Investigating the self-healing of dynamic covalent thermoset polyimine and its nanocomposites
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Abstract

Self-healable and recyclable materials and electronics can improve the reliability and repairability, and can
reduce environmental pollution, therefore they promise very broad applications. In this study, we investigated the
self-healing performance of dynamic covalent thermoset polyimine and its nanocomposites based on dynamic
covalent chemistry. Heat press was applied to two laminating films of polyimine and its nanocomposites to induce
self-healing. The effects of heat press time, temperature and load on the interfacial shear strength of re-healed films
were investigated. The results showed that increasing the heat press time, temperature and load can significantly
improve the interfacial shear strength and thus the self-healing effect. For polyimine nanocomposites, increasing the

heat press time, temperature and load led to improved electrical conductivity of the re-healed films.



1. Introduction

Realizing self-healing in materials, devices and structures can offer a lot of benefits on reliability, durability,
cost, functionality, and performance [1-3]. To achieve self-healability, various strategies have been investigated,
including emitting microvascular agents[4], hydrogen bonds[5], and dynamic covalent bonds[6-9]. Depending on
the required stimulation and the nature of the self-healing process, self-healing materials can be divided into
autonomic and non-autonomic self-healing materials[3,10,11]. Autonomic self-healing materials automatically
respond to damage even without force or heat applied [12]. In contrast, non-autonomic self-healing materials need
modest external stimulation, such as heat[13—17], chemicals[9,18-20], light[21-24], pressure[18,25], water[26—28]
and magnetic field[29,30]. To introduce conductivity into the self-healable polymers for functional devices, an
effective method is to physically mix conductive materials into the network, such as silver nanoparticles and
nanowires, and carbon nanotubes [31-33]. Various applications of such strategy can be found in optical devices,
artificial skins[9,12,33—-36], antennas[37], stretchable wires[25], artificial muscles[38], and flexible electronics[39-
47].

Among the many self-healing mechanisms, dynamic covalent bonding in polymer networks usually offers
higher robustness, mechanical strength and stability. Heat press, in this case, is a widely-adopted method for self-
healing of polymers[48]. Researchers demonstrated a series of dynamic covalent thermoset polyimine and
composites that can self-heal under heat press [7,49,50]. More recently, we reported a self-healable, recyclable and
malleable electronic skin, based on the dynamic covalent bonding polyimine and its silver nanoparticle (AgNP)
nanocomposites [9]. However, the dependence of the self-healing property of polyimine and its nanocomposites on
the heat press condition was not investigated. In this paper, we present results on how the heat press temperature,
load, and time affect the self-healing of polyimine and its nanocomposites. The effect of weight ratio of AgNPs in
the nanocomposites is also discussed. The interfacial shear strength of the re-healed polyimine and its
nanocomposites, as well as the electrical conductivity of the re-healed polyimine nanocomposites, under different

heat press conditions were characterized and presented.

2. Synthesis and self-healing experiment

2.1 Synthesis and self-healing process. Pure polyimine films were prepared from commercially available
monomers, as schematically illustrated in Fig. 1a. A mixture of diethylenetriamine (0.092g, 0.895mmol) and tris(2-
aminoethyl)amine (0.204g, 1.39mmol) was dissolved in ethanol (SmL) and added to a 20 mL vial. For polyimine
nanocomposites, silver nanoparticles in different weight ratios (0%wt 0g, 20%wt 0.348g, 50%wt 0.696g) were added
into the vial and sonicated for 3 hours at this stage. Then, terephthaldehyde (0.4 g, 2.98mmol) was added into the
vial, and the mixed solution was poured into a petri dish coated with PDMS. The solvent was then allowed to
evaporate for 12 hours in a fume hood under ambient conditions. The detailed self-healing process of a pure
(composite) polyimine film is schematically illustrated in Fig. 1b, with optical images of the pure polyimine film
shown at the bottom of each frame. A virgin polyimine strip (0.15mmx3.5mmx36mm, Fig. 1b, top left) was cut
broken along its width direction (Fig. 1b, top right). By overlapping 2 mm at the cut area and applying heat press
(Fig. 1b, bottom right), new covalent bonds were formed between the two polyimine films, driven by the dynamic
bonding interactions in polyimine networks, leading to re-healed interface (0.15mmx3.5Smmx34mm, Fig. 1b, bottom

left).

