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Abstract

The self-healing capability is particularly desirable for multifunctional polymeric materials
because it can make the materials more reliable, reduce repair costs, and extend the lifetime in
many applications. Herein, a multi-stimuli responsive self-healing metallo-supramolecular
polymer nanocomposite exhibiting superior mechanical properties was developed and
demonstrated. Terpyridine ligand-terminated polyurethane (PU) was prepared by in situ
polymerization on the surface of multi-walled carbon nanotubes (CNTs). The terpyridine
ligand-terminated CNT/PU prepolymers were dynamically crosslinked with the metal ion
Zn*" to obtain metallo-supramolecular polymer nanocomposite. The tensile strength and
tensile strain-at-break of the CNT/PU polymer nanocomposite increased from 14.2 MPa and
620% to 22.8 MPa and 1076%, respectively, with the addition of Zn*". The Zn*"-coordinated
metallo-supramolecular polymer nanocomposite showed a rare combination of strong, tough,
and elastic mechanical properties and was able to self-heal via multiple stimuli, including

remotely controlled near infrared (NIR) light (4.2 mW/mm?®

, 30 min), relatively low
temperatures (90°C, 1 hr), and/or solvents, all with excellent healing efficiencies (i.e., higher
than 93%) and short healing times. Therefore, this unique multi-stimuli responsive self-
healing metallo-supramolecular polymer nanocomposite has the potential to provide advances

in structural component, microelectronic and sporting equipment applications, to name just a

few.

Keywords: self-healing, metallo-supramolecular, carbon nanotubes, near infrared light,

superior mechanical properties
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1. Introduction

Polymeric materials have been used in a broad range of applications,” * such as
medical devices, transportation vehicles, microelectronics, clothing, sporting equipment,
artificial skins, etc., due to their low density, excellent machinability, high flexibility, and
biocompatibility. However, in comparison with metallic or other types of inorganic materials,
polymeric materials may be more prone to structural damage, including crack formation,
because of their relatively low strength and higher environmentally susceptibility, which
might lead to the failure of the materials. Therefore, there is a high demand for self-healing
polymeric materials that can repair themselves after structural damage, which can
significantly reduce the cost of repairs and extend the service life of expensive components/
devices.

Over the last decade, great efforts have been made to develop self-healing polymeric
materials.> * One of the earlier self-healing approaches employed encapsulated reactive
ingredients that were embedded in a polymer matrix.”” Formation of cracks/scratches would
trigger a release of the reactive ingredients, which would typically polymerize by themselves
or react with the polymer matrix, thereby enabling self-healing of the damaged materials. This
type of self-healing material can heal itself autonomously and in a timely fashion; however,
such repairs cannot be repeated because the healing agents are depleted locally after the first
repair. This approach was later improved by utilizing microvascular networks containing
healing agents, which could be delivered to the crack area, thereby making repeated healing
possible.®® In recent years, intrinsic self-healing materials based on dynamic covalent bonds
(e.g., Diels—Alder reaction,'” ' [2+2] cycloaddition,'? or disulfide moiety') and non-covalent

7 or ionic

interactions (e.g., hydrogen bonding,'* '° host-guest interaction,'® m—m stacking,’
interaction'®) have attracted great attention owing to their reversible nature, which allows for

repetitive repairs. Self-healing systems based on non-covalent interactions are of particular
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interest because they usually exhibit high healing efficiencies and multi-stimuli responsive
characteristics.

In principle, metal-ligand interactions, which can dynamically associate or dissociate
due to their moderate bond energy, can also be used to build self-healing systems. In fact,
self-healing systems based on metal-ligand interactions have been discovered in nature. For
instance, the self-healing capability exhibited by mussel byssus threads is attributed to the
reversible iron dihyroxy-phenylalanine interaction.'” ** Moreover, Weng et al. reported
healable metallo-supramolecular gels based on interactions between the 2,6-bis (1,2,3-triazol-
4-yl) pyridine ligands incorporated into the polymer backbone and metal ions (Zn>* and/or
Eu’").?! Yu et al. developed a pH-responsive self-healing graphene oxide/polymer hydrogel
crosslinked via metal-ligand interactions.”” Up to now, metal-ligand complexes have seldom
been used in developing self-healing polymer films/coatings owning to the fact that a
compromise between mechanical properties and self-healing capabilities must be made.” In
2011, Rowan and coworkers reported the first linear metallo-supramolecular elastomer that
was capable of healing a crack when exposed to ultraviolet (UV) light and/or heated up to 220
°C.** Recently, Schubert and coworkers reported a thermally self-healing polymer bearing
ligands in the side chains that can form crosslinks with Fe*" ions.” However, the mechanical
strengths of these self-healing metallopolymers were generally compromised, which may
limit their applications. Therefore, developing novel self-healing metallo-supramolecular
materials with superior mechanical properties and excellent healing efficiencies still remains a
critical challenge.

