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crosslinker molecular (as shown in Figure.1 (a)). Compared with PDMS, the peak intensity 

increase in graphene/GO-PDMS composites confirms the competing relationship between 

chemical and physical crosslinks. The entanglement of PDMS polymer chains on 

graphene/GO surface leads to excessive chemical crosslinker. 

 

 Thermogravimetric analysis (TGA) and derivative thermogravity (dTG) analyses 

were conducted on a Q-600 Simultaneous TGA/DSC at temperature ranging from 

room temperature to 1000 ℃  with a 5 ℃ /min heating rate under N2 atmosphere. 

Approximately 10 mg samples, which were hand-cut by a razor blade, were put in a 

platinum TGA crucible. 

 

 

Figure S2. The thermal analysis of 10:0.75 samples. (a) Thermogravimetric analysis 

(TGA) and (b) Derivative thermogravity (dTG) analysis. There is only one weight-loss 

peak in neat PDMS samples, indicating that the decomposition of PDMS is a one-step 

process. However, in graphene/PDMS and GO/PDMS composites, there are two 

weight-loss peaks, corresponding the interface/interphase degradation and bulk PDMS 

decomposition, respectively.  

 

        The glass transition temperature (Tg) measurements were carried out on a TA 

Instruments Q800 DMA at a 0.3% strain and 2 Hz frequency. The temperature ranges 

from room temperature to -140 ℃ with a 3 ℃/min cooling rate. It has been proved that 

the incorporation of nano-particles in crosslinked polymer matrix would increase or 

decrease Tg, which is governed by two competing factors – the formation of 
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interface/interphase and the reduction in polymer crosslinking density.
[1,2]

 When the 

chemical crosslinking density is high, polymer chains are constrained in chemical 

crosslinking sites and thus inhibit the formation of interface/interphase. So the second 

factor dominates and the nano-composites exhibit a lower Tg as shown in Figure S2. In 

contrast, with low chemical crosslinking density, the nano-composites exhibit a higher 

Tg compared to pure polymer. Additionally, the GO/PDMS composites show higher Tg 

in comparison to graphene/PDMS with either wc = 1 or wc = 0.75, indicating a stronger 

interfacial interaction between GO and PDMS and thus a thicker interphase layer. 

 

 

Figure S3. The glass transition temperature (Tg) measured for samples with (a) wc = 1 

and (b) wc = 0.75. 

 

 

(a) (b) 
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Figure S4. Stress-strain curves of of graphene (G)/PDMS and GO/PDMS composites 

with wc = 0.75 before and after DMA test at 45℃. The stiffness increase in 

graphene/PDMS and GO/PDMS composites after DMA tests are in good agreement 

with the dynamic stiffening effect observed in graphene/GO-PDMS composites as 

shonw in Fig. 2(a). 

 

Table S1. Crosslinking yield of PDMS and composites, which is defined as Xy = m3/m0 

from the final dry weight m3 and original weight m0 of tested samples. During chemical 

crosslinking reaction, the reaction rate decreases gradually as the reactants are 

consumed and the mobility of the polymer chains is constrained, until equilibrium is 

reached. As a result, the crosslinking yield cannot reach 100%. From data in this table 

we can see that PDMS (10:1) has the highest crosslinking yield, and the crosslinking 

yield decreases when reducing the crosslinker amount. Also, the addition of graphene 

or GO reduces the crosslinking yield is because the absorption of PDMS chains onto 

graphene and GO surface hinders the crosslinking reaction between PDMS chains and 

crosslinkers. The data also shows that the crosslinking yield slightly increases after 

DMA tests, which is consistent with chemical crosslinking density change after DMA 

test shown in Figure 4. 

 

Sample Crosslinking yield (%) 

Before DMA After DMA 

PDMS (10:1) 95.3 ± 0.22 95.85 ± 0.04 

PDMS (10:0.75) 94.54 ± 0.34 94.95 ± 0.12 

PDMS (10:0.5) 89.26 ± 0.11 90.36 ± 0.63 

G/PDMS (10:1) 87.08 ± 0.25 89.92 ± 0.34 

G/PDMS (10:0.75) 83.99 ± 0.96 86.28 ± 1.01 

G/PDMS (10:0.5) 76.1 ± 1.05 79.22 ± 0.78 

GO/PDMS (10:1) 83.36 ± 0.86 88.82 ± 0.66 

GO/PDMS (10:0.75) 74.14 ± 1.71 81.54 ± 0.73 
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GO/PDMS (10:0.5) 64.71 ± 2.83 73.12 ± 0.48 

 

Table S2. The ratio of physical crosslinks in the hybrid crosslinking network before 

and after the dynamic deformation. It shows that after dynamic deformation, the ratio 

of physical crosslinks greatly increases, especially for GO/PDMS (10:1), GO/PDMS 

(10:0.75), graphene/PDMS (10:0.75) and graphene/PDMS (10:0.5) samples. These 

results correspond with our observation in dynamic stiffening behaviour (Figure 2) and 

crosslinking density change before and after DMA tests (Figure 3). 

