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A B S T R A C T   

Self-healing and stretchable materials have attracted considerable attention due their wide potential applications 
in developing human–machine interfaces. However, it remains a great challenge to achieve polymeric materials 
capable of both self-healing at room temperature and fast elastic recoverability after cuts or high stretching. We 
report herein a new material based on tolylene 2,4-diisocyanate elastomer (PTD) terminated with 4,4′-Bis 
(hydroxymethyl)-2,2′-bipyridine (bpy), having autonomously self-healing and ultra-fast stretching recovery 
properties, through incorporating trans-octahedral metal–ligand coordination of Zn2+ or Ni2+ ions with the bpy 
moieties; both Zn- and Ni-bpyPTD show combined properties of water-resistant, anti-bacteria, low toxicity and 
high transparency, and of respective emphases in self-healing and mechanical strength. The underlying mech-
anism is associated with the trans-octahedral metal–ligand coordination and their organized nanostructures as 
effective crosslinking sites in the bpyPTD matrix of rich hydrogen bonding, as revealed by X-ray absorption and 
in-situ small- and wide-angle X-ray scattering. Particularly, when fabricated into a pressure sensor, Ni-bpyPTD 
exhibits synchronized and durable mechanical and electrical responses under a repetitive cycling tensile 
testing up to 300% strain within 60 s, over 100 cycles, and would serve as a promising material for skin-inspired 
tactile sensing.   

1. Introduction 

Advancements in self-healing and stretchable materials to mimic the 
functions of human skin have shown great potential in electronic skin (e- 
skin) applications [1–4]; in which development, durability and reli-
ability are of great concerns [5–7]. Recently, multifunctional elastomers 
of broad applications have shown a common attractive feature of high 
visible light transparency, [8,9] which provides not only better material 
appearances to users but also advantageous in designing optoelectronic 
devices, such as light-emitting diodes, solar cells, photodetectors, and 
sensors [10–12]. In terms of e-skin inspired materials, additional fea-
tures of high self-healing efficiency and short healing time are essential 
in providing timely protection against external stimuli. 

Among the properties mentioned above, intrinsic self-healing is one 
of the most commonly emphasized features in the current development 

of e-skin materials. This feature is often introduced to a material via 
supramolecular interactions and dynamic covalent bonding, including 
hydrogen bonding, π–π stacking, ionic interactions, metal–ligand (ML) 
interactions [4,13–16]. Through these synergistic interactions, intrinsic 
self-healing materials of recyclable self-healing performance were 
demonstrated, especially through ML coordination bonds of unique in-
teractions between the embedded metal ions and surrounding ligands. 
Apart from their highly dynamic nature, the thermodynamically stable 
and kinetically labile ML coordination bonds could enable both high 
modulus and efficient self-healing properties in an elastomer matrix. 
Moreover, the corresponding optical and mechanical properties could be 
easily tailored via substitutions of metal salts, counter ions, and/or the 
number of repeat units of the polymer fragments. 

In the past decade, different combinations of metal ions and their 
host materials demonstrated self-healing performances of different 
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emphases [17–23]; commercially available elastic materials were used 
to further tailor the mechanical properties [24–29]. For example, You 
et al. reported skin-like materials of degradability and biocompatibility 
[30], and showed elastomers embedded with metal–ligand crosslinking 
in PDMS as a dielectric material [31] and self-healing Zn-based elasto-
mers with high toughness, anti-freezing capability, stability, and trans-
parency [32]. Meanwhile, Bao et al. also reported a strong and tough 
self-healing polymer modified from elastomer-based materials with ML 
bonding [33]. These studies establish a direction of using elastomeric 
materials integrated with ML bonding for future self-healing materials. 

Despite the prosperous structural designs and their promising fea-
tures, it is still challenging to achieve a material of spontaneous self- 
healing and fast stretching recovery, due to the counter natures of 
mobility and toughness of polymer networks. Many studies attempted to 
integrate these two incompatible properties in one single molecular 
architecture engineering with some encouraging results [34–36]. There 
are, however, unresolved issues on quantitative descriptions of the ML 
coordination and nanostructures of the ML crosslinking sites, which are 
critical in better understanding the underlying mechanism of the 
intrinsic self-heating properties observed. Currently, quantitative in-
terpretations of the ML coordination and the distribution of the ML 
crosslinking nanodomains in a self-heling material remain hand-waving. 
For example, several studies suggested a 6-nitrogen coordination for the 
pyridine-based metal–ligand structure based on indirect evidence 
[31,37–39]. 

Herein, we propose and synthesize bpy-capped polyurethane (PU) 
networks of combined stretchable and self-healing properties, based on 
a trans-octahedral ML coordination that comprises a central metal ion 
(Zn2+ or Ni2+) coordinated with four nitrogen atoms from two bpy 
moieties and two oxygen atoms from the anions of a metal tri-
fluoromethanesulfonate (triflate). The resulted symmetric octahedral 
metal–ligand coordination of the PU-based elastomer is revealed with X- 
ray absorption for the first time. Our molecular design considers both 
the mobility of poly(propylene glycol) (PPG) fragments and the strength 
of the metal–ligand coordination; solubility of the metal precursor and 
the number of repeating units of bpy-PU are also tuned to achieve an 
optimized film structure. As a result, a new material of Ni-bpyPTD could 
achieve outstanding performance with balanced self-healing and me-
chanical responses to external stimuli. The material performance is 
associated with better organized nanostructures revealed using in situ 
small- and wide-angle X-ray scattering. Our result with Ni-bpyPTD 
provides hints in future fabrication of highly fatigue-resisting tactile 
sensors that can perform with sustained self-healing and mechanical 
strength under extreme conditions. 

2. Materials and methods 

2.1. Materials 

4,4′-Bis(hydroxymethyl)-2,2′-bipyridine (bpy) was purchased from 
Combi-Blocks. Poly (propylene glycol) (PPG), H[OCH(CH3)CH2]nOH, 
terminated with tolylene 2,4-diisocyanate (TDI), termed as PTD-n, was 
from Sigma-Aldrich, and Nickel (II) tetrafluoroborate and Zinc (II) tet-
rafluoroborate from Strem Chemicals. These compounds were used as 
received. 

2.2. Preparation of bpyPTD 

bpy (200 mg, 0.46 mmol) was dissolved into 20 mL THF and added 
directly into a pre-heated (60 ◦C) flask containing PTD-n (2.12 g, with n 
= 32). The solution was stirred at 300 rpm, and then reacted at 60 ◦C for 
24 h. The reacted solution was vacuum-concentrated into a yellowish 
viscous fluid, with ~ 100% yield for linear polymerized bpyPTDn, 
(bpyPTDn)m with m ~ 12–15 (cf. Fig. 1a); the corresponding mean 
molecular mass is ca. 25 kDa, with a PDI of ca. 2.8. 

2.3. Preparation of Zn- and Ni-bpyPTDTHF 

bpyPTD (250 mg) was mixed with either Zn(OTf)2 (5.426 mg) or Ni 
(OTf)2 (14.2 mg) in 10 mL THF; the solution was stirred at room tem-
perature over 24 h. The reacted clear solution was either poured into a 
Teflon mold for Zn- or Ni-bpyPTDTHF films or vacuum-concentrated into 
gels. 