Carbon nanotubes (CNTs) have been widely used as reinforcing fillers for polymers
due to their outstanding mechanical propenies.zs’ %6 Furthermore, CNTs exhibit superior
electrical and thermal conductivity, and excellent near infrared (NIR) light absorption and

thermal conversion capabilities due to their large n-conjugated sp® carbon network.”” >’
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Inspired by the unique properties possessed by CNTs, we developed a novel Zn?*'-
coordinated metallo-supramolecular CNT/polyurethane (PU) self-healing nanocomposite that
showed a rare combination of strong, tough, and elastic mechanical properties and was able to
self-heal via multiple stimuli, including remotely controlled NIR light, relatively low
temperatures, and/or solvents, all with excellent healing efficiencies and short healing times.
To the best of our knowledge, this is the first time self-healing of a metallo-supramolecular
polymer film triggered by remotely controlled and localized NIR light has been reported. To
prepare the self-healing metallo-supramolecular CNT/PU nanocomposite, terpyridine ligand-
terminated PU was first synthesized via in situ polymerization on the surface of CNTs
(Scheme 1); the resulting terpyridine ligand-terminated PU was subsequently crosslinked with

the metal ion Zn*" (Scheme 2).
2. Experimental Section

Materials

Hydroxyl-functionalized multi-walled CNTs (OH content: 3.70 wt%; outer diameter: 8—15nm;
length: 10-50 wm) were obtained from Cheap Tubes (Brattleboro, VT). 6-Amino-1-hexanol
(97 wt%), 1,6-hexyldiisocyanate (HDI), 6-amino-1-hexanol, zinc trifluoromethanesulfonate
(Zn(OTY),), and polytetrahydrofuran (PTHF, 2.9 kDa) were all purchased from Sigma-Aldrich.
PTHF was dried at 80 °C under vacuum overnight before use. Dibutyltindilaurate (DBT, Alfa
Aesar, MA, USA) and 4’-chloro-2, 2’:6°, 2’’-terpyridine (chloride terpyridine, Fisher
Scientific) were used as received.

Synthesis of 6-(2, 2°:6°, 2”’-terpyridin-4'-yloxy)-hexan-1-amine (tpy-NH,)

Powdered KOH (1.12 g, 20 mmol) was added to 30 mL dry dimethyl sulfoxide (DMSO) and
the suspension was heated to 60 °C for 30 min. 6-Amino-1-hexanol (351.6 mg, 3.0 mmol)
was then added and stirred at 60 °C for 1 h. Thereafter, chloride terpyridine (536 mg, 2.0

mmol) was added, and the resulting mixture was stirred at 60 °C for 36 h. After the reaction
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mixture was cooled to room temperature, it was poured into deionized water (400 mL) to
yield the precipitation of the product (tpy-NH,), which was collected by filtration. The yellow
solid was washed with deionized water (200 mL), and then dried in vacuum overnight at room
temperature. The chemical structure of the tpy-NH, was confirmed by 'H NMR spectra as
shown in Figure S1.

