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1 Experimental Section

1.1 Raw Materials

All commercially available materials, reagents and solvents were used as supplied,
unless otherwise stated including Potassium Carbonate (Greagent, >99.0%), Silica gel
(Greagent, 300-400 mesh), Tetrabutylammonium Bromide (TBAB, Adamas, 99.0%),
Tetrakis(triphenylphosphine)palladium (Pd (PPhs),, Adamas, 9.2%(Pd)), Ethyl Acetate
(EA, Greagent, >99.7%), Hexane (Greagent, >97.0%), Tetrahydrofuran (THF,
Greagent, >99.5%), Triethylamine (Adamas, 99.0%), Pyridine-4-Boronic Acid (PyPba,
Adamas, 98.0%), Anhydrous dichloromethane (DCM, Adamas,99.0%),
Tetraphenylethylene (TPE, TCI, 98.0%),Acryloyl Chloride(AC, Adamas, >98.0%),
Bromotriphenylethylene (P;Br, TCI, 98.0%), methyl methacrylate (MMA, Adamas,
99.0%), 2,2-Azobis(isobutyronitrile) (AIBN, TCI, 98.0%), Trimethylene Bromohydrin
(Adamas, >98.0%). N-butyl acrylate (nBA, TCI, 99.0%) was filtered through a plug of
basic alumina oxide before use, Ethyl Acetate for synthesis (EA, Adamas, 99.8%), THF
for synthesis was distilled from Na/benzophenone prior to wuse. Triphenyl
vinylpyridines (PyTPE) and 1-bromo-butylacrylate (VBr) were synthesized referring
to literatures (Scheme Sla and S1b).

1.2 Sample preparation

The three-necked flask was evacuated under vacuum and flushed with argon for three
times before reaction starting. All reactions were carried out under a dry argon
atmosphere and the temperatures were measured externally.

1.2.1 Synthesis of 1-bromo-butylacrylate (VBr).

Procedures for the synthesis of VBr were shown in Scheme Sla. In a 250 mL three-
necked flask, trimethylene Bromohydrin (25 g, 0.1799 mol), 100ml anhydrous DCM
and triethylamine (21.8411 g, 1.2 eqv) were added. Cooling down to 0 °C and slowly
added acrylyl chloride dissolved in 30 ml anhydrous DCM (19.5360 g, 1.2 eqv), then
stirred for 1 h. The reaction was then warmed to room temperature and stirred for 24 h.
After that, 450 ml deionized water and 150 ml saturated salt water were used to wash

organic phase, and the excess solvent was removed by rotary evaporator. The product



was brown liquid and obtained in 76% yield. The chemical structure of VBr was
confirmed by solution "H NMR spectroscopy shown in Fig. S1. 'H NMR (400 MHz,
CDCI3) 6 6.39 (1 H,d,J 17.3), 6.10 (1 H, dd, J 17.3, 10.4), 5.83 (1 H, dd, J 10.4, 1.3),
429 (2H,dd,J11.5,5.5),3.54 (2 H, dt, J 60.1, 6.5), 2.17 (2 H, m).

1.2.2 Synthesis of triphenyl vinylpyridines (PyTPE).

Procedures for the synthesis of PyTPE were shown in Scheme S1b through the
convenient Suzuki coupling reaction!. In a 250 ml three-necked flask, P;Br (2.00 g,
5.97 mmol), PyPba (0.8801 g, 7.16 mmol) and 50ml THF were added and stirred
uniformly. Then, 12 ml 2 M K,CO; and TBAB (0.16g) were added and stirred at R.T.
for 0.5 h. After that, Pd (PPh;), (0.3 g) was added and heated flask to 85 °C for 24 h.
After cooling to R.T., the mixture was added to deionized water (50 ml) and extracted
with DCM until the extract became colorless. The collected organic layer was dried
with anhydrous Na,SO,. After the solvent have been evaporated under reduced
pressure, the crude product was purified by a silica gel column using hexane/ ethyl
acetate (10:1, v: v) as eluent to give PyTPE as a yellow solid with 89% yield. The
chemical structure of PyTPE was confirmed by solution '"H NMR spectroscopy and
FTIR as shown in Fig. S2. "H NMR (400 MHz, CDCl;) 6 8.26 (d, J=6.1 Hz, 1H), 7.11
(dd, J=9.4, 4.7 Hz, 1H), 7.05 (ddd, J = 10.9, 9.8, 3.2 Hz, 4H), 6.98 — 6.92 (m, 3H),
6.92 (d, J=4.9 Hz, 1H).