2.4. Preparation of Zn- and Ni-bpyPTDcosolvent 

The samples were prepared following the same procedure as that 
used for Zn- or Ni-bpyPTDcosolvent, except that the THF solvent was 
replaced by a cosolvent of 2.5 mL DMF and 7.5 mL THF. 

2.5. Fabrication of Free-Standing films 

Low-concentration polymer solutions of PTD were respectively 
poured into the Teflon mold and placed in an oven at 40 ◦C for 72 h to 
form free-standing films. The film thicknesses were estimated from the 
sample concentration, solution volume, and an approximated film 
density of 1.0 mg/cm3. 

2.6. Dielectric layer fabrication 

After bubbles removed by ultrasonication for 30 min, the polymer 
solution of Zn- or Ni-bpyPTD was spin-coated onto a wafer at 60 ◦C; the 
cast film was placed in vacuum for over 5 h. The resultant polymer film 
was peeled off and fabricated into a dielectric layer according to a 
previously reported procedure [40]. 

2.7. Fabrication of pressure sensors 

A pressure sensor was fabricated with a dielecric layer of Zn- or Ni- 
bpyPTD, sandwiched by two flexible plastic PET sheets as substrates, 
and with conductive ITO electrodes arranged in a cross-bar array. 

Fig. 1. (a) Cartoons for the design concept and chemical structures of the self- 
healing and stretchable polymer, incorporated with the metal–ligand (M− L) 
bonding illustrated (with the blue ball for the metal ion). (b) An illustration of a 
proposed self-healing process via ML interactions and hydrogen bonding of the 
polymer chains. (c) An illustration of simultaneous SAXS/WAXS for correlated 
nano- and crystal structural changes of a film under in situ stretching. 
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2.8. Testing stage setup 

Capacitance measurements were taken with 1 kHz and 1.0 V AC 
voltage, using a mechanical impedance measurement system with MIMS 
software. A mechanized z-axis stage (Newmark Systems of 1 µm reso-
lution and 200 mm/sec maximum speed) and a force gauge (Advanced 
Digital Force Gauge M5-10 of 1 g resolution and 5 kg capacity) were 
used to apply loads to the sensor pads of Zn- or Ni-bpyPTD; all compo-
nents used in the measurements were interfaced through a computer. 

2.9. Monomer sample preparation for X-ray photoelectron spectroscopy 
(XPS) measurements 

bpy (20 mg, 0.093 mmol) and Zn(OTf)2 (5.04 mg, 0.014 mmol) were 
mixed in 20 mL THF, and stirred at room temperature for 24 h; the 
reacted mixture was vacuum-dried into pinkish powders of Zn-bpy. Ni- 
bpy was synthesized similarly using bpy (20 mg, 0.093 mmol) and Ni 
(OTf)2 (13.2 mg, 0.037 mmol). 

2.10. MTT assay 

NIH3T3 cells were seeded in 96-well plates that contained Dulbec-
co’s modified Eagle’s medium (Gibco, Thermo Fisher Scientific, Wal-
tham, MA, USA) supplemented with 10% bovine calf serum (Gibco) at 5 
× 104 cells per well. These cells were incubated with the elastomers of 
PTD, Zn-bpyPTD, and Ni-bpyPTD, of various concentrations for 24 h. 
Continued incubation of the cells for another 24 h, the cell viability was 
then analyzed using a WST-1 assay kit (TaKaRa, Otsu, Japan). 

2.11. Small/Wide-Angle X-ray Scattering (SAXS/WAXS) Measurements 

SAXS and WAXS data were simultaneous collected for the samples 
using the 13A BioSAXS beamline of the Taiwan Photon Source (TPS) 
[41] and the 23A SWAXS beamline of the Taiwan Light Source [41], at 
the National Synchrotron Radiation Research Center (NSRRC), Hsinchu. 
Each sample was mounted in a Linkam TST350 tensile stress tester and 
subjected to a strain rate of 50 μm/s or 100 μm/s during simultaneous 
SAXS/WAXS measurements with a 1–10 s/frame data collection rate 
under controlled humidity (10–90%) and/or temperature (20 to 
− 50 ◦C). With an X-ray beam energy of 15.0 keV and sample-to-detector 
distances of 3267 and 135.5 mm for SAXS and WAXS with a Pilatus 1 M- 
F area detector and a C9728-DK flat panel detector [42], respectively, 
the merged data covered a wide scattering vector q-range of 0.006 Å− 1 

to ~3.0 Å− 1, with q = 4πλ1sinθ defined by the X-ray wavelength λ and 
the scattering angle 2θ. Silver behenate and LaB6 were used for SAXS 
and WAXS q-calibration. Data were corrected for background scattering 
and scaled to the absolute intensity (scattering cross-section per unit 
volume in units of cm− 1) [42] for intensity comparison. 

2.12. X-ray absorption 

The Ni and Zn K-edge X-ray absorption fine structure (XAFS) spectra 
of the samples were measured in a transmission mode using the TPS 44A 
QXAFS beamline of NSRRC [43]. Standard foils of Ni and Zn were 
measured simultaneously for calibration of the incident photon energy. 
All data were analyzed using Demeter software package following 
standard procedure. 

3. Results and discussions 

3.1. Synthesis and characterization of bpyPTD and M-bpyPTD 

BpyPTD fragments were synthesized through a condensation reac-
tion of PPG-terminated tolylene 2,4-diisocyanate group (PTD) and 4,4′- 
bis(hydroxymethyl)-2,2′-bipyridine (bpy) (Fig. S1a). In this strategy, 
bpyPTD would form metal–ligand supramolecular interactions via the 

hard bpy moiety, whereas the soft PPG segments form the matrix of 
elasticity to absorb external impact [42,43]. The bpy moiety together 
with the urethane hard segments provide intermolecular hydrogen 
bonding, which affects the dynamic deformation and reformation of the 
polymer network structure. The FT-IR spectrum of bpyPTD reveals the 
disappearance of isocyanate signals at approximately 2260 cm− 1 

(Fig. S1b), indicating formation of carbamate functional groups. 
Further, results of variable-temperature 1H NMR spectroscopy illustrate 
hydrogen-bonding interactions of bpyPTD. As the temperature increases 
from 30 to 80 ◦C, the chemical signals of hydrogen shift systematically 
(Fig. S2a), consistently suggesting the existence of hydrogen bonding of 
bpyPTD. The shifting of hydrogen signals, however, could be partially 
contributed by self-dimerized PTD (formed likely during the synthesis) 
as observed by GPC (Fig. S2b). Moreover, temperature-dependent FT-IR 
(Fig. S2c and S2d) spectra of bpyPTD show a blue shift of the carbonyl 
peak at 1725 cm− 1 and a red shift of the stretching N–H peak at ca. 3300 
cm− 1, as sample temperature increases; which results correspond well to 
the hydrogen-bonding behavior [44,45]. 