Synthesis of terpyridine ligand-terminated CNT/PU prepolymer

The terpyridine-terminated polyurethane (PU) was prepared by in situ polymerization on the
surface of multi-walled CNTs, as shown in Scheme 1. The hydroxyl-functionalized CNTs
(14.0 mg, ~0.03 mmol OH, 1.0 eq) were dispersed in 20 mL anhydrous N, N-
dimethylformamide (DMF) with the help of sonication for 30 min. HDI (48 pL, 0.3 mmol, 10
eq) and dibutyltin dilaurate (DBT, 6 pL) were then added to the mixture and stirred at 40 °C
for 1 h. Dry PTHF (2.61 g, 0.9 mmol, 30 eq) and DBT (10 pL) dissolved in DMF (5 mL)
were then added to the above mixture and further stirred at 40 °C for 2 h. Afterwards, HDI
(192 pL, 1.2 mmol, 40 eq) was slowly injected into this reaction solution and stirred at 70 °C
for 4 h to form a prepolymer containing CNTs. Tpy-NH; (209 mg, 0.6 mmol, 20 eq) was then
added as the chain terminator and stirred at 70 °C for another 4 h to synthesize the terpyridine
ligand-terminated CNT/PU prepolymer nanocomposite. The mixture was precipitated in cold
menthol; the solid was collected by filtration and dried under vacuum overnight at room
temperature.

Preparation of the metallo-supramolecular CNT/PU polymer nanocomposite films
Terpyridine ligand-terminated CNT/PU prepolymer (0.5 g) was dissolved in CHCI; (10 mL)

in a 25 mL one neck flask with the help of sonication. Zn(OTf), (1.0 mL, 0.05 mol LY in

acetonitrile was slowly added to the polymer solution under stirring. The mixture was then
sonicated to remove air bubbles and transferred to a cylinder Teflon mold. The Teflon mold

was placed at room temperature for 24 h to allow for slow drying. Traces of remaining solvent
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were eliminated by vacuum drying for another 24 h. Dry films of about 0.13 mm in thickness
were peeled off the Teflon mold for subsequent testing.

Characterization

The microstructure of the metallo-supramolecular CNT/PU polymer nanocomposite film was
studied using a transmission electron microscope (TEM, Tecnai TF-30) with an accelerating
voltage of 300 kV. For the TEM analysis, the sample (~70 nm in thickness) was prepared
using a microtome (Reichert UltraCut E, NY USA). The self-healing characteristics of the
films under different stimuli were monitored using a 3D optical interferometric profiler (Zygo
NewView™ 7300). The thermal stability of the polymer film was characterized using a
thermogravimetric analyzer (TGA, Q50 TA Instruments, USA) over a temperature range of

30-800 °C at a 10 °C min™ heating rate under an N, atmosphere. Differential scanning

calorimetry (DSC) analyses were carried out in an N, atmosphere using a thermal analyzer
(DSC, Q20 TA Instruments, USA) from —50 to 100 °C at a heating rate of 5 °C min™.
Dynamic mechanical analyses were performed using a dynamic mechanical analyzer (DMA,
TA Instruments RSA III, USA). X-ray diffraction (XRD) patterns were measured on a D8-
Discovery diffractometer (Bruker, USA) with Cu Ko radiation at a scanning rate of 5°min™".
Small angle x-ray scattering (SAXS) measurements were carried out on a Rigaku SAX
(Rigaku, USA). The wavelength of the X-ray was 0.154 nm and the sample-to-detector
distance was 100 cm. The scattering vector is defined as ¢ = 4n sin O / A, where 20 is the
scattering angle. Samples were mounted on a metal rack and fixed using tape. For
temperature-dependent SAXS, the films were heated to a set temperature and stabilized
thermally for 5 min. The FTIR spectra were studied using a Tensor 27 spectrometer (Bruker

Daltonics Inc., USA) with 4 cm ' resolution at room temperature. 'HNMR spectra were

recorded on a Varian Mercury Plus 300 MHZ spectrometer using DMSO as a solvent at 25 °C.

Tensile tests were conducted using an Instron (Model 5967) fitted with a 250 N load cell. The
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tensile strain rate was set at 50 % min_ ' for all tests. Virgin samples were cut into strips of 40
mm x 8§ mm X 0.13 mm using a razor and then measured. For the tensile test, at least five
samples were measured, and the average results as well as the standard deviations were
reported. The film temperature was measured using a K-type thermocouple. A silver wire
detector was placed beneath the film to measure the temperature accurately.

