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1. Materials

All the reagents and solvents were obtained and used without further purification.
Thioctic acid (TA, 97%) was purchased from Shanghai Adamas-Beta Co. Ltd., tris(2-
aminoethyl)amine (TREN, 98%) was purchased from Bide Pharmatech Co. Ltd. All
other reagents were bought from commercial sources and used without any purification

unless stated.

2. Preparation of the Adhesive CBAXx

Preparation of CBAx. Taking the preparation of CBAO.6 as an example, TA (1.0
g, 4.9 mmol) was charged into a 50 mL flask and heated at 120 °C for 0.5 hours, then
TREN (4.3 g, 2.9 mmol) was added. The reaction mixture was further stirred at 120 °C
for another 4 hours. Subsequently, the reaction system was placed in a vacuum drying
oven at 100°C under vacuum for 12 hours to remove the free water molecules formed
during the reaction. The prepared adhesive was directly used for adhesion and other
tests without further purification or separation.

Table S1. The content and ratio (mol %) of CBAx

CBAO.2 CBAO.4 CBAO0.6 CBAO0.8 CBA1.0
TA 83.3 71.4 62.5 55.6 50
TREN 16.7 28.6 37.5 44.4 50

3. Characterization of the adhesive CBAx

'H Nuclear Magnetic Resonance. 'H NMR spectra were required at room
temperature using a Bruker Advance III HD 400 MHz NMR spectrometer (Germany)
using the deuterated solvent as the lock and the residual solvent or TMS as the internal
reference.

The Thermal Behaviors Test. Thermogravimetric analysis (TGA) was

conducted using a TA Q500 (TA Instruments, New Castle, Delaware, USA) under a
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stable nitrogen gas flow. Each sample was heated from 30-800 °C with a heating rate
of 10 °C min-!. Differential scanning calorimeter (DSC) measurements were carried out
using a TA Q200 (TA Instruments, New Castle, Delaware, USA), from —50 to 150°C
at a rate of 10 °C/min in a nitrogen atmosphere. The glass transition temperatures (7})
was analyzed by utilizing a heat/cool/heat cycle with about 10 mg sample. In the cyclic
thermal measurement, these samples were first heated from 25 to 100 °C and kept for
Smin to eliminate the possible impacts from the thermal history, then cooled to =50 °C
and reheated to 150 °C, T, was determined in the second heat cycle.

Rheology Behaviors Test. The rheological behavior of CBA0.6 was assessed
using a rheometer (AR2000, TA Instrument, USA) equipped with parallel plate
geometry (25 mm diameter). Throughout the experimental procedure, the gap distance
was maintained at 0.5 mm. Master curves of storage modulus (G') and loss modulus
(G") were obtained by time-temperature superposition shifts at a reference temperature
of 60 °C. Based on the Arrhenius plot of temperature-dependent shift factors, apparent
activation energy (E,) was calculated from the slope of the curve. The temperature
sweeps were performed from 35 to 100 °C for CBA0.6 with a heating rate of 5 °C/min
under the frequency of 1.0 rad/s. Stress relaxation measurements were carried out under
the strain amplitude of 1% at 50 °C, 60 °C, and 70 °C.

Lap-Shear Adhesion Test. Lap shear tests were conducted using an INSTRON
68TM-5 universal testing machine with a 20 mm/min strain rate at room temperature
or —196 °C. The adhesive, approximately 36 mg/cm?, was applied to two identical
substrates measuring 50 mm x 20 mm x 0.9 mm, with an overlap area of 200 mm? (20
mm X 10 mm). Two paper clips held the substrates together, and two stainless steel
wires with a thickness of approximately 0.15 mm were used to control the adhesive
thickness during heating. Thermal treatment was conducted in an oven at 100 °C for 30
min. Before the lap shear test, the bonded sheets were cooled to room temperature and
allowed to stand for another 12 hours. Shear adhesion strength was determined by
dividing the maximum force at joint failure by the overlapping contact area. Each set
of sample data underwent a minimum of five tests, and the results were averaged for

accuracy.
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Figure S1. The sample preparation process for lap shear tests.

4. Multi-reuse experiments

Prepare a suitable amount of the adhesive CBAO0.6 and use it entirely for lap shear
tests on iron sheets (with more than five samples), taking the average value as the first
cycle. After testing, recover all the adhesive, heat and remold it, and perform lap shear
tests again with more than five samples, taking the average value as the second cycle.
Repeat this process. As the adhesive CBAO0.6 is reused more times, its hardness
increases, requiring higher temperatures for hot pressing. By the tenth cycle, at least
150 °C is needed for hot pressing. To avoid the carbonization of the adhesive, we

believe that ten cycles represent the upper limit of CBAO0.6’s reuse lifespan.