Next, we optimize the molar ratios of bpyPTD to Zn(OTf)2 and to Ni 
(OTf)2 in the solution for forming the metal–ligand polymer networks; 
which ratios are found to be critical in forming free-standing films of Zn- 
bpyPTD or Ni-bpyPTD. As shown in Table S1, systematically reducing 
the molar ratios (for higher salt concentrations) from 1.0 to 0.15 in the 
case with Zn(OTf)2 and from 1.0 to 0.4 with Ni(OTf)2, lead to a gel-to- 
film transformation of Zn-bpyPTD and Ni-bpyPTD, respectively (as 
shown in Fig. S3). Presumably, symmetrically increased metal salts 
elevate the number density of crosslinking sites of ML bonding to a 
critical value that can transform the linear segmented bpyPTD into 
cross-linked networks of a free-standing film. We note that too much 
acidic triflate anions could react with and hence degrade the PPG chains 
or urethane groups into smaller fragments (which were indeed observed 
with gel permeation chromatography), leading to polymer gels [46,47]. 
Construction of ML coordination is also evidenced by the metal–ligand 
charge transfer (MLCT) band observed in the UV–vis absorption spectra 
of the bpyPTD solutions, added with different ratios of Zn2+ or Ni2+

salts. As shown in Fig. S4, the characteristic absorption peak intensity at 
ca. 525 nm for ML bonding interactions increases systematically with 
the increase of in the metal salt concentration of Zn2+ or Ni2+; this is 
accompanied by a red-shift of the absorption shoulder at ca. 375 nm to 
400 nm. 

To further understand the sample concentration effect on the gela-
tion behavior of Zn-bpyPTD and Ni-bpyPTD in THF, rheological tests 
were carried out (Fig. S5). We observed significant reductions in the loss 
modulus G′′ for both samples, in most of the angular frequency range of 
100 rad/s. Moreover, the storage modulus G′ surpasses the value of G′′

for a sol-to-gel transition, when the salt concentrations are increased 
from 30 to 75 mg/mL of Zn-bpyPTD and from 2.5 to 50 mg/mL of Ni- 
bpyPTD (Fig. S6). Moreover, Ni-bpyPTD could have a gelation 
behavior at lower sample concentrations, suggestion more extended 
chains in the Ni-bpyPTD matrix for easier molecular entanglements 
(which is supported by the SAXS result shown below). 

3.2. Characteristics of M-bpyPTD 

Optical and mechanical properties of the free-standing films of Zn- 
bpyPTDTHF and Ni-bpyPTDTHF processed with THF and Zn-bpyPTDco-

solvent and Ni-bpyPTDcosolvent processed with a cosolvent of THF/DMF 
(detailed previously) are characterized rigorously to illustrate the metal 
ion and cosolvent effects. The UV–vis absorption spectra measured for 
the Zn-bpyPTDTHF and Ni-bpyPTDTHF indicate excellent transparency of 
both thin films. As shown in Fig. 2a, these free-standing thin films (with 
a thickness of ca. 0.2 mm) present high transmittances of 97.2% for Zn- 
bpyPTDTHF and 93.3% for Ni-bpyPTDTHF at 500 nm wavelength (λ). 
Further, thermogravimetric analysis (TGA) showed a slightly higher 
decomposition temperatures of Ni-bpyPTDTHF near 250 ◦C, compared to 
that of Zn-bpyPTDTHF. These results indicate that both samples are of 
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prominent heat resistance and can remain intact under considerable 
heat treatments or general high-temperature outdoor applications 
(Fig. 2b). With dynamic mechanical analyzer (DMA), the glass transition 
temperature Tg values measured for the two sample films are respec-
tively − 40.4 ± 1.4 and − 41.2 ± 1.8 ◦C for Zn- and Ni-bpyPTDTHF 
(Fig. 2c and 2d). These low Tg values imply that these two sample ma-
terials could accommodate a low-temperature working environment and 
function similarly in a rubbery state. 

Furthermore, hydrophobicity properties of the two samples were 
characterized via water contact angle measurements, as shown in 
Fig. 2e. Through the introduction of the bipyridine functional groups 
into the main chains of PTD, both Zn-bpyPTDTHF and Ni-bpyPTDTHF 
exhibit large contact angles θc of 124.1 ± 2.1 and 119.8 ± 5.2◦, for their 
hydrophobicity (θc > 90◦). Interestingly, θc of the Zn-bpyPTDTHF sample 
dropped significantly to 67.6◦ over 1 h of observation; in contrast, θc of 
Ni-bpyPTDTHF could maintain well with only a marginal decrease to 
113.3◦, manifesting much better water resistance (Fig. S7). More water- 
resistance testing was done by observation a water droplet evaporated 
from the two sample surfaces over 24 h; the results showed (Fig. 2f) no 
observable changes in these two sample film surfaces over the long 
water-droplet evaporation process. Further, these two films were direct 
immersed in water for 24 h. The Zn-bpyPTDTHF film was observed to be 
whitened and deformed due to significant water uptake; presumably 
water molecules could permeate into the film and interfere with the 
hydrogen bonding of the Zn-bpyPTDTHF film; however, the whitened 
film could return to its original shape and weight after removing 
completely the water permeated into the film. In contrast, the Ni- 
bpyPTDTHF film remained intact with no apparent degradations in film 
shape, transparency, and mechanical properties, during the water im-
mersion (Fig. 2g). These results demonstrate that both films are rela-
tively better water resistant than the bpyPTD film with only hydrogen- 
bonding alone [48,49]; moreover, water resistance of the Ni- 
bpyPTDTHF film is superior to that of the Zn-bpyPTDTHF. All these results 
together indicate clearly that including the ML-bonding in the PU net-
works could effectively increase water resistant performance. Most 
likely, the ML crosslinking sites block out water pathways into the film, 

thereby, the PTD hydrogen-bonding sites could be better protected. 
Accordingly, the relatively better water-resistant performance of the Ni- 
bpyPTDTHF film may originate from more and better disperse Ni-bpy 
crosslinking sites in the PTD matrix, comparted to that of the Zn- 
bpyPTDTHF film, as revealed by the SAXS results detailed below. We note 
that the relatively higher Ni-bpy ML coordination strength, compared to 
that of Zn-bpy, would also contribute to a stronger networking structure 
for better water resistance. 

3.3. Self-healing and tensile tests 

To examine the self-healing performance, artificial cuts were 
generated on both Zn-bpyPTDTHF and Ni-bpyPTDTHF thin films for self- 
healing observation under ambient conditions (25 ◦C). As shown in 
Fig. 3a, both the Zn-bpyPTDTHF and Ni-bpyPTDTHF films show excellent 
self-healing ability. Zn-bpyPTDTHF shows a relatively shorter recovery 
time (within 12 h) than that of Ni-bpyPTDTHF (within 72 h). The self- 
healing kinetics involves interplay of the PTD chain mobility and the 
dynamics of hydrogen bonding and ML bonding of the films, which is 
better discussed with the nanostructural features revealed from SAXS 
below. 