Self-healing test

The healing efficiency was used to evaluate the healing performance of the metallo-
supramolecular film, which was calculated based on the ratio between the toughness of the
healed sample and that of the virgin sample. The toughness was calculated from the area
under the tensile stress—strain curve. Metallo-supramolecular strips (40 mm x 8§ mm x 0.13
mm) were cut in the middle by a scalpel and all cuts were made perpendicular to the tensile
direction (Figure S2). The sizes of the cuts were ~4 mm in length and ~50 um in depth. The
cut sampled were then healed by either near infrared (NIR) light, or heat, or solvent. For NIR
light healing, an NIR laser with a wavelength of 803 nm was used as the light source. The
NIR laser was positioned about 1.5 meters from the sample for 30 min, and the power density
at the surface of the film was measured at ~4.2 mW/mm?” using a light intensity meter. For the
NIR light-induced cyclic healing tests, the film was first cut and then exposed to NIR for 30
min. Thereafter, the film was allowed to cool down to room temperature for one hour. This
process was referred to as the 1st healing cycle. After the 1* healing cycle, the same film was
subjected to the same cutting, healing, and cooling process as described above and it was
referred to as the 2™ healing cycle. The third healing cycle was conducted similarly on the
same film after it was subjected to two healing cycles. For heat-induced healing, the cut film
was heated at 90 °C on a hot plate for 1 h. For solvent-induced healing, two droplets of
chloroform were dispensed to cover the cut once per hour for 3 h, and then the film was dried
under vacuum for 24 h to eliminate the solvent. The cuts were monitored using a Zygo surface

profilometer.
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3. Results and Discussion

Materials Synthesis and Characterization

Commercially available hydroxyl-functionalized multi-walled CNTs were used for
this study because (1) they can be uniformly dispersed in DMF solvent, and (2) the hydroxyl
groups can readily react with the isocyanate groups. It has been previously demonstrated that
a very low CNT loading level (e.g., 0.1-1.0 wt%) in the CNT/polymer nanocomposites can
result in a rapid IR response.’” ' For this study, the CNT loading content in the CNT/PU
nanocomposites was 0.5 wt%. The CNTs were uniformly distributed in the PU matrix as
shown in Figure S3. The synthesis of terpyridine ligand-terminated CNT/PU macromolecules
is illustrated in Scheme 1. First, the hydroxyl-functionalized CNTs were reacted with a large
excess of 1,6-hexyldiisocyanate (HDI) to ensure a complete reaction of the hydroxyl groups.
The resulting mixture was then reacted with dihydroxyl poly(tetrahydrofuran) (PTHF, Mn=
2900 g mol '), and subsequently reacted with the remaining excess HDI to form isocyanate
functionalized prepolymers. Afterwards, 6-(2, 2’:6’, 2’ -terpyridin-4'-yloxy)-hexan-1-amine
(tpy-NH;) was added as the chain terminator to produce the terpyridine ligand-terminated
CNT/PU prepolymers. This dynamic self-healing system is based on the well-investigated
terpyridine-metal ion complexation,’* where two terpyridine ligands coordinate with one Zn*"
ion to form a highly dynamic zinc—terpyridine complex. Therefore, the addition of Zn®" into
the terpyridine ligand-terminated CNT/PU prepolymer solution led to the formation of a gel
via metal-ligand interaction (Scheme 2). The subsequent drying of the gel at room
temperature resulted in the formation of a solid elastic film. For comparison, terpyridine-
terminated CNT/PU nanocomposite film without the presence of Zn*" (i.e., not crosslinked
via the metal-ligand interaction) was also prepared and used as a control. In order to obtain a
sufficient crosslinking density in the metallo-supromolecular polymer nanocomposite film,

the feeding content of the terpyridine-NH, ligand was set at approximately 8%.7** Complete
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reaction of the terpyridine-NH, ligand was confirmed by FTIR (Figure S4) as the
characteristic peak of NCO at 2260 cm™ was still present after reaction.

