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ABSTRACT: Supramolecular polymers are fascinating materials due to their strikingly self-healing capabilities empowered by
reversible bonds. However, due to the lack of knowledge about the molecular structure evolution at the fractured interfaces, there is
no existing theory to explain and predict the diverse healing times of different supramolecular materials observed in experiments.
Here, we systematically study the self-adhesion of both unentangled and entangled supramolecular polymer networks through
molecular simulations. We find that the recovery of macroscopic interfacial strength almost linearly depends on the microscopic
molecular formations at fractured interfaces of supramolecular polymers, including reversible bonds and entanglements (entangled
systems only). More importantly, we place the healing time into the context of intrinsic relaxation timescales of supramolecular
polymer networks. It is found that the intrinsic sticky Rouse time features the self-adhesion process of all fractured supramolecular
polymers, representing the full recovery of interfacial strength. At this critical timescale, two things happened to guarantee the full
recovery of fractured systems: (i) polymer chains have diffused across the fractured interface with a displacement comparable to their
sizes; (ii) the crossed stickers and polymer chains have updated their reversible bonds and entanglements (entangled systems only),
respectively. The clear molecular description and suggested characteristic self-adhesion time will help the molecular design of
supramolecular polymers.

B INTRODUCTION to different r-bonds and polymer chains used in experiments,
the reported characteristic healing times cover a wide range of
values from a few seconds to a few days. For instance, Sitti and
co-workers'® designed self-healing materials by programming
biosynthetic proteins with tandem repeat peptides. These
synthetic proteins can form a supramolecular network with
flexible chains dynamically cross-linked by f-sheets. Through
local heating above 43 °C near the fracture, their polypeptide
materials can self-heal in a second with a mechanical strength
of 2—23 MPa. Leibler and co-workers' used fatty dimer acids
to fabricate supramolecular material networking by hydrogen
bonds between small molecules. The interfacial strength of
their materials can recover to 2.5 MPa after a 6 h healing

To mimic the self-repairing capability of human muscles and
skins, numerous synthetic self-healable supramolecular poly-
mers have been recently developed."” The strikingly self-
healing properties of these polymers arise from reversible
bonds (“r-bonds”) that cross-link polymer chains as a dynamic
network.” ™ These r-bonds can autonomously reform after
breaking or dissociation,® which can be achieved through
dynamic covalent bonds,” hydrogen bonds,' metal-ligand
coordination,® hydrophobic interactions,” and ionic interac-
tions.'” As a result of these r-bonds, supramolecular polymers
can repair fracture or damage at the molecular or microscopic
scale and restore their mechanical strength at the macroscopic
scale. These polymers have been applied to a wide range of

engineering applications, including flexible electronics,"’ Received:  February 11, 2021
energy storage devices,'? biomaterials,"> soft robotics,'* and Revised: ~ May 5, 2021
lattice structures." Published: May 20, 2021

Considering their versatility, it is of paramount importance
to study their required healing time and recovered interfacial
strength for fractured supramolecular polymers. However, due
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Figure 1. Simulation models of supramolecular polymer networks. (a) Supramolecular polymer network is formed by the linear polymer chains and
cross-linkers. A linear polymer chain has two sticky ends, colored green. A cross-linker is a star molecule with four sticky ends (functionality ¢ = 4,
colored pink) connected by a central bead. The zoom-in figure is a sketch showing the ideal dynamic network. (b) Reaction of r-bonds between
sticky ends are governed by the binding energy E and unbinding energy Eyg during a MC step. The green bead represents the sticky end from the
linear polymer chain. The pink one is the sticky end from the cross-linker. (c) Illustration of the self-adhesion process of the fractured
supramolecular polymer network. The upper and lower sides of the fractured interface is colored with red and blue with transparency, respectively.
Those polymers in the interfacial region are highlighted. The fractured interface is self-healed as the healing time increases. At the healed interface,
both the r-bond and entanglements (entangled systems only) are recovered.

process at room temperature. The more extensively reported
characteristic healing times exceed 24 h,'® such as polymer
networks cross-linked by metal-ligand interactions® and
reversible Diels—Alder bonds.'* Therefore, understanding the
self-healing mechanisms behind the diverse healing times is
essential for better material design.'’~*°

Despite extensive investigations on the molecular mecha-
nism and equilibrium healing time 7., for supramolecular
polymers, widely different and often conflicting results have
been reported. The equilibrium healing time 7., is the key
feature to characterize the healing efficiency of supramolecular
polymers, which denotes the time to fully repair the interfacial
strength of a fractured system. For example, Wool and
O’Connor”" theoretically studied the crack healing of thermo-
plastic polymers within the framework of the reptation
model.””** They proposed that the full recovery of a crack is
achieved at the reptation time 7, when an entire chain escapes
from its original tube for molecular diffusion along the
polymer—polymer interface.”*** Thus, Teq = Tpep and ~N?, as
N is the polymerization degree of the polymers. However,
molecular dynamics (MD) simulations on the welding”® and
healing”” between polymer—polymer interfaces revealed that
the interfacial strength was fully recovered long before chains
completely disengaged from their tubes and 7., < Trep.zg
Stukalin et al.'® provided a comprehensive theoretical
framework for the self-healing of unentangled supramolecular
polymers. They suggested that equilibrium healing time 7,
depends on multiple variables, such as the waiting time, bond
lifetime of the r-bond, and relaxation time of the danglin%
chains at fracture interfaces. Recently, Hornat and Urban”
proposed that entropy energy and surface energy might also
drive the self-healing of thermoplastic polyurethane fibers. In
short, understanding the quantitative relationship between the
various chain relaxation timescales and 7., represents an
important but yet unsolved problem in the physics of self-
healable supramolecular polymers.
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To provide an in-depth understanding of the equilibrium
healing time 7., it is necessary to characterize the intrinsic
relaxation timescales in a supramolecular polymer network and
for the evolution of interfacial molecular structures (IMSs) at
the fractured interface during the healing process.'® The
complexity of polymer dynamics and the difficulty in
calibrating the interfacial structures, however, largely hamper
the interpretation of the equilibrium healing time 7.,. On the
one hand, the polymer relaxation in a supramolecular polymer
network is not only affected by its chain length and topological
constraints such as entanglements but also by the dynamics of
the r-bond. The relaxation of supramolecular polymers
depends on at least four variables:*”*° (i) the r-bond strength,
(ii) the number, (iii) the distribution of stickers along a
precursor polymer chain, and (iv) the chain length of precursor
polymers. However, quantitative studies on polymer relaxation
are limited by the difficulty in characterizing the r-bond
lifetime under the influence of polymer chains and network
architecture in experiments.’”*” On the other hand, the
mechanical strength of a healed fractured interface is
determined by the reformations of the r-bond and entangle-
ments that bridge the interfacial gap.'®**~*” These micro-
scopic molecular structures are not directly observable in
experiments, and the theory is currently limited to the
unentangled supramolecular polymers."® The evolution of
IMSs remains unknown for entangled supramolecular polymer
networks, which is more common in experiments and real
applications.

