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1. Materials and general methods

All reagents were commercially available and used as supplied without further purification. 

Deuterated solvents were purchased from Cambridge Isotope Laboratory (Andover, MA). 

Compounds UPyMA was prepared according to the established methods13. For the reported 

compound, only 1H NMR spectra was measured and compared with those in literatures to prove its 

structure.

Nuclear magnetic resonance (NMR) spectra were recorded with a Bruker Avance DMX 400 

spectrophotometer with use of the deuterated solvent as the lock and the residual solvent or TMS as 

the internal reference. Gel permeation chromatography (GPC) analysis was performed using an 

HLC-8320 GPC (TOSOH, Japan) instrument using N, N-Dimethylformamide (DMF) as eluent with 

polymethyl methacrylate (PMMA) standards. Fourier transform infrared (FT-IR) spectroscopy was 

performed on a Thermoscientific Nicolet 6700 FT-IR spectrometer at room temperature in the range 

of 550~4000 cm−1. The thermal stability analysis was conducted using a TA Instruments Q500 

thermogravimetric analyzer (TGA) under the nitrogen. Each sample (5 mg) was heated from 

ambient temperature to 500 °C with a heating rate of 20.0 C/min. X-ray photoelectron spectroscopy 

(XPS) spectra were obtained using an X-ray photoelectron spectrometer (AXIS UltraDLD, 

Shimadzu) with a monochromatic Al-Kα X-ray source. Scanning electron microscope (SEM) 

images were observed applying a field emission SEM (Apreo 2S, FEI Company) at an acceleration 

voltage of 5 kV. X-ray diffraction (XRD) measurements was done by X-ray diffractometer (Aeris, 

Malvern Panalytical) using Cu-Kα radiation at a scanning speed of 2°/min. Then, the interlayer 

spacing (d) can be calculated according to Bragg’s Law, 2dsinθ = nλ, where θis half of 2θ at 002 

peak in XRD curves, n (diffraction order) and λ (X-ray wavelength) equal to 1 and 0.154 nm, 

respectively. Atomic force microscopy (AFM, Multimode 8, Bruker) was utilized to measure the 

surface adhesion of GO films.

The mechanical tensile test was accomplished by means of a tensile tester (Instron 3343) with 

a 100 N sensor under air atmosphere and room temperature. Before testing, the samples were 

cropped to a length of 15 mm and a width of 3 mm. On top of that, paper frames with a rectangular 

hole were tailored, of which the hole could accommodate the sample in width. The sample strips 

were adhesively attached to the paper frames so that the samples would not be damaged when 

clamped via gauges. The gauge length was set to 5 mm and the legs of paper frames were cut when 
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loading samples was completed. Tensile stress–strain curves were acquired at a loading rate of 1 

mm/min. Young’s modulus was determined from the slope of the linear part of the stress–strain 

curves. Toughness was obtained from the area under the tensile stress−strain curve until the sample 

fractured. Energy dissipation was calculated by integrating the area encompassed by the cyclic 

tensile curves. Damping capacity was defined as the ratio of the dissipated energy (the area 

encompassed by the loading and unloading curves) to the loading energy (the area encompassed by 

the loading curve).
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2. Synthesis of PUPy and PBMA

Synthesis of UPyMA

2-Amino-4-hydroxy-6-methylpyrimidine (2.00 g, 15.98 mmol) was added into 80 mL of DMSO 

and stirred for 10 min at 150 °C. Then the solution was cooled to room temperature and 2-

isocyanatoethyl methacrylate (2.70 g, 17.40 mmol) was added into the flask. The mixture was kept 

stirring for 12 h at room temperature. The white precipitates were collected by filtration, washed 

with n-hexane. Finally, the precipitates were dried under vacuum at 30 °C for 4 h to afford UPyMA 

as a white powder (2.71 g, 60%). The 1H NMR spectrum of UPyMA is shown in Figure S1. 1H 

NMR (CDCl3, room temperature, 400 MHz) δ (ppm): 12.97 (s, 1H), 11.95 (s, 1H), 10.50 (s, 1H), 

6.21–6.16 (m, 1H), 5.79 (s, 1H), 5.55–5.54 (m, 1H), 4.27 (t, J = 5.7 Hz, 2H), 3.60–3.56 (m, 2H), 

2.23 (d, J = 1.0 Hz, 3H), 1.93 (t, J = 1.3 Hz, 3H).

Figure S1. 1H NMR spectrum (CDCl3, room temperature, 400 MHz) of UPyMA.
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Synthesis of PUPy

UPyMA (300 mg, 1.07 mmol), butyl acrylate (BA, 1.37 g, 10.7 mmol), azobis(isobutyronitrile) as 

thermal initiator (AIBN, 19 mg, 0.12 mmol) and DMF were added to a vial, and stirring at room 

temperature until all monomers were completely dissolved. Then, was degassed three times via the 

freeze-thaw technique. The polymerization reaction was carried out at 80 °C under nitrogen 

atmosphere for 24h. After cooling at room temperature, the reaction mixture was precipitated in ice 

methanol, then filtered, and dried at 60 °C for 24 h to obtain PUPy as a colorless gelatinous solid. 