2.2 Interface of self-healed polyimine and nanocomposite films. Optical microscopy images of the cross
sections of the overlapping areas of re-healed polyimine and nanocomposites in Fig. 2 show the interfaces at different
stages of the self-healing process. Figures 2a, 2b and 2c¢ show the images of the pure polyimine, polyimine

nanocomposites with 20%wt AgNPs and with 50%wt AgNPs, respectively. The left frame in each figure exhibits the
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interface of overlapped films before heat press. A gap of width ~20 um can be clearly seen. After heat press at 80°C
with 500g load for 5 minutes, a discernible trace of interface can be observed in the middle frames of Figs. 2a, 2b
and 2c, but the gap has disappeared. Because of the covalent bonding formation at the interface, the self-healed
polyimine and nanocomposite films can hold 1g weights, as shown in the insets of the middle frames of Figs. 2a, 2b
and 2c. Increasing the time of heat press allows for more covalent bonds to be formed across the interface, leading
to better self-healing effect. As shown in the right frames of Figs. 2a, 2b and 2c, after 65 minutes of heat press at
80°C with 500g load, the interfaces are indiscernible.

3. Interfacial strength of self-healed polyimine and nanocomposite films

3.1 Uniaxial tension test of self-healed polyimine and nanocomposite films. To quantitatively
characterize the self-healing effect, uniaxial tension tests were conducted to compare the shear strength of re-healed
pure and conductive polyimine nanocomposite films with different heat press conditions. Shear failure of the lap-
joint area should be the primary failure mode in the uniaxial tension test, and the shear strength can be obtained by
recording the failing load per unit shear area[51]. As illustrated in Fig. 3a, long (~0.3mmx3.5mmx17mm) and short
(~0.45mmx3.5mmx3mm) aluminum alloy plates were bonded to the self-healed polyimine film strips. The long
aluminum alloy plates could increase tensile strength and avoid the failure of test samples outside of the lap-joint
areas. The short aluminum alloy plates can adjust the loading axis to be aligned with the center lines of the specimens.
Figures 3b-3d display optical microscopy images of the interface areas of failed pure (Fig. 3b) and nanocomposite
polyimine films (Fig. 3¢, 20%wt AgNPs, and Fig. 3d, 50%wt AgNPs), which were re-healed at 80°C with 500g load
for 5 minutes before the tension test. Optical images of the failed film specimens are shown at the bottom of each
frame. From the optical microscope images in Figures 3b-3d, no visible damages can be seen in the failed interface
areas, and the proportion of the damage areas to the overlapping interfaces was measured at 2.9%+2.9%, indicating
partial self-healing. Figures 3e-3g present optical microscopy images of the interface areas of failed pure (Fig. 3e)
and nanocomposite polyimine films (Fig. 3f, 20%wt AgNPs, and Fig. 3g, 50%wt AgNPs), which were self-healed
at 80°C with 500g load for 65 minutes before the tension test. Optical images of the failed film specimens are shown
at the bottom of each frame. Material damages in the interface areas and damage boundaries can be clearly seen, the
damage area ratio was measured at 46.5%+14% as demonstrated in the optical microscopy images. This indicates
that sufficient covalent bonds were formed at the interfaces during heat press, leading to interfaces with mechanical

strength comparable to the virgin material.

3.2 Dependency of interfacial shear strength of polyimine and nanocomposite films on heat press
conditions. The results of uniaxial tension test are presented in Fig. 4, which compares the interfacial shear strength
of self-healed pure and nanocomposite polyimine films with different heat press conditions. The effect of heat press
time is exhibited in Fig. 4a, with constant heat press temperature at 80 °C and load at 500 g. For pure polyimine, the
interfacial shear strength of self-healed films increases monotonically with heat press time, from 1.8 MPa after 5
minutes heat press to 9.8 MPa after 65 minutes heat press. Same trend is observed for polyimine nanocomposite
films, however, higher AgNP weight ratio leads to lower shear strength of self-healed films when heat pressed under
the same condition for the same time. For example, the shear strength of the self-healed polyimine nanocomposite
films with 50%wt AgNP increases from 1.4 MPa after 5 minutes heat press to 8.8 MPa after 65 minutes heat press,
which are reduced by 23% and 11% compared with pure polyimine films. This indicates that adding AgNPs to the
polyimine network introduces conductivity at the expense of decreasing self-healing effectiveness. In addition to
time, the effects of heat press temperature and load on the interfacial shear strength of self-healed pure and
nanocomposite polyimine films were also investigated. Figure 4b exhibits the increase of interfacial shear strength