Figure 1 shows the typical tensile stress—strain curves of the CNT/PU nanocomposite
films with or without (i.e., the control) Zn*" coordination. The stress—strain curve of the Zn”"-
coordinated film exhibited a sigmoid shape for the elastic polymer that was comprised of
three regions:** (1) a linear elastic region at lower strain (e < 50%) due to the straightening of
the soft linker PTHF chain, (2) an intermediate region (50% < & < 250%) where the stress
increased slowly with strain after reaching the yield point (i.e., ~50%) due to plastic
deformation, and (3) a strain-hardening region at higher strain (¢ > 250%) where the polymer
chains became highly orientated, thereby leading to strain-induced crystallization of the PTHF
polymer segments.”> The strain-induced PTHF crystallization was confirmed by X-ray
diffraction (XRD) analysis as shown in Figure S5. Two distinct diffraction peaks located at 20
=19.9° and 24.3° were clearly observed for the stretched film and were attributed to the (002)
and (202) lattice planes of the PTHF crystalline structure,’® respectively. The control film
showed an identical linear elastic region as the Zn>*-coordinated film at the low strain region,
but the strain-hardening region was less obvious. The mechanical properties—including the
Young’s modulus, tensile strain-at-break, tensile strength, and the area under the stress—strain
curve reflecting the toughness of the film—are summarized at Table 1. The presence of the
metal-ligand interactions had a significant impact on the mechanical properties of the CNT/
PU films, except for the Young’s modulus. The tensile strength, tensile strain-at-break, and
toughness of the films increased from 14.2 MPa, 620%, and 51.4 MPa to 22.8 MPa, 1076%,
and 141.2 MPa, respectively, with the addition of Zn*". The mechanical properties of the
Zn*"-coordinated metallo-supramolecular film were also better than other self-healing

3,15, 37, 38

materials reported in the literature, which could potentially enhance their practical

applications.

10
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The thermal properties of polymeric materials are of great importance to their
performance and application. The thermal stability of both the metallo-supramolecular film
and the control film were measured by thermogravimetric analyzer (TGA) in a N, atmosphere,
as shown in Figure 2a. It can be seen that both types of films were thermally stable up to
324.0 °C. The most significant weight loss occurred between 324.0 and 447.0 °C, and was
attributed to the degradation of the PTHF chains.* *° In addition, both the Zn*"-coordinated
and control films were investigated using differential scanning calorimetry (DSC) analysis.
The second heating and cooling runs of the DSC curves are shown in Figure 2b. No glass
transition temperature (7;) was observed during the heating cycle within the temperature
range studied (i.e., =50 to 100 °C), suggesting that the 7, was likely out of the measurement
range. Both the Zn?*-coordinated and control films showed a strong PTHF melting peak at Ty,
=26.3 °C. During the cooling cycle, the Zn*"-coordinated and control films showed a strong
PTHF crystallization peak at 7, = 9.0 °C and —15.1 °C, respectively, indicating that the
metallo-supramolecular interaction likely promoted the crystallization of the PTHF polymer
segment. In addition, both films retained their solid forms without any apparent change up to
100 °C at a macroscopic level.

Figure 2¢ and 2d show the dynamic temperature sweep results of the Zn**-coordinated
film and control film at a frequency of 1 Hz and a strain of 0.1% with a heating rate of 5 °C
min™. At 30 °C, the storage moduli (E") of both types of films were around 13 MPa. The
storage modulus of the control film decreased much more dramatically with temperature than
that of the Zn*"-coordinated film within the temperature range studied (30 to 100 °C). For
instance, the storage modulus of the Zn*"-coordinated film and the control film at 80 °C was
10.0 and 4.9 MPa, respectively. Notably, the storage modulus of the Zn*" coordinated
metallo-supramolecular film exhibited a very mild change from 30 to 80 °C; whereas it
showed a more apparent change above ~80 °C. This might be attributed to the decomplexation

of the metal-ligand interactions above 80 °C.** The tan & value of the Zn*"-coordinated
11
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metallo-supramolecular film remained nearly constant within the temperature range studied
(30 to 100 °C); while that of the control film increased with increasing temperature, indicating
higher energy dissipation at higher temperatures.3 * These results demonstrated that the Zn*'-
coordinated metallo-supramolecular film also possessed more desirable dynamic mechanical

properties than the control film at high temperatures.

Self-Healing Properties

The self-healing capability is particularly desirable for multifunctional polymeric
materials because it can make the materials more reliable, reduce repair costs, and extend the
life of the material/product.> *"* ** The Zn®'-coordinated metallo-supramolecular nano-
composite film is unique in that it not only exhibited excellent mechanical properties and
stretchability, but was also responsive to multiple stimuli, including remotely controlled NIR
light, heat, and solvent. An optical profilometer was used to study the self-healing behaviors.
For NIR light healing, a cut (Figure 3a; 48.3 pum in depth, ~50 pm in width, and ~4 mm in
length) was generated using a scalpel on the metallo-supramolecular film. Thereafter, the cut
was irradiated by NIR light (~4.2 mW/mm?) for 30 min and was allowed to cool. As shown in
Figure 3b, the cut almost disappeared, with its depth decreasing from 48.3 to 3.1 pum,
indicating an excellent healing ability by NIR light. The healed sample was able to sustain
mechanical deformations including bending, stretching, and twisting without exacerbating the
cut.