In tensile measurements, the Zn-bpyPTDTHF film was tested at room 
temperature with a displacement rate of 10 mm/min. As shown in 
Fig. 3b, the Zn-bpyPTDTHF polymer film exhibits excellent elasticity for 
600% tensile strain; the corresponding Young’s modulus deduced from 
the linear part of the stress–strain curve measured is 0.60 ± 0.18 MPa. In 
contrast, Ni-bpyPTDTHF with a lower tensile strain of ca. 300% shows a 
two-time larger Young’s modulus of 1.20 ± 0.11 MPa. Such tensile 
strengths observed are superior to that of elastic gel derivatives such as 
PDMS-based elastomers [24,31,50]. In addition, both Zn- and Ni- 
bpyPTDTHF films can be easily dissolved in THF again and reprocess into 
films. The tensile stress–strain curve measured for the Ni-bpyPTDTHF 
after 5 cycles of the film re-cast process overlaps well with that of the 
fresh sample, except the breaking strength is reduced slightly by 10% 
(Fig. S8a). In contrast, the re-cast Zn-bpyPTDTHF films gradually lost the 
mechanical strength (Fig. S8a). Likely, the Zn-metal precursors suffer a 

Fig. 2. (a) UV–vis spec. (200 to 800 nm) 
of Zn- and Ni-bpyPTDTHF. (b) Corre-
sponding TGA curves measured with a 
heating rate of 10 ◦C/min. DMA results 
for the loss modulus G′′ and storage 
modulus G′ of (c) Zn-bpyPTDTHF and (d) 
Ni-bpyPTDTHF, with tan(δ) defined by 
the ratio G′′/G′, and the peak value 
corresponds to the glass transition tem-
perature Tg value. (e) Water contact 
angles, (f) water-droplet dissipation 
from the sample surfaces, and (g) water- 
immersing tests (with the corresponding 
optical microscope images shown 
below) of Zn- and Ni-bpyPTDTHF.   
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significant loss during the film reprocessing with THF, due to a weaker 
ML bonding with bpyPTD. 

To quantitatively evaluate the film self-healing efficiency, we define 
a Rc ratio by the breaking strengths measured before and after self- 
healing from an artificial cut, in tensile measurements. The self- 
healing efficiencies Rc deduced from the stress-and strain curves of the 
fresh and healed Zn- and Ni-bpyPTDTHF films (Fig. 3b) are respectively 
93.3% and 93.0%. These Rc values indicates outstanding self-healing 
efficiency compared to that of PU-based self-healing materials without 
ML bonding. The breaking strength and maximum elongation at break 
for both Zn- and Ni-bpyPTDcosolvent before and after the self-healing 
process are summarized in Table 1. The positive results support our 
design concept of integrating metal–ligand interactions into flexible PPG 
segments capped with bpy moieties for the novel material of dual 
properties of fast self-healing and high mechanical strength. 

Furthermore, we increased the polarity of the THF solvent by adding 
DMF for a cosolvent to enhance the solubility of the metal precursors; 
which was found to effectively increase the number density of the ML 

cross-linking of the samples, resulting in further elevation of the film 
mechanical and self-healing performance. In practice, a cosolvent of an 
optimized THF:DMF ratio of 3:1 was used to process the Zn-and Ni- 
bpyPTDcosolvent films, following the previous film processing procedure 
with THF. As a result, the cosolvent processed films show superior self- 
healing performance compared to that processed with THF; with similar 
cuts, the self-healing of Zn-bpyPTDcosolvent is greatly shortened to 2 h, 
compared to the 12 h healing time needed in the THF-processed film; 
similarly, the self-healing of Ni-bpyPTDcosolvent is 6 h, much faster than 
72 h for that processed with THF (Fig. 3c). Overall, both films demon-
strate great improvements in both the breaking strength and maximum 
elongation at break (Fig. 3d). These improvements are rationalized with 
a better dispersion of more metal precursors in the film processing with 
the cosolvent, leading to more uniformly and densely distributed ML 
crosslinking sites, as illustrated in Fig. 3e and 3f. In practice, we noticed 
a significantly reduced salt sedimentation effect in the film processing 
solutions with the cosolvent, especially that for Ni-bpyPTDcosolvent. We 
note that the cosolvent-processed films were solvent-evaporated at 40 ◦C 
to better depleting DMF from the films. As a result, no observable DMF 
signals in the 1H NMR spectra (Fig. S9a) of either Zn- or Ni-bpyPTDco-

solvent film. Consistently, there is also no significant weight loss (due to 
DMF evaporation) observed below 200 ◦C heating in TGA (Fig. S9b). 

3.4. Network features of PTD-n, bpyPTD, and M-bpyPTD 

Fig. S10a shows the merged SAXS and WAXS data for the linearly 
polymerized PTD (lp-PTD), bpyPTD gel, and Zn- and Ni-bpyPTD elas-
tomer films prepared in THF. For comparison, the data measured for lp- 
PTD show a broad hump centered at the scattering vector q = 0.18 Å− 1 

in the SAXS region and a halo in the WAXS region. The SAXS peak 
corresponds to a Bragg d-spacing of 34 Å, representing a mean distance 
of the loosely stacked isocyanate groups (hard segments) of lp-PTD, of a 
higher mean electron density than the soft-segment matrix of lp-PTD. 
The WAXS halo could be deconvoluted into two broad humps 
centered at q = 0.95 Å− 1 and 1.4 Å− 1 (Fig. S10b), corresponding to two 
characteristic distances of 6.6 and 4.5 Å of the loosely packed hard- 
segment domains. Furthermore, the SAXS peak position (the d- 
spacing) changes with the number of soft-segment repeating units n 
(=19, 32, and 64) of lp-PTD-n, as shown in Fig. S11. For a more quan-
titative description, the d-spacing is approximately attributed to the two 
rigid TDI hard segments (13 Å) plus the overall dimension of the soft 
PPG chains; the latter is approximated by twice the end-to-end distance 
D ∝ nαξ of polymer chains [53]. With the measured d-spacing values 
(52.4 Å for lp-PTD-64 and 34.3 Å for lp-PTD-32) and a persistence length 
ξ = 2.43 Å approximated by the size of a propylene glycol (calculated 
from the software MolCalc, https://molcalc.org/), the α values deduced 
are all close to 0.5. The results suggest that the lp-PTD chains in the 
networks are better described by Gaussian chains (α = 0.5). We note that 
there is no observable SAXS ordering peak for bpyPTD; the corre-
sponding WAXS data also show a substantially decayed 0.95 Å− 1 peak 
(Fig. S10b). Presumably, alignment of the bpy-capped hard segments 
between two linear polymerized (bpyPTD32)m for ordered hydrogen 
bonding sites is considerably hindered, rendering (bpyPTD32)m a gel 
form with high viscosity. 