5. The solvent resistance experiments

The solvent resistance test involves immersing iron bonded with the adhesive
CBAO0.6 immersing in different solvents for 24 hours, then air drying naturally for 12

hours before directly using for lap shear tests.
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6. Statistical analysis
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Figure S2. (a) Thermogravimetric analysis (TGA) curve of CBA0.6 under N, flow with 10
°C/min ramp rate. (b) Differential scanning calorimeter (DSC) measurement of CBA0.6 was
performed at 10 °C/min in a nitrogen atmosphere.

ref Equation S1

The relationship between the horizontal shift factor (aT) obtained from the master

curve of CBAO0.6 and its corresponding test temperature is shown in Fig. 3d. The results

demonstrate that 47 is significantly dependent on temperature. When the temperature

exceeds 60 °C, the relationship follows the Arrhenius equation (Equation S1), By fitting

the T values, the activation energy (E a) of CBAO.6 is calculated to be approximately
270 kJ/mol, which is slightly higher than the disulfide bond energy of 251 kJ/mol. This
value is slightly higher than the disulfide bond energy of 251 kJ/mol due to the presence
of crosslinking networks. The high activation energy indicates the rapid scission of
disulfide bonds at elevated temperatures and leads to a transition between the glassy
and liquid states. In other words, the viscosity of CBA0.6 decreases rapidly within a

narrow temperature range, demonstrating its excellent processing performance.
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Figure S3. Assessment of the adhesive properties of bioadhesives CBAx. (a) and (b) are lap
shear strength-displacement curves and lap shear strengths of adhesive CBAX. Error bars show

the standard deviation of the measured adhesion strengths and Young’s modulus of the CBAx

(n=5).
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Figure S4. The bonding strength comparison of CBA0.6 with reported adhesives. (a) The
adhesive strength in bonding with SS, Fe, and underwater performance. (b) The adhesion

strengths of reuse numbers. (¢) The adhesive strength at low temperature.
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Figure S5. The adhesion testing of CBAO0.6 to various materials. (a) and (b) present lap shear
strength-displacement curves and corresponding lap shear strengths of CBA0.6 when bonding
Fe, SS, Ti, Ni, Al, and Zn. (c) and (d) depict lap shear strength-displacement curves and lap
shear strengths of CBA0.6 when bonding Fe with Fe, SS, Ti, Ni, Al, and Zn. Error bars show

Displacement (mm)

the standard deviation of the measured adhesion strengths of CBA0.6 (n = 5).
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Figure S6. The solvent resistance and reusability of CBAO0.6. (a) and (b) present lap shear
strength-displacement curves and lap shear strengths of CBA0.6 when bonding Fe specimens
immersed in various solvents for 24 hours, including MeCN, Acid (pH=1), Water, EA, THF,
DCM, PE, Seawater, Base (pH=14). (c) and (d) depict lap shear strength-displacement curves
and lap shear strengths of CBAO0.6 in bonding Fe specimens after each reuse cycle. Error bars
show the standard deviation of the measured adhesion strengths of CBA0.6 (n 2 5).
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Figure S7. The anti-freezing property test of CBAO0.6. (a) The digital image of lap shear tests
performed at —196 °C. (c) and (d) Strength-displacement curves and lap shear strengths of
CBAO0.6 at room temperature and —196 °C. Error bars show the standard deviation of the
measured adhesion strengths of CBA0.6 (n = 5).
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Figure S8. '"H NMR (400 MHz, DMSO) of full spectra of pristine and recycled TA.
As shown in Figure S8, the primary difference between the '"H NMR spectra of the pristine TA

and the recycled TA lies in the appearance of distinct peaks. Specifically, the pristine TA exhibits
an additional peak at 3.3 ppm, while the recycled TA shows a prominent single peak at 2.54 ppm.
The 3.3 ppm peak in the pristine TA is attributed to residual water in deuterated DMSO. Upon
recycling, the addition of deuterated TFA induces hydrogen-deuterium exchange with water
molecules, resulting in the disappearance of the water peak. Conversely, the single peak at 2.54 ppm
in the recycled TA corresponds to residual DMSO. This arises from the degradation process of
CBAO.6, which involves a substantial amount of DMSO and TFA. Given the high boiling point of

DMSO, trace amounts of this solvent are retained in the recycled TA.
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Figure S9. '"H NMR (400 MHz, DMSO) of full spectra of pristine and recycled TREN-4H".
S11



Figure S10. The digital image depicts CBA0.6 bonded iron sheets lifting three adults with a
combined weight of approximately 360 kg. The bonding area is 450 mm?, and the theoretical
bearing capacity is 720 kg.
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Figure S11. Comparison of the performance of CBA0.6 and petrochemical adhesives. (a) and

(b) Lap shear strengths of CBA0.6 and commercial adhesives, including Kafuter-4404, Loctite-
4736, and 3M-CA40H. (c) Comparative analysis of the lap shear strength of CBA0.6 with that
of petrochemical adhesives recently reported in high-impact journals.
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