of self-healed films with heat press temperature, while the heat press load and time were kept constant at 500 g and
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25 minutes. Still, the self-healed nanocomposite films have lower shear strength compared with the pure polyimine
films, when they are self-healed under the same heat press conditions. For example, the shear strength of self-healed
nanocomposite films with 50%wt AgNPs are 3.0 MPa and 8.6 MPa under 60 °C and 115 °C heat press, which are
43% and 35% lower than those of self-healed pure polyimine films with the same heat press conditions. Figure 4c
presents results of the effect of heat press load on the shear strength of self-healed films. It shows that the shear
strength increases with increasing heat press load, while the heat press temperature and time were kept constant at
80 °C and 25 minutes. When the heat press load increases from 50 g to 1100 g, the shear strength of self-healed pure
polyimine films increases from 1.9 MPa to 9.4 MPa, and that of self-healed nanocomposite films with 20%wt AgNPs
increases from 0.6 MPa to 8.6 MPa. For nanocomposite films with 50%wt AgNPs, heat press with 50 g load didn’t
yield effective self-healing at the interface. For 200 g and 1100 g heat press loads, the interfacial shear strengths of
self-healed films are 3.8 MP and 7.5 MPa, 39% and 20% lower than those of self-healed pure polyimine films.

For the polyimine studied here, the mechanism for self-healing on the molecular level is the dynamic
covalent bond exchange reactions under environmental stimulation. With increasing heat press temperature, the bond
exchange reactions are happening at a faster rate, leading to more effective interfacial healing given the same load
and time. For the same heat press temperature and load, more time allows for more covalent bonds to be formed at
the interface, leading to stronger bonding. The heat press load ensures effective contact at the interface. Increasing
the heat press load increases effective contact area, which allows for more covalent bonds to be formed at the
interface given the same heat press temperature and time [52-54]. For the polyimine nanocomposite, the existence
of nanoparticles impedes the bond exchange reactions at the interface, leading to less effective interfacial bonding.

That’s why the shear strength of the self-healed films decreases with the increasing AgNP weight ratio.

4. Conductivity of self-healed nanocomposite films

The characteristics of the conductivity of self-healing polyimine nanocomposite films are presented in Fig.
5. When a strip of conductive polyimine nanocomposite film was integrated into a simple lighting circuit, as
illustrated in Fig. 5a, the LED light turned on (Fig. 5b, top left). When the polyimine film was cut in the middle, it
caused the circuit to disconnect and the LED to turn off (Fig. 5b, top right). After heat pressing the polyimine films
at 500 g load and 80 °C for 5 mins, the conductive polyimine film was healed and the LED light turned on again
(Fig. 5b bottom). The dependency of the conductivity of the self-healed polyimine nanocomposite films on the heat
press condition was also studied, and the results are presented in Figs. Sc-5e. The electrical resistances of the self-
healed (denoted by R) and virgin (denoted by Ro) polyimine nanocomposite films were measured using four-point
method. Figure 5c exhibits the effect of the heat press time on the electrical resistances of self-healed polyimine
films, which are normalized by those of the virgin films with 20%wt and 50%wt AgNPs. Here, the heat press
temperature and load were kept constant at 80 °C and 500 g, respectively. Clearly, the electrical resistance decreases
with increasing heat press time, and higher AgNP weight ratio leads to lower electrical resistance. The effects of heat
press temperature and load on the electrical resistance of self-healed films are presented in Figs. 5d and Se,
respectively, while the other heat press conditions were kept constant. The results show consistent phenomena as the
shear strength measurements. When the other heat press conditions were kept constant, increasing the heat press
temperature and load led to more effective bond exchange reactions and better bonding at the interface. This caused

the decrease of the electrical resistance at the interface.