In contrast, with the ML bonding the two M-bpyPTD elastomers (n =
32) show an SAXS ordering peak and the two characteristic WAXS peaks 
of hard-segment packing (Fig. S10a) of PTD. The results clearly indicate 
that introducing Zn2+ or Ni2+ ions into bpyPTD could result in greatly 
enhanced organization of the hard segments through ML coordination 
between the metal ions and the two nitrogen atoms of bpy (detailed 
below). Consequently, the gel bpyPTD could be transformed into elastic 
M-bpyPTD networks via the crosslinking of ML interactions for the 
markedly enhanced mechanical strength, observed. The nanostructure 
formed through ML crosslinking would further facilitate dynamic 
hydrogen bonding of dispersed PTD hard segments in the matrix due to 
the better hard-segment alignment directed by the ML crosslinking sites. 

Fig. 3. (a)–(d) Self-healing performance of Zn- and Ni-bpyPTDTHF under 
ambient conditions, including the stress–strain curves of the Zn-, Ni-bpyPTDTHF 
films, measured before and after healed from artificial cuts. (e),(f) Cartoons 
illustrating on the nanostructural features of the M-bpyPTD films processed by 
THF and the cosolvent. 

Table 1 
Summary of the breaking strength and maximum elongation of the Zn- and Ni- 
bpyPTD films processed by THF and cosolvent (subscripted) of THF:DMF (3:1).  

Sample name Stress σ (Mpa) Strain ε (%) 

THF system 
Zn-bpyPTDTHF 0.60 ± 0.18 552 ± 21 
Zn-bpyPTDTHF-healed 0.56 ± 0.20 570 ± 23 
Ni-bpyPTDTHF 1.20 ± 0.11 304 ± 19 
Ni-bpyPTDTHF-healed 1.29 ± 0.18 258 ± 19 
Co-solvent system 
Zn-bpyPTDcosolvent 1.28 ± 0.14 1364 ± 33 
Zn-bpyPTDcosolvent-healed 1.30 ± 0.29 1371 ± 39 
Ni-bpyPTDcosolvent 2.04 ± 0.12 831 ± 39 
Ni-bpyPTDcosolvent-healed 2.14 ± 0.20 606 ± 45  
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Scrutinizing Fig. S10a, we found that the SAXS peaks of Zn-bpyPTD (q =
0.13 Å− 1) and Ni-bpyPTD (q = 0.12 Å− 1) correspond to significantly 
larger d-spacing values of 46.6 Å and 51.6 Å, compared to that (34.3 Å) 
of neat lp-PTD. The enlarged d-spacing is attributed by the two bpy 
segments (13 Å) together with more extended PTD chains, especially in 
the case of Ni-bpyPTD. With the structural picture, the larger d-spacing 
(mean distance of the ML crosslinking sites) corresponds to α = 0.60 due 
to the more stretched soft segments of PTD in Ni-bpyPTD. The more 
stretched chains in Ni-bpyPTD may be relevant to the lower strain 
performance (~300%) and higher modulus observed (cf. Table 1), 
compared to that of Zn-bpyPTD. 

To increase the number density of the ML crosslinking sites in the M- 
bpyPTD films, a cosolvent of mixed THF and DMF (with an optimized 
ratio of 3:1) was used to increase the solubility of metal slats in the 
solution for preparing the M-bpyPTD elastomers, as previously 
described. The corresponding SAXS data (Fig. 4a and 4b) measured for 
the cosolvent-processed films reveal a greatly enhanced and slightly q- 
shifted ordering peak at q = 0.13 Å− 1 (d = 48.3 Å) compared to that 
processed with THF, especially in the Ni2+ case. The changes in the SAXS 

peak position and intensity are attributed to denser and more ML 
crosslinking sites formed in the cosolvent-processed M-bpyPTD elasto-
mers, leading to better nano-structured polymer networks, hence the 
enhanced mechanical strengths observed (Fig. 3d). Correspondingly, 
orientation alignments of the hard segments for hydrogen bonding may 
be accelerated within the reduced compartments partitioned by the 
denser crosslinking sites; which would contribute to the enhanced self- 
healing kinetics observed. In-situ SAXS/WAXS results (Figs. S12 and 
S13) measured for the Zn-bpyPTD film under a uniaxial stretching show 
a shift of the SAXS ordering peak for an enlarged d-spacing of the ML 
cross-linking structure; which is partially attributed to relaxed hard- 
segment domains (or deteriorated ML crosslinking structure). In 
contrast, the SAXS ordering peak remains stable for the Ni-bpyPTD film 
under a similar uniaxial stretching, suggesting a more rigid nano-
structure with better Ni-bpy bonding strength. 

Furthermore, our results of X-ray absorption near edge fine structure 
(XANES) (Fig. 4c and 4d) indicate that the oxidation states of the Ni and 
Zn ions in the metal–ligand crosslinking sites are close to +2.0 
(compared to the standards NiO and ZnO). Correspondingly, analyses of 

Fig. 4. SAXS data for (a) Ni- and (b) Zn-bpyPTD, prepared with a cosolvent of DMF/THF in different ratios, as indicated. Note that the SAXS peak intensity is 
optimized at a DMF/THF ratio of 1:3, as indicated by the arrows. (c) and (d) are normalized XANES spectra respectively for Ni- and Zn-bpyPTD prepared from THF 
and DMF/THF (1:3), compared to Ni foil, NiO, and ZnO standards. The arrows in (c) indicate the white lines of Ni0+ and Ni2+. (e) and (f) are the corresponding phase- 
corrected Ni and Zn K-edge EXAFS data fitted (thin red profiles) using the first coordination shell of 4 N and 2 O atoms. For Ni-bpyPTD, the fitted common Ni-N/Ni-O 
bond length R = 2.06 Å and the Debye-Waller factor for positional disorder σ2 = 0.00651 Å2; for Zn-bpyPTD, R = 2.13 Å for Zn-N/Zn-O bond length and σ2 = 0.0102 
Å2. Structural models for (g) PTD, (h) bpyPTD, and (i) M-bpyPTD networks illustrate the reorganization of the hard segments (circled) of PTD via the ML interactions. 
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the extended X-ray absorption fine structure (EXAFS) spectra observed 
for the Ni- and Zn-bpyPTD elastomers (Fig. 4e and 4f) further reveal 
similar first-shell metal coordination environments, consisting of four 
nitrogen (from two bpy) and two oxygen atoms (from the triflate anion); 
which is consistent with the XANES result of the 2+ valence state of the 
metal ions. We notice that Zn2+ typically adopts four-coordinated ge-
ometry and the oxygen atoms from the triflate anions are not stable li-
gands for Zn2+. It is possible that the octahedral complex of Zn2+ is 
formed with three bpy ligands for a six-nitrogen coordination (which 
can fit the EXAFS data equally well), so is the case with Ni2+. However, 
since all the bpy moieties are confined in the bpyPTD chains, steric 
hindrance of three relatively bulky bpyPTD chains would be much larger 
for a six-nitrogen coordination of Zn2+ or Ni2+, compared to the pro-
posed ML coordination comprising four-nitrogen from two bpy and the 
two default oxygen atoms of the metal triflate anion (cf. Fig. 1). With the 
proposed ML coordination, the common bond length for Ni-N and Ni-O 
in Ni-bpyPTD retrieved from in the EXAFS analyses (Fig. 4e,f) is 2.06 Å, 
which is slightly smaller than that (2.13 Å) deduced for Zn-N and Zn-O in 
the ML bonding of Zn-bpyPTD, hence a stronger Ni-bpy bonding 
strength. 