To address these issues, we developed a MD/Monte Carlo
(MC) hybrid method to study the self-adhesion of supra-
molecular polymer networks with equilibrated fractured
interfaces. Such a self-adhesion process has an upper limit of
self-repair time for fractured supramolecular polymer net-
works.'® The association and dissociation of r-bonds is
controlled through a MC step®® with a binding energy barrier
Ey and unbinding energy barrier Eyg. The architecture of the
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supramolecular network in our simulations is well controlled,
mimicking the four-arm end-functionalized ideal reversible
networks >’ (Figure 1). Taking the advantages of MD
simulations, the evolution of r-bonds and entanglements can
be directly monitored. With such a system at hand, we can
calibrate all different intrinsic relaxation timescales, the
mechanical response of a fractured system, and the reformation
of IMSs for supramolecular polymer networks. We systemati-
cally study chain dynamics and the self-adhesion process of
both unentangled and entangled supramolecular polymer
networks that are cross-linked by the r-bond. The intrinsic
relaxation timescales of these polymers are first calibrated
under the framework of the sticky Rouse/reptation model .*>*!
We find that the sticky Rouse time 7, is largely determined by
the lifetime of the r-bond 7y, for short chains. For long chains,
on the other hand, 7y is greatly influenced by chain
entanglements and exceeds 7y, by far. We then investigate the
self-adhesion process of fractured systems with an equilibrated
fractured interface. While for unentangled networks, their
interfacial strength is found to linearly depend on the areal
density of the r-bond across the fractured interface, the
interfacial strength of entangled systems is almost linearly
correlated with the areal densities of the r-bond and
entanglements bridging the fractured interface. When placing
the healing time into the context of intrinsic relaxation
timescales of supramolecular polymer networks, we find that
the sticky Rouse time 7y features the self-adhesion process of
all fractured systems, representing the full recovery of
interfacial strength. At this critical timescale, two things
happened to guarantee the full recovery of fractured systems:
(i) polymer chains have diffused across the fractured interface
with a displacement comparable to their sizes; (ii) the crossed
stickers and polymer chains have updated their r-bond and
entanglements (entangled systems only), respectively.

B COMPUTATIONAL MODEL AND METHODS

Model of the Polymer Chain and Cross-Linker. As shown in
Figure la, a supramolecular network consists of linear finite-extensible
nonlinear elastic (FENE) polymer chains** and cross-linkers. Each
polymer chain has two sticky ends. A cross-linker is modeled by a star
molecule with four sticky ends, connected with a central bead. r-bonds
can only occur between the sticky ends of a polymer chain and a
cross-linker. At each instance in time, every sticky end can potentially
establish a single r-bond.

The computational model of polymer chains is based on Kremer-
Grest’s bead spring model.*” All beads interact with each other
through the L] potential

Uy0) = 48[(2] - (gﬂ o [E) i [2]6 1)

where r is the distance between two beads. r. is the cutoff distance
with a value of 2.56. ¢ is the energy unit. & is the bead diameter. An
additional unbreakable FENE potential is applied on two connected
beads along a polymer chain and within a cross-linker

1
Upgne(r) = —EkRgln[l - ("/Ro)z] @)
where R, = 1.56 and k = 30kg/0* Each linear polymer chain has N
monomers with its two terminal beads (sticky ends). These sticky
ends are reactive to form r-bonds with sticky ends of cross-linkers.
Each cross-linker is represented by a star molecule consisting of five
beads. A central bead is connected with four terminal beads. Each
terminal bead in a cross-linker is considered as a sticky end. Every
bead in the system has mass m. L] units are used to present the
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simulation results by setting 6 = € = m = 1 and the Boltzmann
constant kg = 1. 7 = 6(m/e)"/? is the characteristic time unit.

Model of the Reversible r-Bond. The association and
dissociation of the r-bond is modeled as a reversible chemical
reaction. The reversible dynamic bonds between sticky candidates in
polymer chains and cross-linkers are represented by the reaction
potential

Upen(r) = %Q(r, O = 1)’ )

where k' is the bond strength. r is the distance between two sticky
candidates. r, is the equilibrium distance of the r-bond. We set r, =
1.00 to ensure that the averaged length of the r-bond is similar to that
of the FENE bond. Q(r,t) is a binary function such that Q(r,t) = 1 ifa
r-bond is established, while Q(r,t) = 0 if the r-bond is broken. The
state of Q(r,t) is updated every time step At throu§h a Metropolis
MC algorithm based on the Bell model as follows>®T+~*6

1 if Q(r, t — At) = 0 and & < ¢ AFn/keT
and r < 1,
Q(r, t) =10 if Q(r, t — At) = 1and

E< e_(AEUB_fRXN 1p) /kgT

unchanged otherwise
4)

where £ is an equally distributed random number between 0 and 1
generated in every time step. Eg and Eyjp are the energy barriers (in
unit of kzT) for binding and unbinding, respectively. r,,, is a reaction
radius within which a r-bond between the two sticky candidates may
be established. fryy is the force applied on the r-bond. I, is the
characteristic bond length, representing the influence of the applied
force on the unbinding probability.

The binding and unbinding energies are set as Ey = 1kgT and Eyp =
14kpT, respectively. Ez = 1kgT is chosen to ensure a fast bond
formation process.®® The choice of Eyy = 14kyT is based on the
balance of three factors: (1) a typical r-bond strength is on the order
of a few to tens of kzT;>' (2) the maximum stress of supramolecular
polymer networks in simulations should be large enough to identify
the difference of fractured networks at different healing times. A larger
value of Eyp results in a larger maximum stress value during
mechanical tests; (3) the fully recovered state of a fractured system
can be observed in simulations. A larger value of Eyjp also results in a
longer healing process. The choices of the bond strength k, reaction
radius ., and characteristic bond length I, are based on the factor
that the force caused by the topological change of the r-bond is small
enough compared to that of a covalent bond. We have k' = 100¢, r,,
= L.lo, and I, = 0.10, as suggested in ref 38. Under such energy
barriers, over 95% of sticky ends are bound with their partners at each
time step.