5. Conclusion
In conclusion, this study revealed that the heat press condition and AgNP weight ratio can affect the self-

healing of dynamic covalent thermoset polyimine and its nanocomposites. The effect of heat press time, temperature,
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and load, and AgNP weight ratio on self-healing of polyimine and its nanocomposites were experimentally
investigated. The results have shown that increasing the heat press time, temperature and load leads to more effective
bond exchange reactions and better bonding at the interface, which increases the interfacial shear strength of the
self-healed polyimine and its nanocomposites. Introducing AgNPs into the polyimine network provides electrical
conductivity at the expense of lower self-healing performance, as the AgNPs impedes bond exchange reactions at
the interface. Increase of AgNP weight ratio leads to decrease of electrical resistance and shear strength of the self-

healed polyimine nanocomposite films.
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Figure captions

Figure 1. Polyimine synthesis and self-healing process. a) Synthesis of crosslinked polyimine. b) Schematic
illustration of the self-healing process of polyimine. Optical images of the polyimine film are shown at the bottom

of each frame.

Figure 2. Optical microscopy images of the cross sections of lap-joint polyimine and nanocomposite films. a)
Optical microscopy images of the lap-join area of a pure polyimine film before heat press (left), after heat press for
5 minutes (middle) and for 65 minutes (right). b) Optical microscopy images of the lap-join area of a polyimine
nanocomposite film with 20%wt of AgNPs before heat press (left), after heat press for 5 minutes (middle) and for
65 minutes (right). ¢) Optical microscopy images of the lap-join area of a polyimine nanocomposite film with 50%wt
of AgNPs before heat press (left), after heat press for 5 minutes (middle) and for 65 minutes (right). The heat press

temperature and load were kept constant at 80°C and 500 g, respectively. The insets in the middle frames show that
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the self-healed polyimine strips can hold 1g weight after 5 minutes heat press.

Figure 3. Shear strength test specimen design and optical microscopy images of failed interfaces. a) Shear
strength test specimen design. Optical microscopy images of the failed interfaces of self-healed pure polyimine (b),
20%wt AgNP nanocomposite (c) and 50% AgNP nanocomposite (d) films after heat press at 80°C with 500 g load
for 5 minutes. Optical microscopy images of the failed interfaces of self-healed pure polyimine (e), 20%wt AgNP
nanocomposite (f) and 50% AgNP nanocomposite (g) films after heat press at 80°C with 500 g load for 65 minutes.

At the bottom of each frame shows the optical images of the failed polyimine films.

Figure 4. The dependency of shear strength of self-healed polyimine and nanocomposite films on heat press
conditions. a) The shear strength of the self-healed polyimine and nanocomposite films versus heat press time, while
the heat press temperature and load were kept constant at 80 °C and 500 g, respectively. b) The shear strength of the
self-healed polyimine and nanocomposite films versus heat press temperature, while the heat press time and load
were kept constant at 25 minutes and 500 g, respectively. ¢) The shear strength of the self-healed polyimine and
nanocomposite films versus heat press load, while the heat press time and temperature were kept constant at 25

minutes and 80 °C, respectively.

Figure 5. Characterization of self-healing of conductive polyimine nanocomposites. a) The lighting circuit of
conductive polyimine nanocomposite films. b) An LED light turned on with an original conductive polyimine, went
out when the conductive polyimine was cut broken, and turned on again after self-healing of the conductive
polyimine film. c) The electrical resistance of the self-healed conductive polyimine nanocomposite films, normalized
by the original conductive polyimine nanocomposite films, versus the heat press time, while the heat press
temperature and load were kept constant at 80 °C and 500 g, respectively. d) The electrical resistance of the self-
healed conductive polyimine nanocomposite films, normalized by the original conductive polyimine nanocomposite
films, versus the heat press temperature, while the heat press time and load were kept constant at 25 minutes and
500 g, respectively. €) The electrical resistance of the self-healed conductive polyimine nanocomposite films,
normalized by the original conductive polyimine nanocomposite films, versus the heat press load, while the heat

press time and temperature were kept constant at 25 minutes and 80 °C, respectively.
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