Essentially, the NIR-induced self-healing was due to the process of converting the
light energy to thermal energy, which subsequently triggered the healing of the metallo-
supramolecular film. Therefore, it is expected that the metallo-supramolecular nanocomposite
film can be healed directly via thermal heat as well. As shown in Figure 4, after the cut (36.6

pm in depth, ~50 um in width, and ~4 mm in length) on the metallo-supramolecular film was

12
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heated at 90 °C for 1 h, the surface profilometry analysis revealed that the depth of the cut
decreased from 36.6 to 2.1 pum.

Previous studies have found that the Zn2+—terpyridine complex is highly dynamic in
solution,*® thus the CNT/PU metallo-supramolecular film may also be healed by solvent. To
test this hypothesis, a deep cut (55.5 pm in depth, ~50 pm in width, and ~4 mm in length) was
created on the film by a scalpel (Figure 5a). Next, two droplets of chloroform were dispensed
to cover the cut once per hour for 3 h, and then the film was dried under vacuum for 24 h to
get rid of the solvent. As shown in Figure 5b, the cut disappeared after the cut was covered by
chloroform for 3 h.

In order to quantitatively analyze the self-healing capabilities of the metallo-
supramolecular film, tensile tests were carried out for the virgin films (i.e., without any cut),
films with a fresh cut, NIR-healed film, heat-healed film, and solvent-healed film (Figure 6a).
It is apparent that the 0.5 wt% CNT/PU metallo-supramolecular film was healed very well by
all three types of stimuli including NIR light, heat, and solvent. As shown in Table 2 and
Figure 6, the toughness ratio between the cut sample and the virgin sample
(Toughness../ Toughnessiin) Was 28% before any treatment with NIR, heat, or solvent, while
the toughness ratio between the healed sample and the virgin sample (Toughnesspeaied/
Toughnessigin) Was approximately 97, 95, and 93%, respectively, for the NIR-, heat-, and
solvent-healed films, respectively, suggesting a very high healing efficiency for all three types
of stimuli. In other words, the mechanical properties of the films were almost completely
restored upon NIR, heat, or solvent treatment, which is remarkable. More importantly, the
metallo-supramolecular film still maintained 84% and 80% of its initial toughness after the
2nd and 3rd cyclic NIR light-induced healing test (Figure S7), respectively, indicating that the
metallo-supramolecular film was capable of repeated healing cycles.

Many polymers show certain degrees of thermo/chemo-responsive shape memory

effects albeit with different recovery capabilities.* Interestingly, the metallo-supramolecular
13
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film was capable of complete shape recovery after thermal treatment indicating an excellent
thermally induced shape memory effect. As shown in Figure S8a, a metallo-supramolecular
film strip was initially stretched from 3.4 to 25 cm, and its length was recovered to ~12.5 cm
after the force was removed. However, the stretched film strip was fully recovered to its
original length after it was heated at 80 °C for 2 min (cf. Movie S1 in the Supporting
Information). For comparison purposes, a control film was stretched from 3.4 to 17 cm, and
retracted to ~10 cm after releasing the force. Its length only retracted to 5.5 cm after being
heated at 80 °C for 2 min (Figure S8b and Movie S1 in the Supporting Information). The
excellent shape memory effect exhibited by the metallo-supramolecular film may be
attributed to these factors: (1) melting of the strain-induced crystalline polymer regions during
the thermal treatment, and (2) the dynamic metal-ligand bonds serving as a reversible phase
for the shape memory.** *

Li et al. proposed a biomimic two-step self-healing mechanism with the first step
being crack sealing via the shape memory effect and the second step being healing via
different approaches.*> *° This two-step self-healing mechanism may also be applicable to our
self-healing materials. According to the DSC curve shown in Figure 2b, the glass transition
temperature (T,) of the metallo-supramolecular film was below -50°C and the melting
temperature of the localized PTHF crystalline regions was 26 °C. Although the metallo-
supramolecular film retained its solid form up to 100 °C at a macroscopic level, the crack
surfaces in the heated (either via NIR irradiation or direct heating) polymer film started to seal
due to the shape memory effect as described above. As discussed in the paragraph below, the
second step, i.e., the healing step, was attributed to the decomplexation of the metal-ligand

