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Materials  

All commercially available materials were obtained from Sigma-Aldrich and were used as they were received 

without further purification unless otherwise specified. CaCl2, Acetylene dicarboxylate, toluene, Diethyl ether (Et2O), 

NaHCO3, NaCl, MgSO4, Celite, Ethyl acetate, hexanes, ethanol, and DMSO were purchased from CAS Scientific’s 

ChemSupply. Silica gel was purchased from Silicycle Inc. All chemicals were reagent grade or better.  

 

Instrumentation and Analysis 

NMR characterization 

Synthesized samples were dissolved in CDCl3 at a final concentration of 10 mg/ml and transferred to an NMR 

sample tube. 1H NMR spectra were recorded on Bruker BioSpin 400.13 MHz spectrometer at 293 K with 8 scans 

and a delay of 5 s. Chemical shifts were reported in delta (δ) units and expressed in parts per million (ppm) 

downfield from tetramethylsilane (TMS) using CDCl3, 1H: 0.0 ppm as an internal standard. 1H NMR data was first 

phased, and baseline corrected (Bernstein polynomial fit, order 3) using MNOVa software (MestRelab Research 

S.L version: 14.0.0-23239).  

 

FTIR characterization 

Fourier Transform Infrared (FTIR) spectrometer with attenuated total reflectance (ATR) was used to characterize 

gel samples, and spectra were recorded on Spectrum software. Hydrogels and organic samples (opaque oils, 

solids, and powders ranging from 22 µm to 2.5 µm) were analysed from 450-4000 cm-1 wavelength range. 
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Raman spectroscopy  

Gels were dried at room temperature for overnight to remove the water before Raman studies. All measurements 

were carried out at room temperature. Raman spectra were collected by Renishaw (inVia 2) Raman spectrometer 

coupled to a microscope (Leica.), and spectra were recorded on Wire 5.3 software.  The microscope focused a 

diode laser (785 nm, 9.6 mW, with1200 l / mm grating) onto the sample (~0.8 µm spot size) on exciting through a 

5x magnification lens (Leica) and collected the light scattered off the sample surface. The scattered light was 

directed through the Raman spectrometer to obtain spectral data. Spectra were recorded from 600 cm-1 to 1800 

cm-1. 

 

Experimental Procedures: 

 

Synthesis  

Step 1: 

 

 

 

 

Figure S1:  Mechanophore synthesis reaction step 1 

 

Synthesis protocols are based on the literature which were modified during the experiments.63    Esterification 

reaction was performed with mixing acetylene dicarboxylate (5.0 g, 43.8 mmol), 1,6-hexanediol (52 g, 438 mmol) 

in 70 ml of toluene. The catalyst, p-toluenesulfonic acid monohydrate (PTSA) (833 mg, 4.38 mmol), was added to 

the mixture. The reaction proceeded for 20 h at 100 °C. The generated water during the reaction was collected 

using a Dean-Stark trap, which was fitted to the reflux condenser. After 20 h, around ca.1.2 ml of water was 

collected, and the setup was allowed to reach room temperature. The solution was diluted with Et2O (50 mL) and 

cooled at -10 °C for 1 hour. Then the solution was decanted, and the precipitate was washed with an excess of 

Et2O. The combined organic solution was washed with saturated NaHCO3 solution (2 × 50 mL), water (4 × 50 mL), 

and brine (1 × 50 mL), respectively. The resultant organic layer was dried with Mg2SO4, followed by filtering through 

a Celite pad. The product was concentrated under a vacuum to evaporate solvents. The resultant product was a 

pale-yellow oil with a yield of 46%. 1H NMR (400 MHz, CDCl3) δ 4.20 (t, 4H), 3.61 (t, 4H), 1.70 – 1.60 (m, 4H), 

1.55(m, 4H), 1.40 – 1.30(m, 8H). 



 

Step 2: 

 

Figure S2:  Mechanophore synthesis reaction step 2 

 

Furfuryl alcohol was stirred in DMSO at room temperature overnight. After 1 h, benzyl chloride was added into the 

reaction mixture. The reaction was monitored via thin-layer chromatography (TLC). The crude product was purified 

with a silica column, and the yield was pale yellow liquid (98%).64 1H NMR (400 MHz, CDCl3) δ = 7.40–7.06 (m, 

6H,), 6.26 (d, J = 4.0 Hz), 4.47 (s, 2H), 4.41 (s, 2H,) 

Step 3: 

 

Figure S3:  Mechanophore synthesis reaction step 3 

 