With these structural features, the metal–ligand crosslinking sites 
can be better pictured as a metal center coordinated with two nitrogen 
pairs of two bpy moieties sitting on the opposite sides of the metal ion; 
perpendicular to the ML coordination plane are the two oxygen atoms of 
the precursor anion of Ni(OTf)2 or Zn(OTf)2, as illustrated in the model 
of M-bpyPTD in Fig. 4g, 4h, and 4i; in which structural models, the mean 
spacing and distribution features of the ML cross-linking sites are 
revealed from the SAXS model fitting detailed in the Supporting Infor-
mation (Fig. S14). We note that the oxidation states and coordination 
environments are the same for the samples prepared with either THF or 
the cosolvent of THF/DMF, as shown in Fig. S15; which result indicates 
that the cosolvent effectively increases the number density of cross-
linking sites without changing the ML bonding mechanism. These 
observed structural features elucidate how the metal–ligand cross-
linking could efficiently organize the hard segments of bpyPTD, leading 
to nano-scale ordered networks that could contribute to the significantly 
improved mechanical strength and self-healing kinetics. 

Previous studies [54,55] showed that the number of hydrogen bonds 
in a PU-based elastomer could be greatly increased by using polar 
cosolvent and excessed hard segments of urethanes in an elastomer film 
processing solution; the hence thickened hard-segment domains of the 
PU films contribute greatly to the improved mechanical strength and 
self-healing of the film. In our case with no excess of hard segments, 
including polar DMF as a cosolvent in the PTD film processing solution 
of THF was found to result in PTD elastomers of decreased mechanical 
properties. Such a result associates with residual DMF in the cosolvent 
processed films, rending a higher moisture content. With the addition of 
the metal salts (analog to the case with excessed hard segments of ure-
thanes), the polar DMF cosolvent could enhance the number density of 
the ML bonding sites of M-bpyPTD, and improve the hydrogen bonding 
efficiency due to better alignments of the hard segments via the ordered 
ML crosslinking sites (cf. Fig. 1). 

We also conducted SAXS/WAXS measurements for Ni-bpyPTD under 
90% high humidity or at a low temperature of − 50 ◦C. The results show 
that at 20 ◦C the nano and crystalline structures of the elastomer film 
could be well maintained at 90% humidity; correspondingly, 50% of the 
film modulus (relative to that measured at 10% humidity) could be 
preserved (Fig. S16). Furthermore, the film structure could fully recover 
at 20 ◦C after being frozen at − 50 ◦C. Nevertheless, at − 50 ◦C, Ni- 
bpyPTD broke at 2.5% strain (Fig. S16). 

3.5. Applications in electronic devices 

To illustrate their potential in e-skin applications, the Zn- and Ni- 
bpyPTDcosolvent films are subject to cyclic tensile tests under repeating 
stretching. In the tests, the sample films were repeatedly stretched to 

300 % strain at a rate of 100 mm/min, and recovered to their pristine 
lengths without relaxation (as shown in Supplementary video 1 and 2). 
Fig. 5a shows systematically accumulated hysteresis of the Zn- 
bpyPTDcosolvent film in 5 continuous cycles of the cyclic tensile test. In 
contrast, the Ni-bpyPTDcosolvent film demonstrates superior elastic re-
covery with only a marginal hysteresis effect (Fig. 5b), in a similar test. 
The faster responding of the Ni-bpyPTDcosolvent film is attributed to its 
denser and better organized ML crosslinking sites, revealed from our 
SAXS (Fig. S12-S14) and X-ray absorption analyses. Further, a Ni- 
bpyPTDcosolvent elastomer film (0.25 mm) was attached to human skin 
under constant stretching and curling. As shown in Fig. 5c, the film 
could adapt rather well to the skin surface for coordinated stretching and 
curling, thanks to the great affinity enabled by the abundant hydrogen 
bonds of the polyurethane-based film to human skin. No cracking nor 
splitting was found on the sample surface after the stretching test. All 
these positive tests mentioned above suggest that the M-bpyPTDcosolvent 
has a promising application in electronic wearable devices. For extended 
applications, biocompatibility and bio-resistivity tests were also carried 
out through antibacterial tests and MTT assay for the Zn- and Ni- 
bpyPTDcosolvent films. The 24-h test results (Figs. S17 and S18) show that 
both films could adapt to human skin well and are resistant to bacterial 
corrosion. 

Using electrochemical impedance spectroscopy [51], we further 
track the quantitative changes of the admittance Y (the reciprocal of 
impedance in units of Siemens, S) of the Zn- and Ni-bpyPTDcosolvent films 
(with sample dimensions of 10 mm by 10 mm and a thickness of 0.5 
mm). The two device films were subjected to a cyclic vertical stretching 
of 100 cycles under 1 kHz, from 0% to 300% strain and a stretching rate 

Fig. 5. Repetitive cyclic tensile testing results of the (a) Zn- and (b) Ni- 
bpyPTDcosolvent films. (c) Photographs of coordinated stretching and curling of a 
Ni-bpyPTDTHF film (0.2 mm thick) adapted to human skin. Evolutions of the 
admittance Y of (d) Zn- and (e) Ni-bpyPTDTHF films deduced from the cyclic 
tensile testing, with close-up details (f) of the Ni-bpyPTDcosolvent. Inset photo-
graphs show the corresponding changes in film shapes after 100 cycles of 
tensile testing, with 300% strain. (g) Comparison of the 2nd recovered stress 
ratio, cyclic strain, and operating speed of Ni-bpyPTDcosolvent with that reported 
recently for highly stretchable materials [34,35,52–59]. 
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of 100 mm/min. The peak value of Y measured for the Zn-bpyPTDco-

solvent device film changes significantly over the stretching cycles, 
revealing a fatigue effect of the film. Namely, the film could not respond 
coherently with the fast stretching. (Fig. 5d). In contrast, the peak value 
of Y measured for the Ni-bpyPTDcosolvent device film maintains rather 
well over 2500 s of the dynamic stretching (Fig. 5e), and can recovered 
within 60 s even under stretching from 0% to 300% after 100 stretching 
cycles (Fig. 5f). The synchronized and fast mechanical and electrical 
responses endorse the e-skin application potential of the Ni-bpyPTDco-

solvent device film. 
To further illustrate the overall performance of Ni-bpyPTDcosolvent, 

we introduced a parameter called 2nd recovered stress ratio, which is 
defined by the ratio of the two peak stress values measured over the first 

two successive stretching cycles. Fig. 5g and Table S2 summarize the 
2nd recovered stress ratio, cyclic strain, and operating speed (kinetic 
response) of a Ni-bpyPTDcosolvent film together with other recently re-
ported materials of high mechanical and self-healing performance. 
Among the listed materials, Ni-bpyPTDcosolvent has a high ranking, owing 
to its outstanding instant response and elastic recoverability, in cyclic 
tests with an intermediate strain of 300 %. The excellent electrical and 
mechanical responses and the hysteresis-resistant feature empower Ni- 
bpyPTD for applications of stretchable electric sensors. 