1.2.3 Synthesis of poly (BA-MMA-VBr) (PBMB).

PBMB was synthesized by one-pot free-radical copolymerization at 80 °C for 10 h
using butyl acrylate (BA), methyl methacrylate (MMA) and 1-bromo-butylacrylate
(VBr) at 60:40:3 molar ratio (Tab. S1). After that, the crude product was precipitated
in n-hexane and dissolved in THF, repeated 3 times at R.T to obtain a solid, then dried
in a vacuum oven at 40 °C for 48 h. Br-free contrast sample poly (BA-MMA) (PBM)
was synthesized by the same way. The chemical structure of PBMB was confirmed by
solution '"H NMR spectroscopy, FTIR and GPC as shown in Fig. S3 and Tab. SI,

respectively.
1.2.4 Synthesis of PBMB-PyTPE.
Fabrication of PBMB-PyTPE by alkylation reaction with PBMB (1.0133 g) and PyTPE



(1 eq, 0.0828 g). The mixture was slowly poured into PTFE mold, then maintained at
R.T and 40 °C in vacuum oven for 24 h respectively to remove the solvent. After that,
it was reacted at 140 °C for 40 min as Scheme S2 shown. The chemical structure of

PBMB-PyTPE was confirmed by 'H NMR spectroscopy and FTIR as shown in Fig. S4.

2 Methods and techniques

2.1 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded using Thermo Scientific Nicolet iS50 FTIR by an
attenuated total reflection (ATR) mode at room temperature. The on-line tracing of
ionic bonds is conducted through the transmission mode at room temperature. The
wavenumber scale was from 4000 cm™! to 400 cm™!.

2.2 Nuclear Magnetic Resonance (NMR)

The "H NMR spectra were measured on a Bruker AV III HD spectrometer operating at
400 MHz in CDCl; (8 ('H) = 7.26 ppm) or DMSO (& ('H) = 2.5 ppm) with TMS as
reference.

2.3 Differential scanning calorimeter (DSC)

The heat flow curves of elastomers were acquired on the Q2000 (TA instruments). The
sample was firstly heated from 25 °C to 100 °C and then cooled from 100 °C to -70 °C
with the rate of 20 °C/min to eliminate thermal history, and then the sample was heated
from -70 °C to 100 °C with the rate of 10 °C/min to record the heat flow. The glass
transition temperature (T,) of the samples were defined as the inflection point of the
heating curves.

2.4 Dynamic mechanical analysis (DMA)

Dynamic mechanical properties were measured on the Q800 (TA instruments) in the
tension mode. The geometry rectangular samples with the sizes about 10 mm (length)
*5 mm (width) *0.3 mm (thickness) were heated from -70 °C to 100 °C with the heating
rate of 5 °C/min, the frequency of 1 Hz and the preload force of 0.01 N.

2.5 Gel permeation chromatography (GPC)

The molecular weight and polydispersity index (PDI) of the PBMB were measured by



GPC at room temperature (Tosoh HIC-8320GPC, THF as the eluent and PMMA as the
standard).

2.6 Rheology

The rheological measurements were carried out by the HAAKE MARS (Mars III).
Frequency sweeping from 0.01 Hz to 100 Hz was conducted at range of 283 K-413 K,
the temperature gradient and strain was 10 K and 1%, respectively. Master curves, were
obtained by shifting the frequency sweeping curves at different temperatures to 283 K.
The samples were the disks with diameter 20 mm and thickness 0.5 mm and the tests
were performed in torsion mode. In all the dynamic shear experiments, the strain
deformation was fixed at 0.1%, which was small enough to avoid the nonlinear response
(Fig. S7b) and large enough to have a reasonable signal intensity. Oscillatory frequency
sweep tests were performed in the range of 0.1-100 rad s~! with 0.1% strain.

2.7 Atomic force microscope (AFM)

AFM height diagrams were gotten by AIST-NT SPM smartSPMTM-1000 in the
tapping (AC) mode with the spring constant of 70 N/m and the resonance frequency of
289 kHz. Sample preparation: PBMB-PyTPE was dissolved in THF with the
concentration of 0.1 mg/ml. Spin coated the solution on the silicon slice using the spin
coater (KW-4A). Afterwards the silicon slice was placed in the vacuum oven at 100 °C
for 30 mins.