Simulation Protocol. To systematically investigate the influence
of the polymer chain length (or polymerization degree) on the self-
adhesion of supramolecular networks, we have seven different systems
in total, that is, N = 20, 30, 40, 60, 100, 200, and 500. Each system has
polymer beads around 100,000. Correspondingly, the number of
polymer chains ng, in the established system are 5000, 3334, 2500,
1668, 1000, 500, and 200, respectively. To obtain an ideal reversible
polymer network, the number of cross-linker n. added in the
corresponding system is #1.g¢ = n.,/2. As indicated by the entanglement
analysis of the Z1 code” and our previous studies,** ™" the
entanglement length of these polymer chains is around N, ~ 40.
Therefore, the entire seven systems can be classified into two
categories: the polymer chains are unentangled and entangled for N <
40 and N > 60, respectively. The time step used in all simulations was
At = 0.017. All the simulations were performed by using the large-
scale atomic/molecular massively parallel simulator (LAMMPS)
pgckage % The snapshots were generated by the visual MD software
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Figure 2. Calibration of bulk supramolecular polymer networks. (a) Characteristic timescales of supramolecular polymer networks. The lifetime of
dynamic bonds 7, and sticky Rouse time 7 are plotted against the linear polymer chain length N. (b) Stress—strain curves of the supramolecular
polymer networks under uniaxial tension. The marked dot in each curve denotes the maximum stress o,,,, during the tension.

We have developed a proper simulation protocol for each system to
systematically investigate the properties of supramolecular polymer
networks, including dynamic behavior, mechanical performance, and
self-healing ability. The protocol for each system consists of five steps
as follows:

Step 1: Initialization. Pre-equilibrated initial configurations were
created by using our hybrid MD/MC method.>* In this method, thin
polymer chains are first randomly placed in the simulation box. The
volume of each bead in a polymer chain is then increased by using an
adaptive time step and time-dependent potentials. We slightly
modified this algorithm to randomly place the star molecules
(cross-linkers). Subsequently, these pre-equilibrated configurations
were further relaxed through the bond swap algorithm (BSA).>> The
BSA attempts to change a portion of one chain with that of another
chain without changing the length of each polymer chain. It allows the
effective relaxation of polymer configurations. In the BSA process, the
temperature was held constant (T = 1.0) by a Langevin thermostat
with a damping constant I' = 0.57".*” The reaction potential in eq 3
was not introduced during the entire process of step 1. The sticky
ends in both polymer chains and cross-linkers were treated as the
beads in the main part of a polymer chain.

Step 2: Relaxation of Bulk Systems. After step 1, the reaction
potential in (3) was then initiated for each system to establish a
polymer network. In this step, the temperature and pressure of a
system are controlled at T = 1.0 and P = 0, respectively. After
simulation time around 10°z, the number of r-bonds between sticky
candidates is saturated. In addition, the volume of each system also
reaches a constant value with slight fluctuation. Both of these indicate
the fully relaxed state of the polymer networks. The bead number
density of each system was the same as previous results with a value of
p =0.89/673.%* After full relaxation, each system was further relaxed
up to 1077 to obtain the dynamic properties of polymer chains and the
r-bond for bulk systems. At an equilibrated system, the averaged r-
bond number is unchanging over time, that is, the association and
dissociation processes are under dynamic equilibrium. Please see the
averaged bound sticky ends in a cross-linker (¢) in Table S1 of the
Supporting Information for details about each system.

Step 3: “Ideal Cut” to Introduce a Fractured Interface. To create
a fractured interface, an “ideal cut” was introduced for each system
along the xy-plane at z = 0. The “ideal cut” breaks the reversible
dynamic bonds of dangling chains, which are at the opposite sides of
the cutting surface. These dangling chains were then pushed to their
own sides by using a confining potential

4]

Upon(2) = O.OIkBT: 5)

with —=L_/2 <z >L_/2. L, is the size of the simulation box along the z

direction. During the “ideal cut”, the MC update of the r-bond was
not carried out.

After a fractured interface was created, a waiting stage was

introduced to exclude the influence of dangling chains during the self-
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adhesion process. The dangling chains with open sticky ends can
quickly diffuse across the fractured interface and find sticky candidates
on the other side during the tension process (especially for the short
chains). Therefore, we cannot determine the exact healing time
during the self-adhesion process. To avoid this scenario, in the waiting
stage, the MC update for the r-bond is introduced again.
Simultaneously, a wall potential is applied at z = 0

Cra(2) = 48[(%)12 - (5)6 (6)

The polymer chains near the fractured surface were not allowed to
interact with each other over the fractured interface. The waiting
period lasts for 10°z, which is long enough to relax the dangling
chains. During the waiting period, the open sticky ends in dangling
chains are able to form new r-bonds at their own sides. Therefore, the
self-adhesion process in our simulations has an upper limit of self-
repair time for fractured supramolecular polymer networks.'® After
the waiting process, the equilibrated fractured systems have the same
averaged bound sticky ends in each cross-linker (¢) as the
corresponding bulk systems given in Table S1.

Step 4: Self-Adhesion Process. After step 3, each fractured system
was then relaxed with an NPT ensemble (T = 1.0 and P = 0) to heal
the fractured interface. The wall potential in eq 6 was removed during
this self-adhesion process. With the increment of healing time, the
polymer chains at the fractured interface diffuse across the interfacial
gap and penetrate into each other. The sticky ends of these polymer
chains are able to find a new partner on the other side of the fractured
surface. The polymer chains with two bound sticky ends at each side
of the fractured interface form a bridge, which can carry the interfacial
stress. For entangled polymer systems, these polymer chains are able
to form new entanglements with the polymers that originally locate on
the other side of the fractured interface. These newly established
entanglements across the interface can also form bridges to increase
the interfacial strength. The total simulation time for the self-adhesion
process can be up to 107 depending on the polymerization degree of
polymer chains.

Step 5: Uniaxial Tension Process. A uniaxial tension process was
applied to determine the interfacial strength of a fractured system
after a certain healing time. During the uniaxial tension process, the
temperature was controlled at T = 1.0. The pressure in x and y
directions was maintained at P = 0. A tested system was deformed
gradually along the z direction (perpendicular to the fractured
interface) with a strain rate &. It is not easy to choose a suitable strain
rate. If the strain rate & is too small, the fractured system will
automatically heal during the uniaxial tension process. Therefore, we
cannot differentiate it from the self-adhesion process in step 4. To
minimize its influence during the uniaxial tension process, a reduced
temperature was applied in ref 26 for the pure entangled polymer
systems after welding. However, the reaction behavior of the r-bond
will be changed if we use a reduced temperature. On the other hand, if

, Izl < 266
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Figure 3. Mean squared displacement of inner monomers g,(t) for different polymer chain lengths. Both the pure polymer melts (the curves in
gray) and polymer networks with reversible dynamic bonds (the curves in red) are given. To differentiate time regions, the sticky Rouse time 7}
and sticky disentanglement time 7 are marked in these figures. The corresponding displacements at t = 73 and t = 7§ are also presented. In addition,

the scaling laws at different time regions are marked in each figure.