To elucidate the performance of the Zn- and Ni-bpyPTDcosolvent films 
in e-skin applications, we fabricated fully transparent and flexible skin- 
like tactile sensors from the material to mimic human skin sensing 
behavior. This sensor device comprises a central M-bpyPTDcosolvent layer 

Fig. 6. (a) Illustration of a transparent pressure sensor of Ni-bpyPTD, with a top view of the pyramidal microstructure on PET surface detailed by an optical mi-
croscope (OM) image and a side view by a scanning electron microscope (SEM) image. Evolutions of the capacitance of the (b) Zn- and (c) Ni-bpyPTDcosolvent based 
tactile sensors, measured during the cyclic capacitance testing under 20 kPa and over 100 cycles. 
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(of a pyramidal microstructure), sandwiched by two indium tin oxide 
(ITO)/PET outer layers. Fig. 6a shows the cartoon of the full device, 
together with an optical microscope (OM) image of the pyramidal 
microstructure of the active layer. We selected a compression operation 
window of 1 Pa to 10 kPa to cover largely a general working range of 
human skin [60]. In the test, a step pressure from 0 to 20 kPa was 
repetitively applied to the respective Zn- and Ni-bpyPTDcosolvent sensors, 
over 100 cycles. Fig. 6b shows that the pressure response (in terms of the 
capacitance Cp) of the Zn-bpyPTD pressure sensor starts fluctuating after 
a few cycles of stretching. In contrast, the Ni-bpyPTDcosolvent pressure 
sensor shows constant and stable response in the corresponding capac-
itance values for several hundred cycles of the testing (Fig. 6c), sug-
gesting that the Ni-bpyPTDcosolvent film could perform adequately as an 
integrated tactile sensor. For an overall performance, the key features of 
healing efficiency, transparency, tensile strain, tensile stress, and heal-
ing time of the novel Zn- and Ni-bpyPTDcosolvent films are summarized in 
Table S3, and compared to the stretchable and self-healing materials 
reported recently; as shown in Fig. S19, the novel Zn- and Ni-bpyPTD-
cosolvent materials could stand out to the top of the list. 

4. Conclusions 

The novel Zn- and Ni-bpyPTD materials are synthesized through 
introducing bipyridine-metal crosslinking into a polyurethane matrix. 
Integration of soft PPG segments with the hard domains of bipyridine- 
metal crosslinking domains results in nanoscale phase-separated and 
ordered networks that enable the dual properties of fast self-healing and 
high mechanical strength. The metal–ligand interactions are character-
ized by a trans-octahedral coordination of the metal ion, having four 
nitrogen atoms from 2 bpy moieties (hence crosslinking of two indi-
vidual polymer chains) and the two oxygen atoms of the triflate anions. 
The ML crosslinking strength and the uniformly and densely distributed 
ML crosslinking nanodomains together with the rich and dynamic 
hydrogen bonding of the bpyPTD matrix, play synergistic roles for the 
outstanding self-healing efficiency and mechanical strength of the Zn- 
and Ni-bpyPTD films observed. Moreover, Ni-bpyPTDcosolvent exhibits 
synchronized mechanical and electrical responses in repetitive cyclic 
tensile testing for pressure sensing. Our results not only demonstrate the 
promising applications of the novel materials of M-bpyPTD in e-skin 
applications but also elucidate the underlying mechanism of the struc-
ture–property correlations, which provide insights to future develop-
ment of self-healing materials in tactile sensing. 
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Figure S1. (a) Scheme of the reaction of bpyPTD. (b) FTIR spectra of bpy, PTD, and bpyPTD.  
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Figure S2. (a) Temperature-dependent 1H-NMR spectra of bpyPTD. (b) GPC result of PTD. (c) 

Temperature-dependent FT-IR spectra of bpyPTD, in the range of 1700 – 1750 cm-1. (d) Temperature-

dependent FT-IR spectra of bpyPTD in 3500 - 3100 cm-1.   



 
 

 
 

Table S1. Molecular weight, PDI, and pH values of Zn- and Ni-bpyPTDTHF processed under different 

bpy/metal salt molar ratios into films or gels. All are processed with 1 mg of M-bpyPTD in 1 mL THF 

solution.  

 

 

 

Figure S3. Different ratios of metal-bipyridine samples for Zn-bpyPTDTHF and Ni-bpyPTDTHF. 



 
 

 
 

 

Figure S4. UV-Vis spectra of (a) Zn- and (c) Ni-bpyPTDTHF processed with different molar rations RM 

of bpyPTD/metal salt indicated. (b) and (d) are the corresponding photos, with the gel samples indicated. 



 
 

 
 

 

Figure S5. Solution to gelation transformation of Zn-bpyPTDTHF at an elevated sample concentration in 

THF. 

 

 

Figure S6. Rheological data for the sol-gel transition of M-bpyPTD  



 
 

 
 

 

 

Figure S7. Instant contact angles and time-delayed contact angles of (a) Zn-bpyPTD and (b) Ni-

bpyPTD. 

 

Figure S8. Stress-strain curves of the pristine and after healing or recycled (reprocessed times 

indicated) of the (a) Ni- and (b) Zn-bpyPTDTHF films 

 



 
 

 
 

 

Figure S9. (a) 1H-NMR spectrum and (b)TGA curves of Zn-bpyPTDcosolvent and Ni-bpyPTDcosolvent. 

 

Figure S10. (a) Merged SAXS/WAXS data for the linear polymerized PTD (lp-PTD), bpyPTD, Zn-

bpyPTD, and Ni-bpyPTD prepared with THF. (b) WAXS halo of the lp-PTD, showing two de-convoluted 

peaks at q = 0.95 and 1.40 Å -1, and the inset schematic shows the locally packed isocyanate groups (hard 

segments) of PTD via hydrogen bonding and π-π interactions of adjacent aromatic rings.  
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Figure S11. SAXS-WAXS data measured for linearly polymerized PTD-n of repeating numbers of 

propylene glycol n = 64, 32, and 19. The SAXS peak positions are centered at 0.12 and 0.18 Å -1, for n = 

64 and 32, respectively, corresponding to Bragg d-spacing of 52.4 and 34.3 Å . After deduction of the 

length of two hard segments (13 Å ), the soft segment length D deduced correspond an exponent index  

= 0.53 for n = 64, and  = 0.45 for n = 32, assuming D = 2an, where a is the persistent length 2.43 Å  for 

the monomer of propylene glycol of PTO. The result suggests Gaussian chain ( = 0.5) like behavior of 

PTD-n.  

  



 
 

 
 

     

 

Figure S12. (a), (b), and (c) are 2D WAXS patterns of the Ni-bpyPTD elastomer prepared with DMF/THF 

(1/3, v/v) under stretching for 0, 100, or 200 % strain, respectively, and (d), (e), and (f) are the 

corresponding 2D SAXS patterns. (g) and (h) are the in situ SAXS and WAXS profiles extracted from 

the SAXS/WAXS 2D patterns along the uniaxial stretching direction (i.e. the scattering vector qr) during 

the in situ stretching. Note that the characteristic SAXS and WAXS peak positions remain largely intact 

over the film stretching. 