2.8 Tensile test

Tensile experiments were performed on an Instron 5967 tensile tester. Samples were
cut into the dumbbell shape by a normalized cutter with the gauge length of 15 mm, the
width of 2 mm and the thickness of 0.3-0.6 mm. For the samples of mechanical healing
test, the crack with 50-100 um was produced by blade. Uniaxial tensile measurements
were performed at room temperature in the air with the strain rate of 100 mm/min. The
Young’s modulus was determined by the slope within the initial linear region of the
stress-strain curves.

2.9 Small-angle X-ray scattering (SAXS)

SAXS experiments were performed at room temperature at the BL16B1 beamline of

the Shanghai Synchrotron Radiation Facility (SSRF). The wavelength of the X-rays



used was 0.124 nm. Two-dimensional SAXS patterns were recorded with a MAR-CCD
detector (MAR, USA). The image acquisition time for each frame was 1 s. The distance
from sample to detector in SAXS experiments was 2000 mm. The SAXS patterns were
background corrected and processed using Fit2D software for further analysis.

2.10 Confocal laser scanning microscope (CLSM)

CLSM images were taken by Zeiss LSM 700 with 5x and 10% objective. The excitation
wavelength was 405 nm, and the emission wavelength was received at a range of 495-
630 nm. A fresh scratch was created on the surface of PBMB-PyTPE film, and the
photos of the scratch healing process was taken every 0.5 h for a total of 4 h. All images
of this experiment were captured under the same conditions in terms of objective
amplification (x10), gain limit (600), and ambient temperature (25 °C). The images of
three-dimensional curves were acquired through the MATLAB (software version: R2018a)
mesh function.

2.11 Fluorescence spectra

The fluorescence spectra were recorded with a Horiba FluoroMax-4 spectrometer at the
excitation wavelength of 365 nm under room temperature, unless otherwise stated. As
we know, the film-forming conditions (i.e., film-forming methods, solution properties
and apparatus) have an impact on the fluorescence intensity through affecting the
packing density of molecular chains, chain conformation and molecular mobility. For
a substrate supported film, simulations had revealed that near a confining interface the
conformations of polymer chains were highly perturbed?. Therefore, in order to make
experiments more scientific and minimize the effect of film forming conditions on
fluorescence tests, we used the same method for solution-casting film (Scheme S2),
film thickness was maintained at 0.3mm-0.6mm, and only the change of fluorescence
intensity on the free surface of a same membrane with external fields was studied.
Gradient stretching fluorescence was carried out by spectral acquisition mode, basic
parameter including: integration time: 0.1 s, increment: 1.00 nm, dark offset. The
experimental procedure was as follows: stretched 10s (total 60 s) waiting a full

spectrum (40 s) > then recovered 10 s (total 40 s) waiting a full spectrum (40 s). Stress

relaxation fluorescence was carried out by kinetics mode, basic parameter including:



integration time: 0.1 s, interval time: 0.10 s, increment: 1.00 nm, dark offset. The
experimental procedure was as follows (used 30 mm/min as an example): stretched 60
s with tensile rate 30 mm/min waiting a full spectrum (40 s), then unloaded stress but
kept the strain constant, switched mode and set signal emission wavelengths (selected
the peak of the full spectrum). Variable temperature fluorescence was carried out by
spectral acquisition mode, and temperature control accessories was added, basic
parameter same as gradient stretching fluorescence. Crack healing fluorescence was
carried out spectral acquisition mode, and excited light acted on scratch, basic

parameter same as gradient stretching fluorescence.

3 THEORY AND CALCULATION

3.1 Self-healing efficiency

General healing efficiency (1) is calculated according to the following equation:

Oheal
e X 100%

r’ =
O-original

Where opeqr 1s the tensile strength of the healing samples, and Gyyiginal 15 the tensile

strength for the original samples.

Self-healing efficiency "1rLu calculated by crack width through Adobe Ilustrator (software

version: Ai2021) as Fig. S5 shown and the result shown in Tab. S2:

Wcrack - Wheal o
NpiMy=—"—"7—" X 100%

crack

Where Wi, is the crack width of the healing samples, and W, is the crack width for
the initial scratched samples.
Self-healing efficiency "csim calculated by fluorescence intensity read by MATLAB

data cursor tool as Fig. S6 shown and the result shown in Tab. S3:

Iheal - Icrack
Nesiy =——————— X 100%

original

Where Ij,¢, is the fluorescence intensity of the healing samples, Icrack and Igrigina is the
fluorescence intensity before and after the scratch.
Self-healing efficiency "7 calculated by relative fluorescence intensity characterized

by fluorescence spectra directly:



_ Iheal - Icrack

NpL = ] X 100%

original

Where Icq 1s the fluorescence intensity of the healing samples, Icrack and Iosiginal 18 the
fluorescence intensity before and after the scratch.