Product of step 1 reaction (P1) (3.5 g, 11.1 mmol) and the product from step 2 (P2) of 2.31 g, 12.2 mmol, were 

reacted at 70 °C for 20 hours in a sealed vial. The reaction was monitored via 1H NMR spectroscopy. When the 

reaction was completed, the mixture was allowed to come to room temperature. Then the excess unreacted starting 

materials were removed by triturating with hexane ((3 × 15 mL). Excess solvent was removed under vacuum, and 

the intermediate diol yield was dark orange oil (70%) 

The intermediate diol was reacted with (298 mg, 0.59 mmol) methacrylic anhydride (660 µL, 4.4 mmol) in dry 

pyridine under an N2 environment for 18 h. The reaction was monitored with TLC (85% EtOAc/hexanes). The 

mixture was diluted with Et2O (10 mL) and successively washed with water (2 × 10 mL) and 10 wt% CuSO4 

solutions (3 × 10 mL) followed by saturated NaHCO3 solution (2 × 10 mL). The resultant organic layer was dried 

with Mg2SO4 and vacuumed to get the crude product. The crude product was purified with flash column 

chromatography (20% EtOAc/hexanes) (Rf = 0.85). The yield was pale yellow oil (9.5%). 1H NMR (400 MHz, 



CDCl3) δ 7.40 – 7.29 (m, 5H), 7.20 (s, 1H), 6.99 (d, J = 5.2 Hz, 1H), 6.09 (s, 2H), 5.70 (s, 1H), 5.55 (s, 2H), , 462 

(s,2H), 4.55 (s,2H), 4.23 – 4.07 (m, 8H), 1.94 (s, 6H), 1.70 – 1.62 (m, 8H), 1.45 – 1.35 (m, 8H). 

 

 

Step 1 product (P1) – 

 

 

Figure S4:  1H NMR spectrum of P1. Inset: magnified 4.4– 4.0 ppm region  
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Step 2 product (P2) : 

 

 

Figure S5:  1H NMR spectrum of P2 

 



Step 3 mechanophore – 

 

Figure S6:  1H NMR spectrum of mechanophore 

 

 

 

 

 

 

 

 

 



Preparation of double network hydrogels 

5 wt% oxanorbornadiene mechanophore in DMSO was dissolved in 95 wt% acrylamide containing 1.45 wt% 

alginate with a final volume of 1 mL. Ammonium persulphate (5.0 µL) as a photo-initiator and N,N,N',N'- 

tetramethylethylenediamine (TEMED) (0.5 µL) as the crosslinking accelerator were added to the mixture. The 

solution was poured into a glass mold for the covalent network to polymerize. After 45 min of gelation time, the 

hydrogel was washed with water to remove DMSO with DMSO removal monitored with FTIR. After complete 

removal of DMSO the sample was immersed in 3 wt% CaCl2 solution overnight and stored until use. 

 

Figure S7:  Evaluation of DMSO removal by FTIR. a) FTIR spectrum of DMSO, which shows characteristic S=O 
bond peak at 1015 cm 1. b) FTIR spectrum of the hydrogel before removing DMSO. c) FTIR spectrum of the 
hydrogel before removing DMSO, which confirms the removal of DMSO by the absence of S=O peak at 1015 cm-

1. 

 

Mechanical tests  

Specimens were removed from the CaCl2 storage solution, excess fluid removed with shaking and wicking with a 

Kim wipe, and immediately subjected to compression in a humid environment. The compression tests were 

performed by a universal testing instrument (ElectroPuls E1000, Instron) with a 250 N load cell (Instron).  The test 

speed was 1 mm/min, and the load was held on the sample for 5 min. Engineering stress-strain curves were 

presented after tests. The strain and stress were calculated using the two equation 𝜀𝑒 =  
∆ℎ

ℎ𝑜
 and 𝜎𝑒 =  

𝐹

𝐴0
, where ℎ0 

and 𝐴0 are the original height and cross-sectional area of the uncompressed sample, ∆ℎ is the change in height, F 



is the applied force. The compressive modulus was defined as the ratio of stress to strain in the initial compression 

region and determined using the average slope of fitting line within 5-10% strain range. 

 

Mechanical test was performed on cubic samples following table shows each dimension. 