Table 1. Summary of Structural and Mechanical Properties of the Bulk Systems”

N (2) (N) (P) (R g PR
(o) (e07) (1077

20 N/A N/A 3.95 5.53 1.95 9.93
30 N/A N/A 3.94 6.94 1.98 8.73
40 N/A N/A 3.94 8.15 2.15 7.61
60 148 40.46 393 10.13 2.35 630
100 2.69 37.16 3.92 1327 2.70 521
200 4.98 40.19 3.85 18.40 3.75 3.65
500 11.08 45.13 3.83 29.08 9.33 227

bulk

Pent Ty TR 73 (a'pp> dr
(107%672) (10%7) (10°7) (10°7) (o) (o)
N/A 1.66 0.70 N/A N/A N/A
N/A 1.63 1.69 N/A N/A N/A
N/A 1.65 2.88 N/A N/A N/A
1.27 1.66 2.20 7.16 7.80 5.52
2.07 1.67 5.11 18.66 8.61 6.23
2.87 1.73 15.80 87.93 10.07 7.68
342 1.84 69.37 11.85 8.58

“Number of monomers for each polymer chain, N. Entanglement length, (N,) and number of entanglement per chain, (Z) obtained from primitive
path analysis of Z1 code, defined by the kink assumption. The averaged bound sticky ends in a cross-linker, (¢). End-to-end distance, (R2,)V2 The
maximum stress of a bulk system, oreik, Averaged areal density of effective polymer chains at any virtual interface, pbi¥. Averaged areal density of
effective entangled strands at any virtual interface, p°i¥. The averaged bond lifetime 7. The sticky Rouse time 7. The sticky disentanglement time,

73 The primitive path step length, (a,,). The tube diameter, dr.

the strain rate is too large, a physically unrealistic stretched covalent
bond might be introduced. As a balance, we used a strain rate of & =
1073/7, at which a reasonable mechanical response of the Kremer—
Grest model can be reflected.”” To analyze the mechanical behavior of
bulk systems, the same uniaxial tension process was applied to the
fully relaxed systems after step 2. The stress during the uniaxial
extension tests is calculated based on the well-known Irving—
Kirkwood formula®®

_ 1
0; = —\ =

N
VZ (my v + 1 Fi )

k=1

7)

where V and N are the total volume and bead numbers in the system,
respectively. my, v, ., and Fy; are the mass, velocity, position, and
total force, respectively, on the bead k. i and j can be taken as x, y, and
z directions. We take the normal stress in the tension direction for
stress—strain curves.

B RESULTS

Calibration of Bulk Supramolecular Polymers. We first
calibrate the intrinsic timescales and mechanical properties of
these bulk supramolecular polymer networks. To calibrate the
dynamic properties of bulk systems, each system first
experiences a long relaxation period at constant temperature
T = 1.0¢/kgT and pressure P = 0. There are two different
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timescales for supramolecular networks, that is, the lifetime of
r-bond 7y, and the relaxation time of the polymer network. 7, is
the average time that two stickers spend the bonded state
before the first successful break.'® In our simulations, we
monitored lifetime of each r-bond in the bulk systems. The
histogram distribution of lifetime is then fitted by an
exponential function f(t) = A, exp(—t/7,). The 7, values
extracted through the fitted functions are the ones presented in
Figure 2 (see Figure Sl in the Supporting Information for
details). 7, only slightly increases with the chain length N and
remains around a characteristic value of 7, ~ 1.7 X 10°z. It is
worth to note that the precise measurements of a bond lifetime
within a supramolecular network are unavailable in experi-
ments. In experiments, the bond lifetime is often approximated
in the dilute solutions,””>* while the influence of the polymer
connectivity remains unknown .>> This also makes our
simulation system a unique candidate to examine all the
intrinsic timescales of a supramolecular network.

We adopt the mean squared displacement (MSD) of
monomers to characterize the diffusion behavior of polymer
chains with sticky ends. Particularly, the sticky Rouse time 7§
and sticky disentanglement time 73 are discussed in detail. The
MSD of a monomer g;(t) is defined as
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L&
g(t) = =2 ([7(t) — 7(0))

' N ; (8)
with 7,(£) denoting the position of a monomer at time t. The
inner five monomers in a polymer chain are used to calculate
the g,(t) to exclude the influence of terminal beads. The MSD
curves of unentangled sticky polymers can be classified into
three different time regions (see Figure 3): (1) at the initial
diffusive time region, the polymer chains cannot the feel the
constraints from the r-bond at sticky ends and behave as
Rouse-like chains with a scaling law of g (t) o /% (2) after a
certain time period, the motion of monomers is slowed down
due to sticky ends. At this time region, a scaling law g (¢) o t*
with a; < 0.5 is observed; (3) at the time around 7, (7, = 1.66
X 10°7 and 1.65 X 10°7 for N = 20 and N = 40, respectively),
the motion of monomers speeds up because most of the bound
sticky ends are dissociated. The polymer chains are then
quickly fully relaxed with a scaling law of g,(t) & t* (a, ~ 1).
We estimate the sticky Rouse time as the time when a
monomer diffuses over a distance of its own size (R%)% As
indicated in the crossing point between (R%)"? and MSD of
nonsticky polymers in Figure 3, the Rouse time of nonsticky
polymers (i.e., pure polymer melts) is much smaller than the
bond lifetime. The sticky Rouse time (crossing point between
(R2,)"/? and MSD of sticky polymers) is comparable to the
bond lifetime (see Table 1).

Following the concept of the reptation model, the
topological constraints from entanglements on a given polymer
chain confine its motion into a tube-like region. The tube-like
region has a tube diameter dr. The axis of the tube is the
shortest path connecting two ends of the strand with the same
topology as the strand itself. This axis of the tube is
represented by the primitive chain. The primitive chains
follow Rouse-like diffusion with a step length of a,,,,. As given in
Figure 3, the MSD curves of entangled sticky polymer chains
can be classified into four different regions: (1) When the
motion time is smaller than the entanglement time, that is, t <
7., the monomers of polymers cannot feel the constraints from
tube and r-bonds, as evidenced by the same g;(t) values for
sticky and nonsticky polymers. Therefore, the polymer chains
behave as Rouse-like chains and follow the scaling law as g;(t)
o t17% (2) when 7, < t < 7% (7 is the sticky Rouse time), the
motion of monomers is influenced by tube constraints and
reversible dynamic bonds. The g;(t) follows a scaling law as
gi(t) & 1 (B, ~ 0.25). By comparing the MSD curves of sticky
and nonsticky polymers, we find that the r-bonds at the sticky
ends largely extend the Rouse time region; (3) when 7} < t <
73 (73 is the sticky disentanglement time), the g;(¢) follows a
scaling law as g,(t) o« # (B, ~ 0.5); (4) when t > 7, the
polymer chains totally escape from original tube constraints. In
addition, the r-bonds at sticky ends are already broken at this
time region. The polymer chains are fully relaxed with a scaling
law of g, (t) o t* (85 ~ 1). The sticky disentanglement time 7}
is estimated as the time when a monomer diffuse over a
distance of its own size (R%)% Due to the extremely long
relaxation time for N = 500, we do not have an estimation of 7§
for N = 500. The 7 is estimated as the time when the second
time region ends. To confirm that the estimated 73 values are
reasonable, we calculate the MSD values at t = 7}. It is found
that the MSD values at t = 73 are comparable to a;P(N/Ne)l/ 2,
R.e ayy and N, are the end-to-end distance, primitive path step

€

length, and entanglement length (Supporting Information
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Section 2 for detailed information). a,, = (R%)/ (Lyp) is the
step length of primitive path form Z1 analysis, where (L) is
the contour length of primitive path. Therefore, we are
confident that the estimated 7} values are reasonable.
Furthermore, the sticky disentanglement time 73 can be
correlated with sticky Rouse time 7y, as 73 = @Zty, where 0.6 <
® < 2.2 based on the values in Table 1.