3.2 Activation energy

The activation free energy barrier relates to the lifetime of a sticker 15, in the simplest

form, through the Arrhenius equation:

Ea
.0
Where E, is the activation energy, R is Avogadro constant and 1, is proportionality
constant.
3.3 Noda’s rule for the generalized 2D correlation spectra’
If the correlation intensity @ (v1, v2) in synchronous spectra has the same symbol
(positive or negative) as the correlation peak ¥ (v1, v2) in asynchronous spectra, then
the movement of band v1 is prior to or earlier than that of band v2, and vice versa.
Besides, if the correlation intensity in synchronous spectra is not zero (or blank), but
zero in asynchronous one, then the movements of bands at vl and v2 are simultaneous.
Noda’s rules are summarized as follows:
(HIfD(vl,v2)>0,¥ (vl,v2)>0o0r ® (vl,v2)<0,¥ (vl, v2) <0, then the movement
of vl is before than that of v2.
Q) IfDd (v, v2)>0,¥ (vl,v2)<0or® (vl,v2)<0,¥ (vl, v2) >0, then the movement
of vl is after than that of v2.
B)If D (vl, v2) >0, ¥ (vl, v2) =0 or @ (vl, v2) <0, ¥ (vl, v2) = 0, then the
movements of vl and v2 are simultaneous.
@ (vl, v2) and ¥ (vl, v2) represent the correlation peaks in synchronous and

asynchronous spectra, respectively.
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Figure S2. 'HNMR Spectra of PyTPE and and the inserted graph is a magnification of the dotted
part. The solvent was CDCl; (8 ("H) = 7.26 ppm).



b

/ b
* * * 07/0 * * fl
H, H H, Hz_H_)_
C —Cp71¢C *C*\ 1€ /ik "
o o q 9
2 *?a‘ / a
C *
*
¢
T o s
b |
|
| ¥ ‘
| I
| T
2 N |
7 il
M ‘I\ I HH“ I'l\
1€ | ALV |
— — o Nkl he N
& N o
& 353
i 3 . : S o« ;
7.5 6.5 5.5 3.5 2.5 1.5 0.5
1 (ppm)

Figure S3. 'HNMR Spectra of PBMB. The solvent was CDCl; (8 ("H) = 7.26 ppm).

Comments: Copolymer compositions were determined by measuring the resonance intensities of
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Figure S4. 'H NMR (a) and FTIR (b) Spectra of PBMB-PyTPE and compared with PBMB and



PyTPE. The solvent was CDCl; (8 ("H) = 7.26 ppm).

Comments: The characteristic peaks of PyTPE ring at a and b appeared and the peak at ¢ of -C'H,-Br
disappeared in PBMB-PyTPE. The bending vibrations of -C=0 and -C-O-C at 1728 cm! and 1161
cm! corresponding to the presentation of acrylate units remains unchanged due to their
nonreactivity. The peak at 1590 cm™! disappeared nearly which belonged to the bending vibrations
of -C=N on the pyridine ring’, and new peaks shown at 1630 cm™!' and 1530 cm! were attributed to
the ionic interation between pyridine and bromo®. The results of 'THNMR and FTIR investigated that
the successful synthesis of PBMB-PyTPE through the alkylation reaction between the bromine
atoms and pyridyl groups.

Figure S5. Self-healing efficiency calculated by Al: crack healing efficiency npry calculated by
crack width measured by Al measurement tool (Three-point average).

Figure S6. Self-healing efficiency calculated by MATLAB (software version: R2018a): Crack
healing efficiency ncLsm calculated by fluorescence intensity read by MATLAB data cursor tool

(Five-points average) .

Comments: From Fig. S6, decreased fluorescence also presented around the crack due to activated



adjacent moieties. Then the fluorescence intensity enhanced rapidly as thermodynamically stable

structures were generated within each fragment of the broken material, indicating that dangling

chains containing a high concentration of dissociated bonds following initial fracture tended to

diffuse back into the bulk polymer.
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counterions and side chain lengths?®; o) Ethylene-methacrylic acid (E/MAA) ionomers with
different MAA wt% and neutralization with Na salt?!; p) sulfonated polystyrene (SPS) with different

sulfonation levels?2.