23, 24, 47
’ and the

bonds and dissociation of ionic clusters occurred at elevated temperature,
subsequent re-complexation of the metal-ligand bonds and reorganization of ionic clusters

upon cooling, that led to complete healing of the cut film and the recovery of its mechanical

properties.
14
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The superior healing performance of the 0.5 wt% CNT/PU metallo-supramolecular
film by NIR light can be ascribed to several factors. (1) CNTs have excellent NIR light
absorption and thermal conversion capabilities.zs’ 30 Therefore, the numerous well-dispersed
CNTs present in the metallo-supramolecular film can absorb the NIR light efficiently and
convert it to thermal energy.”® In addition, CNTs can efficiently transfer thermal energy
within the polymer matrix due to their excellent thermal conductivity.*® Therefore, upon
exposure to NIR light, the metallo-supramolecular film heated rapidly and uniformly, as
demonstrated by the temperature profile in the supporting information (Figure S9). The
temperature of the metallo-supramolecular polymer nanocomposite film increased rapidly
upon NIR irradiation (4.2 mW mm™) and reached a plateau (~100 °C) after ~2 minutes. (2)
Due to the highly dynamic nature of the Zn®'—terpyridine interaction, the thermal energy
generated by the IR absorption of CNTs could trigger the decomplexation of the Zn*"-
terpyridine bonds leading to the subsequent reformation of the Zn*—terpyridine bonds (upon
cooling) at the cut/crack surface and thus healing of the film. The self-healing mechanism
based on decomplexation/complexation of the dynamic metal-ligand interaction has been
previously reported by Rowan and colleagues.”* (3) Ionic clusters were formed by several
complexes interacting with negatively charged counter ions (i.e., trifluoromethanesulfonate).”>
33 This was supported by the small angle X-ray scattering (SAXS) measurements (Figure S10).
The Zn**-coordinated metallo-supramolecular film revealed a broad scattering peak at q =
0.45 nm™, corresponding to a distance (d = 2m/g) of 13.9 nm. Partial dissociation of an ionic
cluster (Figure S11) at high temperatures (>80 °C) followed by reorganization (upon cooling)
could also possibly contribute to the self-healing behavior of the film.*” The superior NIR-
induced self-healing ability allows for remotely controlled and localized repairs, thereby
enabling in sifu repairs and thus minimizing potential damage to the surrounding
materials/structures, which would greatly expand their application. Similarly, the superior

heat-induced healing performance can be attributed to the decomplexation and subsequent re-
15
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complexation of the Zn*'—terpyridine complexes at higher temperatures (>80 °C), as well as
the rearrangement/reorganization of the ionic clusters.” ***’

The excellent solvent healing capability was attributed to the dynamic nature of the
Zn* —terpyridine interaction. Upon a fresh cut, some polymer chains and metal-ligand
complexes were damaged.”" ** The presence of a solvent allowed for the polymer chains,
uncomplexed zinc ions, and terpyridine ligands, as well as certain metal-ligand complexes, to
diffuse towards the cut surfaces. The subsequent ligand exchanges and formation of new
complexes led to the healing of the cut.

In order to further confirm the essential role of the dynamic metal-ligand interactions
for the self-healing behavior of the 0.5 wt% CNT/PU metallo-supramolecular nanocomposite
films, the control films (i.e., without the presence of Zn>") were subjected to the same self-
healing tests (i.e., generating a fresh cut followed by treatment with NIR light, heat, or
solvent). Tensile tests were carried out to investigate the healing performances of the control
films. As shown in Figure S12 and Table S1, the healing performances were generally very
poor. More specifically, while the toughness ratio (Toughnessc./Toughnessyigin) between the
cut sample and the virgin sample was 33% before any treatments (e.g., solvent, NIR, or heat),
the toughness ratio between the solvent-treated control film and the original control film was
only about 34%, suggesting that the solvent was ineffective in healing the control film. The
toughness ratio between the NIR light-treated control sample and the original control sample
was approximately 45%. Similarly, the toughness ratio between the heat-treated control
sample and the original control sample was also about 45%. Thus, the healing efficiency
induced by both NIR and heat were very low in the control film. The minor healing effects
induced by NIR and heat may be attributed to polymer chain diffusion and re-entanglement at
higher temperatures.®® Collectively, these experiments confirmed that the presence of
dynamic supramolecular metal-ligand interaction was of great importance for effective