TABLE 1 Sample dimensions 

Compression stress Dimensions (mm) 

0.01 MPa 6.20 × 5.60 × 5.40 

0.05 MPa 5.80 × 5.60 × 5.90 

0.10 MPa 5.70 × 5.00 × 4.90 

0.05 MPa 4.80 × 5.00 × 4.50 

1.00 MPa 5.00 × 4.50 × 5.40 

2.00 MPa 4.50 × 4.20 × 5.20  

  

 

GC-MS analysis 

Molecule release under compression was monitored with gas chromatography-mass spectrometry (GC-MS). GC 

analysis were carried out using a Shimadzu GCMS QP2010Plus with diphenyl/methyl column (30m × 0.32mm × 

0.25 µm film thickness on GC system with a flame ionization detector (FID) 

 

Data analysis 

All Raman, FTIR, and GC-MS acquired data were analyzed by Origin2020b software. Origin2020b software was 

used for the statistical analysis to show differences between groups (One-way ANOVA). Significant difference is 

indicated when P < 0.05. 

The percentage of molecule was calculated as 

  

𝑅𝑒𝑙𝑒𝑎𝑠𝑒 % =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (𝑔) × 100

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑙𝑜𝑎𝑑𝑒𝑑 𝑜𝑛 𝑔𝑒𝑙(𝑔)
 

 



TABLE 2 Assignment of Raman bands 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure S8: Curve fitting Raman spectra with deconvolution into the Lorentz components after baseline subtraction 
a) Acrylamide gel (control) b) mechanophore-linked hydrogel, which shows the presence of C=C bond of 
oxanorbornadiene mechanophore 

 Observed in this work  

Reported  
(cm -1)65-67 

PAAm Oxo  Assignment 

641 641 644 τ, CH2 

667 66  677 Norbornadiene ω, CH 

780 779 775 ω, CH 

844 842 844 Γ, CH2 

800-970 68  951 υ, (C-O-C) 

1000 68  1005 υ, (CC) aromatic ring 

1113 1107 1111 υ, (C-C) 

1209 1212 1220 ω, NH2 

1326 1324 1328 δ, CH 

1430 1429 1422 υ, C-N 

1457 1452 1456 δ, CH2 

1516  1516 Norbornadiene C=C  

1607 1608 1616 δ, NH2 

1665 1669 1664 υ, C=O in amide 

 
νa and νs - asymmetric and symmetric stretching, δ - bending, ω - 

wagging, Γ - twisting, τ - torsion  



 

Figure S9. (a) Swelling analysis for mechanophore crosslinked double network hydrogels. (b) change in 
specimen geometry after compression at different forces (left) and during cyclic loading at 0.5 MPa (right). (c) GC 
elution analysis of samples compressed in the same direction up to ten times. #signifies p<0.005 compared to 
0.01, 0.05 and 0.1 MPa compression. 

 

Figure S10: Box and whisker plots of the compressive modulus of 5% and 10% mechanophore containing samples 
based on 18 repeat experiments for the 5% case and 13 repeat experiments for the 10% case.  
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure S11:  GC-MS trace showing elution of the Oxo-OBn molecular release. 
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Theoretical modelling of molecule release 

The model for small molecule release in the double network hydrogel was adapted from 62 to include an irreversible 

reaction (molecule release) that does not result in fracture of the polymer chains, in addition to a later irreversible 

scission of the chains. In brief, this model starts from the statistical mechanical description of a single polymer chain 

and predicts the stress response and mechanochemical response of the polymer network when subjected to 

mechanical deformation. The parameters in this model are the number of links in a single chain segment, Nb; the 

volumetric swelling ratio, J; the total number density of chains, n; the nondimensional link stiffness, κ; the 

nondimensional end-to-end length of the chain that triggers the release, γrelease; and the nondimensional end-to-

end length that results in scission of the chain, γscission. The values for these parameters are given in Table 2.  The 

first three parameters were directly determined by the polymer chemistry: Nb was determined by the average 

number of monomers between crosslinks; J was estimated from the water content compared to the dry polymer 

content; and nkT was determined such that the model matched the median elastic modulus from the experiments 

of 56 kPa. Κ and γscission were calibrated to the mechanical response of the material, while γrelease was then calibrated 

to the corresponding release percentage. 62 The model is stiffer than the experimental data at large strain primarily 

because we neglect the increase in contour length that results from the small molecule release. 

TABLE 2. Parameters for double network hydrogel model 

Parameter Value 

Nb 85 

J 10 

nkT 36.56 kPa 

κ 2000 

γrelease 0.575 

γscission 1 

 

 

 

 

 

 

 

 

 
 
 
 
 

Figure S12: Engineering stress-strain plots of experimental data for the 5% gel compression alongside the 
theoretical model 



 

 

 

 

 

 

 

 

 

 

 

Figure S13. Theoretical molecule release predicted after the first compression and the second compression with 

90° rotation. 
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