 

Sample Physical crosslinking ratio (%) 

Before DMA After DMA 

G/PDMS (10:1) 46.94 63.01 

GO/PDMS (10:1) 65.79 86.45 

G/PDMS (10:0.75) 45.45 57.90 

GO/PDMS (10:0.75) 61.54 76.25 

G/PDMS (10:0.5) 43.75 80.85 

GO/PDMS (10:0.5) 55.56 64.29 
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Figure S5. Dynamic self-stiffening of graphene-based PDMS composites. (a, b) 

Storage modulus increase verse the number of compression cycles for PDMS and 

graphene/GO-PDMS composites with mass ratios 10:1 and 10:0.5, respectively. (c) 

Changes in the normalized storage modulus of graphene/PDMS composites at different 

temperatures under dynamic compression loading.  

 

2. Molecular Dynamics Simulations. 
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Figure S6. (a-b) The atomic structure of crystalline and amorphous PDMS samples modeled 

in the MD simulations. (c) The temperature evolution of bulk PDMS with and without the 

ordering and alignment in MD simulated compressive tests using the Berendsen and Nosé-

Hoover thermostates, respectively. (d) Stress-strain relationships predicted for bulk PDMS 

with and without the ordering and alignment of polymer chains in simulated compressive tests 

when using these two different thermostats. 

 

We performed molecular dynamics (MD) simulations by using the large-scale 

atomic/molecular massively parallel simulator (LAMMPS) package.
[5]

 The consistent valence 

forcefield (CVFF) 
[6,7]

 is used for PDMS, which has been successfully applied in studying 

mechanical properties of PDMS.
[8-10]

 The non-bonded van der Waals interactions are modeled 

using the 12-6 Lennard-Jones potential, and the particle-particel-particle mesh (PPPM) 

technique 
[11]

 is used to include long-range Columbic interactions.  
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In our simulations, the size of super cell is 7.5×7.5 nm
2
 and there existed 40 chains of 

amorphous PDMS. A single chain consists of 80 monomers. The periodic boundary 

conditions (PBCs) are used along the X and Y directions. To explored the structure 

characteristics of PDMS layers deposited on graphene and graphene oxide (GO), we first 

eqyilibrate the prepared system in the NPT ensemble at 300 K for 1 ns, in which the time step 

was 500 fs, and the Berendsen thermostat and barostat are used for temperature and pressure 

controls
8
. The interaction between PDMS and graphene or GO was van der Waals interations 

and long-range Columbic interaction, and graphene or GO are fixed during the equilibration. 

Then we track the structural evolution of the simulated PDMS in the following 500 ps and 

averaged the data every 10 ps, in an NVE ensemble. Then we can obtain the mass density 

profiles and mean-squared radius of gyration (Rg) for PDMS. Here, we use the normalized 

parallel (R
2

g-||) and perpendicular (R
2

g-┴) components of mean-squared radius of gyration to 

capture the conformations of PDMS. R
2

g-|| and R
2

g-┴ are defined
[12]

 as 

 

 

We then perform uniaxial compressive tests on bulk PDMS samples with or without the 

ordering alignment. All the samples consist of 40 chains and the single chain contains 80 

monomers. The PBCs are used in all three directions. The size of super cell for samples with 

and without the ordering alignment are 12×8×4 nm
3
 and 7.5×7.5×7.5 nm

3
 (see Figure S6), 

respectively. The X, Y and Z direction in MD simulated systems are also shown in Figure 

S6(a-b). The entire system is first equilibrated in NPT ensemble at 300 K and zero pressure 

for 200 ps. The Berendsen thermostat and barostat are used for temperature and pressure 

control, respectively.
[13]

 Then we compress the samples along X-direction in an NVT 

ensemble at 300 K, in which the engineering strain rate is 10
8
 s

-1
 and the pressure along Y and 

Z directions are zero. We track the pressure and strain evolution and fit the simulation data to 

obtain the effective Young’s modulus. From the results summarized in Figure S6, we 

conclude that there are only slight difference in the temperature and stress of MD simulated 

systems using the Berendsen and Nosé-Hoover thermostats. 
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