  



 
 

 
 

 

Figure. S13. (a) and (b) are 2D WAXS-WAXS profiles of the Zn-bpyPTD elastomer prepared with 

DMF/THF (1/3, v/v), extracted from the corresponding 2D patterns along the uniaxial stretching direction 

for the elastomer under in situ stretching for the strains indicated. Note that the characteristic SAXS peak 

position shifts toward higher q values systematically, corresponding to a gradually increased mean d-

spacing of the crosslinking sites, from ca. 60 Å  at 0% to ca. 50 Å  at 200%. The reduction of the mean 

spacing of the crosslinking sites is partially attributed to earlier dissociations of those metal-ligand (ML) 

bonding sites of larger d-spacing (with more stretched PTD chains) under the stress, compared to that of 

Ni-bpyPTD (cf. Figure S12). Correspondingly, the intensity of WAXS decreases systematically; the two 

characteristic WAXS peak positions (marked by the arrows), however, remain largely intact over the film 

stretching.  

  



 
 

 
 

SAXS model fitting  

To interpret quantitatively the SAXS data observed for the Zn- and Ni-bpyPTD films, we fitted the 

SAXS data with the model of 1D arrayed disks using the software package SASView4.0 

(https://www.sasview.org/). In the model, hard-segment nanodomains (crosslinking sites) of the elastomer 

films are modeled by disks of a radius R (diameter D) and thickness tc, stacking linearly with a spacing of 

tl contributed by the soft PPG chains; the lamellar spacing L = tc + tl as shown in Fig. S14c.  

SAXS scattering intensity profiles were modeled with  

 

I(q) = npP(q)S(q)                (1) 

 

where np is the number density, P(q) the form factor and S(q) the structure factor of the scattering particles 

[S1]. For disk-like particles with radius R and polydisperse thickness tc, the normalized (i.e. )0(
~
P =1) 

and thickness-averaged form factor  
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is defined by the disk particle volume Vp = R2l and the spatial-orientation-averaged function 
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with v = QR(1-2)1/2 and w = (1/2)Ql, where J1 is the first order Bessel function [S1]. The Schultz 

distribution function [S1]0  

 

f(tc) = [(z+1)/<tc>]z+1 [tc
z/Γ(z+1)] exp[−(z+1)tc/<tc>]        (4) 

 

was used to describe the polydisperse behavior of the disk thickness, where tc is the mean disk thickness 

(hard-segment nanodomain size); the size polydispersity is defined by p ≡ (tc
2 –<tc>2)½/<tc> = (z+1)–

https://www.sasview.org/


 
 

 
 

½ with z ( > -1) and the most-probable disk thickness tc-mp = z<tc>/(z+1). Modified from that proposed 

previously, the structure factor for arrayed disks, comprising alternative crystalline and amorphous layers 

of layer thicknesses tl and tc, was approximated by  
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     (5) 

with the stacking number N and the lamellar period L (= tc +tl) of a disorder width L (resulted from the 

polydispersity in tc and tl) [S2]. Polydispersity in N (assuming a Schultz distribution with integral values 

taken) for averaged <SN(q)> was also included for improving data fitting. Combing Eq. (1)-(5), the SAXS 

intensity for the polymer crystal lamellae is approximated by 

 

I(q) = np(<Vp
2>< )(

~
qP ><SN(q)>          (6) 

 

with Δρ for the scattering contrast between crystalline and amorphous layers of the lamellae and <Vp
2> 

for the averaged second moment of the scattering particle volume. Note that we have neglected the density 

difference between the amorphous zones outside (i.e. the matrix) and inside the lamellae in our SAXS 

data fitting. The SAXS fitting result is shown in Figure S14a, using the parameters shown in Figure 

S14b.   

 



 
 

 
 

 

 

Figure. S14. (a) SAXS data of the Ni-bpyPTD elastomer are fitted using the mean values of N = 41, tc 

= 320.2 Å , tl = 400.3Å , and R = 4.50.1Å , with the polydispersity distributions of N and R shown in 

(b). (c) The disk array model comprises the hard-domain disks of a thickness tc and amorphous domains 
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of tl, in a lamellar stacking of d-spacing L = tc +tl and a stacking number N of the lamellae. (d) SAXS 

profiles of the Ni-bpyPTD elastomer along the stretching direction, before (0%) and under 200 % strain, 

are fitted using the structural model shown in (c), with the polydisperse L of metal-ligand crosslinking 

centers shown in (e). (f) and (g) are corresponding SAXS profiles and fitting (dotted curves) for the case 

of Zn-bpyPTD. Note that the data in the low-q regions (0.01-0.03 Å -1) are fitted using a power law 

scattering. 

 

Figure S15. X-ray absorption analysis for the metal-ligand binding structure. Phase-corrected Ni K-

edge EXAFS data fitted (thin red profile) using the first coordination shell of 4 N and 2 O for (a) Ni-

bpyPTD and (b) Zn-bpyPTD prepared with DMF/THF (up) and THF (down). The fitted 1st-shell 

coordination numbers Nc (comprising 4 nitrogen and 2 oxygen atoms), the Ni-N/Ni-O bond length R, and 

the Debye-Waller factor for positional disorder σ2 are shown respectively.  
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Figure S16. SAXS-WAXS data measured for the sample N-bpyPTD at humidity H = 10 % and 90%, at 

20 °C. Also shown are data measured at -50 °C. The arrows indicate that the several characteristics peaks 

(structures) maintained in the relatively extreme conditions tested.  

  



 
 

 
 

 

Figure S17. Antibacterial tests for the M-bpyPTD films over 24 h. For comparison, a PTD film under a 

similar test (the reference film) is also shown. 

 

We also used the plate count method to verify the antibacterial ability of the M-bpyPTD. We set up 

two coating plates, which are Ni- and Zn-bpyPTDTHF elastic films on quartz plates. After cleaning the 

quartz plate with water and alcohol, 100 µL of E. coli bacteria solution of 100 CFU/mL (with CFU for 

colony forming unit) was coated onto the plate followed by coating the M-bpyPTD materials. The test 

was done at 37 °C (human body temperature) for 24 h. 

  



 
 

 
 

 

Figure S18. MTT assay for cell viability for 24 h. 

 

Table S2. Summary of the cyclic strains and operating speeds of recently published self-healing 

materialss measuered under cyclic tensile testing.  

 

 



 
 

 
 

Table S3. Healing efficiency, transparency, tensile strain, tensile stress, self-healing condition, and 

required healing time of M-bpyPTDcosolvent , compared to that of the recent materials of similar emphases. 

 

  



 
 

 
 

 

Figure S19. (a) The radar plot of M-bpyPTDcosolvent compared with other state-of-the-art materials of 

comparable slef-healing and mechnical strength. (b) A list of the recent samples and their comprehensive 

performance (covered area in radar plot). 
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