In short, the relaxation timescales of supramolecular
polymers are quantified under the framework of the sticky
Rouse/reptation model. The sticky Rouse and sticky reptation
models are the most well-established theories for sticky chain
dynamics.*”*" These models originally focused on strong r-
bonds and were later extended to weak r-bond by including
slip-link models.”” The sticky Rouse time 7} of polymer chains
is inferred by the MSD of monomers. Here, we pay close
attention on the sticky Rouse time 7y, which will be used as a
reference for the self-adhesion time for both the unentangled
and entangled systems. At the Rouse timescale 73, a polymer
chain already moves a distance comparable to its size at 7y, that
is, a distance on the order of (RZ,)** and for unentangled and
entangled polymers, respectively. As shown in Figure 2a, the
polymer relaxation is determined by the r-bond at sticky ends
for short chains (N = 20, 30, 40). Their 7} values are
comparable to the bond lifetime 7, on the order of 10°z. In
contrast, the dynamic behavior of long chains is constrained by
both the topological constraints from entanglements and r-
bonds. Their 7y values are much larger than 7, on the order of
10°¢ for N = 200. Our simulation results are consistent with
the experimental works: (a) if 7, is large and well separated
from relaxation time of the nonsticky precursor polymer chains
Teluw the relaxation of sticky chains is governed by the kinetics
of r-bond exchange;sg’éo’61 (b) otherwise, the entanglements
outweigh the influence of the r-bond and determine the sticky
chain dynamics.””%>%*

The mechanical properties of bulk systems are tested
through uniaxial tension at a strain rate of & 1073/7. As
given in Figure 2b, the stress—strain curves follow a similar
trend for each chain length. The bulk (normal) stress oy, first
increases with the increment of strain and reaches a maximum
value 62X after which it drops due to the failure of the bulk
system. The maximum stress of the unentangled systems just
slightly increases from otk = 1956673 at N = 20 to ook =
2.15¢67% at N 40. In comparison, Gz‘al}lf values grow
dramatically with increasing chain length for the entangled
system after N = 100. The maximum stress during the uniaxial
tension for N = 500 can reach 62 = 9.33£673, which is around
four times larger than that of N = 20. This increment of 6%
for the entangled networks indicates the contribution of
entanglements to the mechanical strength.”’ These maximum
stress values of bulk systems are later used as references to
determine the recovery of interfacial strength for fractured
systems. We also calculate the areal densities of effective
polymer chains and entangled strands at virtual interfaces of
bulk systems as references to compare with those of the
fractured interface during the self-healing process. Specifically,
we divide a bulk material into 11 slabs with 10 virtual interfaces
uniformly. For each virtual interface, the p and p., can be
quantified. The averaged values of p%* and ptu are listed in
Table 1.

Self-Adhesion of Unentangled Supramolecular Poly-
mers. We went on to investigate the self-adhesion of
unentangled systems. To create a fractured interface, an
“ideal cut” is introduced for each relaxed bulk system to create
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Figure 4. Self-adhesion of unentangled supramolecular polymer networks. (a) Snapshots of the fractured interface during the healing process. The
evolution about the formation of an effective polymer chain across the interface is highlighted. The upper and lower sides of the fractured interface
are colored with red and blue with transparency, respectively. The effective chain is colored in blue. The involved cross-linkers are colored in
yellow. The polymers in the lower and upper side of the interface are colored in silver and red, respectively. (b) Stress—strain curves for the
fractured system with N = 20 and different healing times. (c) Function of normalized areal density of effective polymer chains p.g/ phulk against
healing time for N = 20. (d) Correlation between the normalized areal density of effective polymer chains p.g/p°a* across the fractured interface

and normalized maximum recovered stress o,

/Gy for N = 20, 30, 40. The error bars of p,/pli* and 6,/ are obtained from five different

samples near a certain healing time and five independent uniaxial tensions at a given healing time, respectively.

an equilibrated fractured interface, as detailed in the previous
section. Such a fractured interface has an upper limit of self-
repair time . The fractured system then experiences a healing
process at unchanged thermodynamic conditions as the bulk
systems. As shown in Figure 4a for N = 20, the fractured
interface is quickly filled by the polymer chains near the
interface during the healing process. The molecular evolution
of a polymer chain (colored in blue) that bridges the fractured
interface is monitored during the simulation. The blue chain
initially locates at the lower side of the interface with its sticky
ends bound with the cross-linkers (CK-1 and CK-2) on its
own side. These two cross-linkers (CK-1 and CK-2) are also
bound with six other polymer chains in the lower side that are
marked as (L-1 to L-6) at t = 0 7. As healing time evolves, one
sticky end of the blue chain dissociates with its cross-linker and
gradually diffuses across the interface. At t = 10° 7, the
dissociated sticky end of the blue chain has already formed a
new bond with a cross-linker (CK-3) that initially locates on
the upper side of the interface. Note that the CK-3 was fully
bound with four polymer chains (U-1 to U-4) at its own side at
t = 0 7. This process observed in our simulation is exactly the
“partner exchange” healing mechanism proposed by Rubinstein
and co-workers .'® These polymers such as the blue chain in
the figure can bridge the fractured interface and transfer the
load during deformation.'® We denote these polymers as
effective polymer chains in the present study.

With the help of effective polymer chains, the mechanical
strength of the fractured interface is gradually restored. The
mechanical properties of the fractured systems are also tested
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through the same uniaxial tension as the bulk systems. The
stress—strain curves at a series of healing times are compared
with the corresponding bulk system, as presented in Figure 4b
for N = 20. The stress responses of the fractured samples
follow the same stress—strain curve as the pristine bulk system
but break at a lower o,,,, value. The 0, of the fractured
systems monotonically increases with the healing time. These
Omax Values are denoted as recovered stress values o
Furthermore, the stress—strain curve at ¢ = 1.5 X 10°7 is
almost indistinguishable against the pristine bulk system for N
= 20, indicating full recovery of the interfacial strength. The
self-adhesion processes of N = 30 and N = 40 follow a similar
trend as that of N = 20, with a fully recovered state around ¢ =
2.0 X 10%z (Supporting Information Figure S4).