healing.
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4. Conclusions

A novel self-healing metallo-supramolecular polymer nanocomposite was prepared by
in situ polymerization of polyurethane followed by crosslinking with Zn*" ion. The resulting
Zn* -coordinated metallo-supramolecular CNT/PU polymer nanocomposite possessed
remarkable mechanical properties owing to the metallo-supramolecular interactions.
Furthermore, the dynamic nature of the metal-ligand interactions endowed the CNT/PU
nanocomposite with rapid and efficient self-healing capabilities under three different stimuli,
including remotely controlled NIR light, heat, and a solvent. Thus, the combination of
superior mechanical properties and outstanding self-healing capabilities may offer the
metallo-supramolecular polymer nanocomposite many promising applications including as
structural components, microelectronics, sporting equipment, and artificial skins. Finally, the
metallo-supramolecular polymer nanocomposite film also exhibited a thermally induced

shape memory effect that can lead to other applications.
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Scheme 1. Synthesis of the terpyridine ligand-terminated CNT/PU prepolymer

nanocomposite.
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Ligand Polyurea chain Metal ion

Scheme 2. The terpyridine ligand-terminated CNT/PU prepolymer nanocomposite
crosslinked with Zn*" jons forming the metallo-supramolecular CNT/PU polymer

nanocomposite.

Table 1. The mechanical properties of the CNT/PU nanocomposite films with or without (i.e.,

the control) Zn>* coordination.

Young’s modulus  Tensile strain- Tensile strength Toughness
Sample
(MPa) at-break (%) (MPa) (MPa)
7nZt 6.3+0.2 1076 + 30 22.8+0.3 141.2+1.5
Control 6.2+03 658 +£22 142+0.3 514+1.2
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Figure 1. Tensile stress vs. strain curve of the CNT/PU nanocomposite films with or without

(i.e., the control) Zn** coordination.
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Figure 2. (a) TGA curves and (b) DSC curves of the Zn*"-coordinated supramolecular film
and control film. (c) The storage moduli, and (d) the tangent of the phase angle (tan 6) of the

Zn*"-coordinated supramolecular film and control film.
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Figure 3. Surface profilometry measurement of the Zn*"-coordinated supramolecular film

after being (a) cut with a scalpel, and (b) healed with NIR light.
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Figure 4. The surface profilometry measurement of the Zn**-coordinated supramolecular film

after being (a) cut with a scalpel, and (b) healed with heat.
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Figure 5. The surface profilometry measurement of the Zn*"-coordinated supramolecular film

after being (a) cut with a scalpel, and (b) healed with solvent.
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Figure 6. (a) The tensile stress—strain curves of the 0.5 wt% CNT/PU supramolecular film
including the uncut film, NIR light-healed film, heat-healed film, solvent-healed film, and
freshly cut film. (b) The toughness ratio of the 0.5 wt% CNT/PU supramolecular film
including the cut film before any treatment, and the cut film healed via NIR, heat, and solvent.
The healing efficiency was calculated based on the ratio of the calculated toughness (i.e., the

area under the stress—strain curve) of the healed and virgin films.

26



Page 27 of 27 Journal of Materials Chemistry A

Table 2. The mechanical properties of the metallo-supramolecular films including the uncut

film, freshly cut film, NIR light-treated film, heat-treated film, and solvent-treated film.

Young’s modulus  Tensile strain-  Tensile strength Toughness
Sample
(MPa) at-break (%) (MPa) (MPa)

Uncut 63 +02 1076 + 30 22.8 £0.3 1412 +1.5
NIR light 6.4 £0.2 1028 +25 224 +£0.2 1373 £+ 1.4
Heat 4.6 £0.3 1048 +28 21.8 £0.3 134.0 £2.0
Solvent 6.2 +0.3 1018 £42 21.8 £0.4 131.7 £2.3
Cut 6.1 £0.7 574 £ 95 15.0 £2.6 40.2 £84
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