need to confirm the toughening effect by the MNs with a high
cross-linking density and a strong coordination interaction. In

Figure 10. (a) Stress−strain curves for different coordination
interaction strength εc, when the chemical cross-linking density C =
0.067. (b) Dissipated work obtained by integrating the stress−strain
curves. (c) Chain orientation of systems corresponding to the stress−
strain curves. The total (d) coordination interaction energy and (e)
hydrogen bond interaction energy as a function of strain during the
tensile process.
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the following comparison, first, we introduce high chemical
cross-linking density (C = 0.067) to all systems, which will
enhance the tensile stress and simultaneously provide enough
and effective potential noncovalent cross-linking sites. Then,
the strength of the coordination interaction is set to εc = 50.0ε
Figure 12a shows the tensile stress−strain curves for the

systems with the different number of coordination beads (Nc).
Different from the long stress plateau exhibited by the system
with Nc = 0, the stress of the MN systems shows a relatively
rapid increasing trend after the yielding point as we observed
in Figure 10a. It is found that the tensile stress monotonically

Figure 11. (a) Stress−strain curves for the different number of
coordination beads Nc. (b) Dissipated work obtained by integrating
the stress−strain curves. (c) Chain orientation of systems
corresponding to the stress−strain curves. The total (d) coordination
interaction energy and (e) hydrogen bond interaction energy as a
function of strain during the tensile process. The ΔE for the
coordination interaction and hydrogen bond interaction is calculated
by ΔE = E(εT = 4.0) − E(εT = 0).

Figure 12. (a) Stress−strain curves for the different number of
coordination beads Nc. (b) Dissipated work obtained by integrating
the stress−strain curves. The total (c) coordination interaction energy
and (d) hydrogen bond interaction energy as a function of strain
during the tensile process. The ΔE for the coordination interaction
and hydrogen bond interaction is both calculated by ΔE = E(εT =
4.0) − E(εT = 0).
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increases with an increase in the number of coordination beads
for all compounded systems and all of them show better tensile
strength than the system Nc = 0 (after yielding point). Also, as
expected, the dissipated work demonstrates a prominent
toughening effect after we introduce the high-strength
coordination interaction network to the systems (Figure 12b).
Even though the contribution of the hydrogen bond

interaction network has been weakened and partly replaced
by the other noncovalent network, all of the systems with
coordination beads filled exhibit a typical sequential breakage
behavior, which can be clearly seen according to Figure 12c,d.
Also, the variations in the neighbor number, i.e., the structural
evolutions provide further confirmation for the staged decrease
and monotonic decrease in the number of coordination and
hydrogen bond cross-links, separately (Figure S7a,b). These
observations further confirm the former discussion that
introducing coordination bonds with sufficient interaction
strength is the key factor in designing the MNs.
However, when we consider the chain orientation during the

tensile process (Figure 13a), it is seen that only small
enhancements exist in the values of orientation with Nc
increasing when the strain is smaller than 3.0. As we discussed
before, the high cross-linking density will greatly enhance the
chain orientation, which screens the chain orientation
contributed by the physical cross-linking sites (Figure S4). In
addition, as shown in Figure 13b,c, the cavities and voids
merge and grow slowly in both the system with Nc = 0 and the
system with Nc = 150, and no obvious fracture behavior can be
found during deformation.
In the systems with different cross-linking density, we

observed different mechanical responses after the strain
reaches the yielding point: the stress of the system with C =
0.035 shows a deceased trend when the strain is large enough,
while that of the systems with C = 0.067 never shows a
decreased trend for the chain orientation, which is greatly
enhanced by the high cross-linking density. The toughening
mechanism is concluded according to the following observa-
tions:

(a) In the systems with C = 0.035, the sufficient and strong
coordination cross-links induce many long and highly
oriented polymer chains/fibrils, which also help prevent
the voids and cavitations from growing and propagating
quickly (Figures 4, 5 and 8).

(b) In the systems with C = 0.067, introducing the sufficient
and strong coordination interaction can also induce an
increase in the dissipated work, i.e., the toughness.
However, their values of chain orientation are similar to
each other because of the enhancement from the high
covalent cross-linking density, which finally screens the
contribution from the noncovalent cross-links (Figures
10−13). Besides, these results further confirm our
conclusion that introducing a coordination interaction
with εc ≥ 25.0ε is essential in toughening the MNs. After
we observed that the low coordination interaction
strength results in the decrease of the chain orientation,
we infer that the higher interaction strength will also
induce highly oriented polymer chains/fibrils in the
systems with C = 0.067.

(c) Even though the observations in the above situations are
different, we still conclude that the toughening effect
dominantly arises from oriented polymer chains which

are induced by the sufficient and strong noncovalent
coordination cross-links.

4. CONCLUSIONS
In the present study, we build a series of multiple networks
(MNs) consisting of the covalently cross-linked network and
two kinds of noncovalent networks with different interaction
strengths, to explore the effects of the number of coordination
beads (Nc), the coordination interaction strength (εc) and the
chemical cross-linking density (C) on the toughening
mechanism and mechanical behavior. The simulation results
reveal that:

(a) In all systems successfully toughened by MNs, which
exhibit much more dissipated work than the reference
system, the increased chain orientation contributed by
the introduced coordination interaction dominantly
leads to the strengthened tensile stress and further
enhancement of the toughness. The oriented polymer
chains/fibrils are seen to prevent the cavitations and

Figure 13. (a) Chain orientation of systems with the different number
of coordination beads Nc, which is corresponding to Figure 12a.
Snapshots of the systems (b) C = 0.067, Nc = 0 and (c) C = 0.067, Nc
= 150, εc = 50.0 showing the deformation state at different strain.
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voids from growing and propagating quickly to sustain
the external stress, and they are helpful for the breakage
of noncovalent associations to dissipate energy. Mean-
while, the absolute value of the nonbonded energy of the
coordination interaction and the corresponding neigh-
bor number show a staged decrease trend during
deformation, which is totally distinct from those of the
hydrogen bond interaction.

(b) The sequential breakage of different noncovalent
associations is characteristic of the MNs. Explicitly,
when subjected to an external force, the hydrogen bond
network dominantly dissipates the energy when the
strain initiates, while the coordination network is not
influenced until the strain reaches around 0.6, and then
subsequently dissipates the energy to contribute to the
toughening of MNs.

(c) To toughen elastomers by designing the MNs,
independent of the cross-linking density, introducing a
coordination interaction with εc ≥ 25.0ε is of
significance in cooperating with the hydrogen bond (εh
= 5.0ε). Moreover, sufficient coordination cross-links are
essential. Compared with the unfilled system, although
the yielding stress reduces for the repulsive interaction
between coordination beads and polymer chains, the
MN elastomer shows a much longer stress plateau (for
low cross-linking density) and rapidly increased tensile
stress after the yielding point (for high cross-linking
density).

(d) Not all MNs incorporation can successfully toughen the
elastomers. Not only will the insufficient coordination
cross-links interfere with the toughening effect with the
hydrogen bond interaction, but they also cannot induce
the polymer chains to be oriented to sustain the stress.
In addition, MNs with low coordination interaction
strength also shows decreased toughness and the
absence of the sequential breakage, resulting from the
reduced chain orientation for those fragile coordination
cross-links.

In general, this work not only demonstrates the toughening
mechanism of the double sacrificial network in MNs under
deformation but also provides some guidelines for the
fabrication of materials with good mechanical properties via
multiple network design.
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