To establish a direct relationship between the microscopical
molecular behaviors and the macroscopic mechanical perform-
ance of the fracture systems, we systematically analyze the
IMSs. The evolution of the areal density of effective polymer
chains p.g at the fractured interface is measured during the
entire healing process. We further normalize the p ¢ by that of
the corresponding bulk system p°*. The Pk s calculated by
averaging the effective polymer chains at 10 virtual interfaces of
the bulk system. As given in Figure 4c for N = 20, the
normalized values of p,q/p " increase monotonically with the
healing duration and reach around 90% at the time the
interfacial strength is fully recovered. More importantly, when
we try to correlate between the IMS and its restored
mechanical property, the recovered maximum stress values
Grec/ Ovuic are almost linearly dependent on pg/pli for all the
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Figure 5. Self-adhesion of entangled supramolecular polymer networks. (a) Snapshots of the primitive path during the healing process. These
primitive paths that initially locate the lower and upper sides of the fracture are colored in blue and red, respectively. (b) Stress—strain curves for
the fractured system with N = 500 and different healing times. Note that there is a local maximum at the strain = 8 in the stress—strain curve of
short healing time. This might be related to the initial breaks of the r-bond at the fractured interface. (c) Functions of normalized areal density of
effective polymer chains p,g/p"* and topologically cross-linked (entangled) strands p,/ phulk against healing time for N = 500. (d,e) Correlations

bulk

between normalized maximum recovered stress 6,../0uq and IMSs, such as p./p°% and p,../ P20k,

unentangled systems (Figure 4d). This correlation confirms
that the recovered interfacial strength o, of the unentangled
systems is governed by the areal density of effective polymer
chains p.g We refer to the Supporting Information Figure S4
for the details about the self-adhesion processes of N = 30 and
N = 40.

Self-Adhesion of Entangled Supramolecular Poly-
mers. We further examine the self-adhesion of entangled
systems. The fractured interface takes a long time to recover its
mechanical strength for these entangled systems. Figure Sb
shows the stress—strain curves of the high-molecular-weight N
= 500 systems. The recovery of interfacial strength for N = 500
follows a similar trend as that of N = 20. The maximum
recovered stress O
increases with the increment of healing time. At t = 7.2 X 10°z
for N = 500, the interfacial strength is fully restored. The
simulation results for other entangled supramolecular polymer

of the fractured system progressively

networks are provided in Supporting Information Figure SS.
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Apart from the restorage of effective polymer chains as for
the unentangled systems, the recovery of the entanglements at
the fractured interface also contributes to the interfacial
strength.26 These entanglements at the interface are inves-
tigated through the Z1 code,” as shown in Figure Sa for N =
500. At t = S X 10’7, only a few primitive paths from the upper
and lower sides interweave at the interface, while at t = 7.2 X
10%z, the interface is filled with the primitive paths, indicating
that the interface already becomes a highly entangled region.
At this time, the upper-side entanglement strands such as U-P2
entangled with the strands from the lower side (such as L-P2)
at the interface. The strands of U-P2 and L-P2 also entangled
with the strands from the upper and lower sides, respectively,
at the same time. The entanglement strands, such as U-P2 and
L-P2 in the initial fractured gap region, can effectually restore
the mechanical strength of the interface 29365 We name them
as effective entangled strands.

The evolution of the IMS is further systematically inspected
to establish its relationship with the recovered interfacial
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Figure 6. (a) Normalized recovered interfacial strength o,

/O against the normalized healing time t/75. (b) Comparison between equilibrium

healing time 7., and sticky Rouse time 7y, both as a function of polymer chain length N.

strength. We calculate both the areal densities of effective
polymer chains p. and topologically cross-linked (entangled)
strands p.,, at the fractured interface. Both p. and p.,
simultaneously increase with the healing time for N = 500
(Figure Sc). As given in Supporting Information Figure SS for
more details, the p g values increase to >80% over those of bulk
systems for all the entangled systems at the fully recovered
state. The p,,, values finally recover to ~60% (for N = 60 and
N = 100) and >80% (for N = 200 and N = 500). This
difference indicates that the mechanical contributions of
entangled strands for the highly entangled systems might be
more significant than that of weakly entangled systems. We
further plot the normalized maximum recovered stress against
the normalized areal density of effective polymer chains and
effective entangled strands, respectively, in Figure Sd,e. The p g
and p,, almost correlate with the recovered interfacial strength
Owc With a nearly linear relationship. Therefore, we can
conclude that the effective polymer chains and effective
entangled strands across the fractured interface recover
simultaneously and determine the interfacial strength for the
healed entangled polymer networks. This observation is
consistent with the molecular model for nonlinear elasticity
of entangled polymer networks with covalent cross-links.”"*>%

Sticky Rouse Time Features the Self-Adhesion
Process. Having the evolution of macroscopic interfacial
strength and the microscopic IMS at hand, the next step is to
evaluate the time needed to fully repair a fractured interface. As
shown in Figure 6a, we place the healing process into the
context of the intrinsic relaxation timescale of supramolecular
polymer networks by normalizing the healing time ¢ with the
sticky Rouse time 3. It is surprising to find that the 6,../0pyy
of all fractured systems collapse together in terms of
normalized healing time #/7; and almost reach 1.0 (fully
recover) at t = 7. It suggests that the sticky Rouse should be
the intrinsic timescale that a supramolecular polymer network
needs to fully repair its fractured interface. We further define
the equilibrium healing time 7, as the time when the 6,../ 0y,
approaches 90% (Figure $6)°* and compare it with 7§ in
Figure 6b. The 7,y values for all chain lengths are comparable
to the corresponding 7. In addition, we can estimate 7,y for
different chain lengths based on the scaling law between 73 and
N. We have 73 « N% with 1 < a < 2, which is consistent with
the theoretical prediction.”” The reasons why the sticky Rouse
time features the self-adhesion of supramolecular polymer
networks are clarified as follows for unentangled and entangled
systems separately.
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Since the relaxation time of nonsticky unentangled polymer
chains is smaller than the bond lifetime 7y, the sticky Rouse
time 7 of an unentangled supramolecular polymer network is
determined by the r-bond with a value comparable to 7,
(Figure 2). At the sticky Rouse time, two pivotal things
happen: (i) the polymer chains at the fractured interface have
diffused across the interfacial gap with a displacement
comparable to their sizes; (ii) most sticky ends have broken
their original dynamic bonds at ¢ = 0 and find new sticky
partners across the fractured interface. These two aspects
ensure that unentangled polymer chains can diffuse across the
fractured interface and effectively restore the interfacial
strength at 73.