The 1H NMR spectrum of PUPy is shown in Figure S2.

Figure S2. 1H NMR spectrum (CDCl3, room temperature, 400 MHz) of PUPy.
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Figure S3.  GPC elution curve of the PUPy with DMF as the eluent and PMMA as the standard.

Synthesis of PBMA

Butyl methacrylate (BMA, 152 mg, 1.07 mmol), butyl acrylate (BA, 1.37 g, 10.7 mmol), 

azobis(isobutyronitrile) as thermal initiator (AIBN, 19 mg, 0.12 mmol) and DMF were added to a 

vial, and stirring at room temperature until all monomers were completely dissolved. Then, the 

solution was degassed three times via the freeze-thaw technique. The polymerization reaction was 

carried out at 80 °C under nitrogen atmosphere for 24h. After cooling at room temperature, the 

reaction mixture was precipitated in ice methanol, then filtered, and dried at 60 °C for 24 h to obtain 
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PBMA as a colorless viscous liquid. The 1H NMR spectrum of PBMA is shown in Figure S3. GPC 

elution curve of the PBMA is shown in Figure S4.

Figure S4. 1H NMR spectrum (CDCl3, room temperature, 400 MHz) of PBMA.
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Figure S5.  GPC elution curve of the PBMA with DMF as the eluent and PMMA as the standard.
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Figure S6. The comparison of partial 1H NMR spectra (CDCl3, 400 MHz, 293 K) of BA, UPyMA, 

and PUPy.
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3. Fabrication of graphene oxide films

Firstly, a GO aqueous dispersion with a concentration of 2 mg/mL was obtained by stirring for 2 h 

and ultrasonication for 15 min. Subsequently, 10 mL of such dispersion was dropwise added to a 

vacuum filtration funnel with a hydrophilic filter membrane. After water was filtered out, a piece of 

GO film was peeled from the filter membrane after a period of natural drying. The GO film (~17 

mg) was then immersed in 10 mL DMF containing PUPy, then put it in the oven and heat it at 100 

°C for 30min, then adjust it to 70 °C for 2h, and finally place it at room temperature for 3h. The 

UPy units in the PUPy side chain and the hydroxyl and carboxyl groups of graphene oxide 

nanoplatelets form hydrogen bond interactions, effectively introducing PUPy into the middle layer 

of graphene oxide film. Then, the excess PUPy was removed by rinsing with ethanol several times, 

and the resulting PUPy-bridged graphene oxide film was dried at 50 °C overnight, yielding a PUPy-

bridged graphene oxide film, denoted as GUPy (PUPy-bridged oxide graphene) film. By varying 

the feeding mass of PUPy to 0.2 mg, 2 mg and 20 mg, we prepared different PUPy-bridged graphene 

oxide films, named GUPy-1, GUPy-2 and GUPy-3, respectively. In the meantime, GPBMA 

(PBMA-bridged graphene) film was fabricated according to the above processing method by 

substituting PBMA for PUPy. Besides, GO (graphene oxide) film was also prepared without the 

incorporation of PUPy and PBMA.
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Figure S7.  SEM cross-section images of GUPy-2 film.

Figure S8.  (a) Elemental distribution quant mapping images of GUPy-2 film. Elemental 

distribution quant mapping images of C (b), O (c), and N (d) corresponding to the film structure in 

(a).
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Figure S9.  The corresponding thermogravimetric values of GUPy-1, -2, -3, GBMA, and GO films 

at 450 ℃ from TGA curves.

Table S1. ID, IG, and ID/ IG values of GUPy-2, GBMA, and GO from Raman spectra.

ID IG ID/ IG

GUPy-2 615.681 459.257 1.341

GBMA 304.807 237.955 1.281

GO 284.134 22.745 1.276
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Figure S10.  3D adhesion profile image of GBMA obtained from AFM.

Figure S11.  3D adhesion profile image of GO obtained from AFM.

Table S2. Toughness of GUPy-2, GBMA, and GO calculated based on their stress-strain curves.

GUPy-2 GBMA GO

Toughness (MJ/m3) 19.5 2.3 1.6
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Figure S12. The reproducible stress–strain curves of GUPy-1 films recorded with a deformation 

rate of 1 mm/min.
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Figure S13. The reproducible stress–strain curves of GUPy-2 films recorded with a deformation 

rate of 1 mm/min.
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Figure S14. The reproducible stress–strain curves of GUPy-3 films recorded with a deformation 

rate of 1 mm/min.
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Figure S15. The reproducible stress–strain curves of GBMA films recorded with a deformation rate 

of 1 mm/min.
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Figure S16. The reproducible stress–strain curves of GO films recorded with a deformation rate of 

1 mm/min.
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Figure S17. Fracture strain and toughness of previously reported graphene films bridged through 

different bonding types, including H-bonding, ionic bond, covalent bond, π-π interaction, the 

GUPy films produced in this study (the numbers in the figure correspond to the serial number of 

the reference).
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