Figure S11. Illustration of the difference between crack and break. (a) Untreated sample; (b)
Cracked sample; (c) Broken sample; (d) Contact the broken sample.
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Figure S12. Fluorescence property of PBMB-PyTPE ((A=365 nm). (a) Fluorescence spectra of
PBMB-PyTPE and bromine-free PBM-PyTPE, a transform of excitation wavelength from blue
luminescence to yellow fluorescence; (b) Fluorescence spectra of PBMB-PyTPE after fully
stretching-recovering cycle; (¢) Dynamic fluorescence intensity change of PBMB-PyTPE at tensile
rate of 60 mm/min and 30 mm/min, exponential fitting function: y=31804¢e0017x and y=24858¢"
0.004x regpectively; (d) Cooling fluorescence spectra of PBMB-PyTPE from 70 °C to 30 °C.

Comments: The AIE effect of PyTPE had been confirmed by Pigge et al??,while the formation of
sticky groups would produce an AIEE effect, showing an obvious red shift of the emission peak in
Fig. S12a?*. For the gradient stretching fluorescence test, the stretching process is also a film
thickness changing process.
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Figure S13. Photos of crack carried out by CLSM from 0 h to 4 h under R.T (Scale bar: 100 pm).
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Figure S14. CLSM photos of crack from 0 h to 4 h at R.T and processed by MATLAB.
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Figure S15. Changes of '"H NMR characteristic peaks before and after Pyridyl-bromo alkylation
reaction. (a) 'H NMR of PBMB; (b) 'H NMR of PBMB-PyTPE. The solvent was CDCl; (8 (H) =

7.26 ppm).

Comments: Functionalized molar ratio was determined by measuring the resonance intensities of
PyTPE*-N=C-H- and VBr-BrCH,- at 8.33 and 3.73 ppm respectively, and the resonance intensities
of MMA —OCH; 3.62 ppm was used as the internal standard as shown in Fig. S15. The pyridine-

8.33 3.73
J ppm/zf pom).
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Intensity (a.u.)

15 16 17 18 1920 21 22 23 24 25 26 27 2829 30
Retention time (min)

Figure S16. Size exclusion chromatogram for PBMB. SEC condition: eluent = THF, temperature
=R.T. As shown, the Mn and PDI are 87692 g*mol! and 2.07, respectively.

Table S1. Characterization of PBMB.

Feed molar Actual molar Functionalized M
ratio ratio” molar ratio** mol PDI***
BA:MMA:VBr | BA: MMA: VBr | PyTPE:VBr | &™°
PBMB 60:40:3 46:52:1.57 1:2 87692 2.07

* See details in Fig. S3.

** See details in Fig. S15.
*#* Mn and PDI for PBMB were tested by GPC (see details in section 2.5), and the size exclusion



chromatogram was shown in Fig. S16.

Table S2. Crack width measured by Al measurement tool at selected points after different healing
time at R.T. and 40°C.

Time Point 1 Point 2 Point 3 Avera%e (pm) TPLM
R.T. Oh 0.8554 0.6572 0.5561 5.30436 0
1h 0.6202 0.4179 0.3236 3.49154 34%
2h 0.5359 0.2292 0.2056 2.48897 53%
3h 0.321 0.2696 0.1239 1.83205 65%
4h 0.1163 0.0834 0.0723 0.69744 86%
40°C Oh 2.993 2.7234 2.8042 8.87562 0
0.5h 1.5369 2.5346 1.6718 5.9826 33%
1h 0.0809 0.3775 0.0404 0.51958 94%

*Average (R.T.) =Ave (point 1 + point 2 + point 3)/13*100 pm
Average (40 °C) =Ave (point 1 + point 2 + point 3)/16*50 um
Where 13(16) and 100(50)um were the lengths of scale bar in photos and in actual, respectively.

Table S3. Fluorescence intensity read by MATLAB data cursor tool at selected points after different
healing time at R.T.*

Point 1 Point 2 Point 3 Point 4 Point 5 Average NcLsM

Oh 55 39 33 48 &9 52.8 0%
lh 93 135 58 96 101 96.6 20%
2h 191 231 171 71 211 175 56%
3h 191 231 171 71 211 203.8 69%
4h 218 255 250 145 230 219.6 76%

*Qriginal fluorescence intensity value calculated by the mean of fifteen-points, equaled to 255.
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