For entangled systems, both the effective polymer chains and
entangled strands contribute to the interfacial strength.”"**
The 7} is significantly larger than the bond lifetime 7, (Figure
2a) due to the topological constraints from entanglements. It
suggests that most of the original r-bond (at t = 0) are broken
at 7. Furthermore, as we can see in Figure 3, the entangled
polymer chains diffuse over a distance of ay,(N/N,)** that is
comparable to their sizes. Therefore, the IMS of effective
polymer chains can fully restore at 7 (Figure Sc). The only
question left is why the effective entangled strands can be fully
restored at t = 7. To further quantify the entanglement
evolution for supramolecular polymer networks, we calculate
the segment survival probability function w(st) for bulk
systems,”® which describes the probability that a primitive
segment at a relative contour position s remains in the original
tube after time t. As presented in Supporting Information
Figure S7, at t = 73, only 20% of the primitive chain terminals
(s = 0, 1) remained within their original tubes. It suggests that
80% of the terminal parts of polymer chains already formed
new entanglements with other polymer chains at t = 7}, This
percentage of y(s,t) is consistent with the full recovery state of
entangled strands at the fractured interface. Combining these
two factors of the diffusive displacement and chance to update
their entanglements at t = 7}, we can conclude that the sticky
Rouse time is long enough to fully restore the effective
entangled strands across the fractured interface.

Discussion. In this work, we studied a subclass of
supramolecular networks: telechelic linear chains able to
interact with tetrafunctional cross-linkers in the strong
association regime (as predefined by the binding and
unbinding energies). Through systematic examinations of the
microscopic molecular evolution of the IMS and comparisons
between the healing time and the intrinsic timescales, we find
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that the sticky Rouse time serves as a characteristic timescale
for the self-adhesion of supramolecular networks, featuring the
full recovery of macroscopic interfacial strength. Although we
focused on one type of supramolecular network with stickers at
the terminals of polymer chains, the conclusion in our work is
consistent with the experimental and computational results for
other polymeric systems in the literature. For instance, Yan et
al.”” studied the self-healing of the unentangled supramolecular
network formed by the telechelic polyisobutylene with
barbituric acid groups at both chains’ ends. They found that
the terminal Rouse relaxation process is responsible for the
self-healing process and 7., ~ 7. Considering the role of
entanglements in the self-healing of fractured supramolecular
networks, the feature of sticky Rouse time means that their
recovery of interfacial strength does not rely on the sticky
chains completely disengaged from their tubes. This
observation is supported by the experiments for nonsticky
polymer systems from different research groups in refs’*™">
Their experimental results showed that the mechanical
strength of the interface between two polymer films can be
fully recovered long before the disentanglement time. Finally,
we need to mention that our results on entanglements recovery
at the interface is consistent with the computational
observations on the welding between surfaces of highly
entangled polymer films in refs.”>** In their MD simulations,
the healing time to fully restore the maximum interfacial
strength is around 1—3 million 7 when the entanglement areal
density at the fracture interface is recovered to around 80%
against the bulk value.”**” Although they did not mention in
their works, due to the different focus on the problem, the
timescale of 1—3 million 7 is just comparable with the Rouse
time 7y for their computational system.”® Therefore, by
pointing out the sticky Rouse time as a characteristic timescale
for the self-adhesion process, our conclusion might also be
applied on the self-healing/adhesion of other systems, which
restore their interfacial strength through the r-bond and
entanglements. We expect more works along this direction to
test this hypothesis.

Conclusions. In summary, our simulation results provide a
clear microscopic picture of the evolution of IMSs and reveal
their relations with the macroscopic interfacial strength of
supramolecular polymer networks during self-adhesion. More
importantly, we further consider the healing time in the
context of intrinsic relaxation timescales of supramolecular
networks. The sticky Rouse time is found to feature the self-
adhesion process of all fractured systems, denoting the full
recovery of interfacial strength. These findings will help to
establish a molecular theory for the self-adhesion mechanics of
supramolecular polymer networks and guide their molecular
design.”* "¢
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1. Properties of the Bulk Systems

1.1. Calibration of the bond lifetime for r-bonds
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Figure S1: Calibration of the bond lifetime for r-bonds. (a) Probability of the lifetime for
two stickers at the bonded state. The normalized histograms are obtained by recording the
reversible dynamic bond lifetime in simulations. The red line in each figure is the result of an
exponential fit. The x-axis presents the time span of the r-bonds. The y-axis is the probability
of an r-bond has the lifetime at the corresponding time span. (b) The function of the lifetime
for the r-bond against the polymer chain length. The error bars are obtained from five different
output frequencies for the normalized histograms.

The lifetime of the reversible dynamic bonds between two stickers can be directly
calculated in our simulations. To estimate the average lifetime, we monitored the lifetime of
each r-bond over a simulation period around 1077 for each system. The histogram distribution
of the bond lifetime is then fitted by an exponential function f(t) = Agexp(—t/7). 7 is the
average lifetime of r-bonds [1,3]. Ay is a prefactor. To estimate the error for 73, five different



output frequencies were adopted in our simulation for the bond lifetime distribution. As
shown in Fig. S1b, the average lifetime of the r-bonds slightly increases with the increment of
polymer chain length.

1.2. Structural and mechanical properties of the bulk systems

Table S1: Summary of structural and mechanical properties of the bulk systems. Number
of monomers for each polymer chain, N. Entanglement length, (N.) and number of
entanglement per chain, (Z) obtained from primitive path analysis of Z1 code, defined by
the kink assumption. The averaged bound sticky ends in a cross-linker, (¢) . End-to-end

distance, (R2,)'/2. The maximum stress of a bulk system, o?¥. Averaged areal density of
effective polymer chains at any virtual interface, pii*. Averaged areal density of effective

entangled strands at any virtual interface, p2X. The averaged bond lifetime 7,. The sticky

Rouse time 77,. The sticky disentanglement time, 7;;. The primitive path step length, (app).
The tube diameter, dr.

Nz (N (@) (RO ohix e oo 7 T 3 ) dr

(o) (ec®)  (10202)  (10202)  (10°7) (10°7)  (10°7) (o) (o)
20 N/A N/A 3.9540.004 5.53 1.95 9.93 N/A 1.66 0.70 N/A N/A N/A
30 N/A N/A 3.9440.002 6.94 1.98 8.73 N/A 1.63 1.69 N/A N/A N/A
40 N/A N/A 3.94+40.003 8.15 2.15 7.61 N/A 1.65 2.88 N/A N/A N/A
60 1.48 40.46  3.93+0.005 10.13 2.35 6.30 1.27 1.66 2.20 7.16 7.80 5.52
100 2.69 37.16  3.9240.006 13.27 2.70 5.21 2.07 1.67 5.11 18.66 8.61 6.23
200 4.98 40.19  3.85+0.009 18.40 3.75 3.65 2.87 1.73 15.80 87.93 10.07  7.68
500 11.08 45.13 3.83+0.02 29.08 9.33 2.27 342 1.84 69.37 11.85 8.58

1.2.1.  Structural properties Properties of the bulk systems were first systematically
calibrated. Due to the large unbinding energy barrier Eyg = 14kgT’, over 95% of the sticky
ends in polymer chains are bound with their partners in cross-linkers (see the bound sticky
ends in a cross-linker (¢) in Table S1). The tested end-to-end distance, (R2)/? values of
polymer chains in bulk systems are almost the same as those of pure polymer melts [4]. The
primitive path (PP) of a polymer system was analyzed by the Z1 code [5]. The entanglement
number defined by the kink assumption as listed in Table S1 is around (N.) ~ 40, which is
also close to the pure polymer melts [4]. Therefore, these six systems in our simulations can
be classified into two categories: (1) when N < 40, the polymer chains in the supramolecular
networks are too short to form entanglements; (2) When N > 60, the polymer chains are
entangled. The number of entanglement per chain (Z) increases from 1.48 (at N = 60) to
11.08 (at N = 500).

1.2.2.  Mechanical properties The mechanical properties of bulk systems were tested

through the uni-axial tension. The maximum stress o2"X gradually increases from ok

1.95 (e03) at N = 20 to o2 = 9.33 (e0®) at N = 500. (See Fig.2 in the main text).

max

These maximum stress values of bulk systems were later used as references to check the

recovery of the interfacial strength of fractured systems. As a proof of the effect of r-bonds
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Figure S2: Stress-strain curves under uni-axial tension for the pure polymer melts without
r-bonds.

on the mechanical properties, we additionally tested the stress-strain curve of pure polymer
melts as given in Fig.S2. In comparison with the stress-strain curve in Fig.2 in the main text,
the mechanical stress is evidently increased by the r-bonds in the supramolecular polymer
networks. We calculated the areal densities of effective polymer chains and entangled strands
at virtual interfaces of bulk systems as references to compare with those of fractured interface
during the self-adhesion process. Specifically, we divided a bulk material into 11 slabs with
10 virtual interfaces uniformly. For each virtual interface, the pes and pey can be quantified.

The averaged values of p%* and p2* were listed in Table S1.

ent

1.3. Dynamic behaviors of bulk systems

The dynamic behavior of polymer chains is greatly affected by the r-bonds through sticky
ends. The most established theoretical models describing the sticky polymer dynamics
are sticky-Rouse model [7] and sticky-reptation model [10] for unentangled and entangled
polymers, respectively. The r-bonds binding two stickers add an increased effective friction
coefficient to the polymer chains, which largely hinders the chain motion [7]. Therefore, the
entrance to the full relaxation region of polymer chains is delayed. Here, we adopted the mean
squared displacement (MSD) of monomers to characterize the diffusion behavior of polymer
chains with sticky ends. Particularly, the sticky Rouse time 75 and sticky disentanglement
time 7; were discussed in detail. The MSD of a monomer g, (¢) is defined as:

N
1
an(t) =+ > ([ralt) = r(0)) ()
i=1
with r;(t) is the position of a monomer at time ¢. The inner five monomers in a polymer chain
are used to calculate the g (t) to exclude the influence of terminal beads [4]. We also tested

that the choice of monomers number in each chain does not affect the estimated Sticky Rouse
time values.



As estimated from the MSD curves, the sticky Rouse time is increasing as the growth
of the chain length. The increment of sticky Rouse time also suggests that the longer chains
take more time to reorientate themselves as further proved by the correlation function of the
normalized end-to-end vectors of polymer chains in Fig.S3. The reorientation process might
be highly related to the re-binding between stickers after the dissociation [9].
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Figure S3:

Correlation function of normalized end-to-end vector u(t), with u(t) =

P(t)/|P(t)|. P(t) is the end-to-end vector of a polymer chain.



2. Self-Adhesion Process
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Figure S4: Self-adhesion of unentangled supramolecular polymer networks. (a-c), (d-f) and
(g-1) are the self-adhesion process of supramolecular polymer networks of N = 20, N = 30
and N = 40, respectively. Stress versus strain at the given healing time for figures (a), (d)
and (g). The function of normalized areal density of effective polymer chains for figures (b)
, (e) and (h). The correlation between the normalized recovered stress and normalized areal

density of effective polymer chains for figures (c), (f) and (i).
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Figure S5: Self-Adhesion of entangled supramolecular polymer networks. (a-d) The self-
adhesion process of supramolecular polymer networks of N = 60, N = 100, N = 200, and
N = 500, respectively. The figures in the first column are stress-strain curves for entangled
supramolecular polymer networks at different healing times. The figures in the second
column are the functions of normalized areal density of effective polymer chains peg/ 2%
and entangled strands peg/ p2uk
correlation between the normalized maximum recovered stress and normalized areal density

versus healing time. The figures in the third column are the

of effective polymer chains. The figures in the forth column are the correlation between the
normalized maximum recovered stress and normalized areal density of effective entangled
strands.
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3. Analysis of Segment Survival Probability Functions for Entangled Sticky Polymers
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Figure S7: Functions (s, t) for entangled polymer systems versus relative contour position
s at selected times. The (s, t) function describing the probability that primitive segment s
remains in the initial tube after time .

Based on the reptation model [2], the motion of primitive chains is confined into the tube-
like region. As time passes, the primitive chains leave their original tube region, indicating
the update of entanglements of the polymer chains. The (s,t) function describing the
probability that primitive segment s remains in the initial tube after time ¢. Therefore, if ¢(s, t)
is close to 0O, it means that the corresponding part of polymer chains already formed new
topological constraints and entanglements with other surrounding polymers. To obtain the
segment survival probability function (s, t), another required parameter is the tube diameter
dp. Although dr and (a,p) are typical assumed to have about the same values, the (a,p) is
actually larger than dr [6, 8]. Following the simulation protocol in Ref. [8], we estimated the
tube diameter dr as the MSD value of g, (t) starts to leave the scaling of ¢'/2 (as marked in
Fig. 3 of the main text). The values of d are listed in Table S1. Similar to the results in
Ref. [8], (app> is 30%—-40% larger than d. Please refer to Ref. [8] for the detailed description
to obtain the segment survival probability function (s, ¢).

The values of ¢(s,t) att = 0.173, 0.57}, and 7, for N > 60 are given in Fig. S7. In each
figure, the primitive chain segment s is normalized by its contour length. Therefore, s = 0
and s = 1 represent the two terminals of the primitive chains. And s = 0.5 is the center of
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primitive chain. The sticky ends of polymer chains have an equal possibility to form a r-bond
with the cross-linkers. Therefore, the functions of (s, t) are symmetric to the position of
s = 0.5. As shown in Fig. S7, the values of (s, t) at the terminals are always smaller than
those in the middle. It indicates that the terminals of a primitive chain are always the first
to escape the original tube region. More importantly, at ¢ = 75, only 20% of the terminals
of primitive chains are within the original tube region. It suggests that 80% of the terminal
parts of polymer chains already updated the entanglements with the other polymer chains.
This percentage of the (s, t) is consistent with the full recovery of entangled strands at the
fractured interface. In addition, around 50% of the middle part of the primitive chain also
leaves the original tube region at ¢ = 75. All of these results suggest that the sticky Rouse
time ¢ = 73 is long enough to fully restore the effective entangled strands at the fractured
interface for sticky entangled polymers.
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