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Fig. S1. Comparison of stress-strain curves at the tensile rates of (a)(c) 0.0327/t and (b)(d) 0.00327/t



Part I. Estimation Methods of Percolation Threshold

From the snapshots below showing the spatial distribution of nanoparticles (D=4c), it can be
inferred that the percolation transition would occur at a volume fraction between 9.30% and 17.01%.
One common method for estimating the percolation threshold is to find the intersection point of the
two fitted lines of mechanical reinforcement (e.g., Young’s modulus) far below and far above the
percolation threshold [1-2], as indicated by Fig. S2 below. From Fig. S2, it is seen that the
percolation threshold (¢m) is approximately 15% (42%), which is within the range for rigid fillers in
soft polymers, i.e., 6-35% depending on the nanoparticle size and shape, and particle-polymer

interaction strength [3].
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Fig. S2. (a) Snapshot of equilibrated simulation systems at the volume fraction of 9.30% and 17.01%. (b)
Young’s modulus as a function of volume fraction. The nanoparticle diameter is D=4, and the particle-
polymer interaction strength is €,,=1.0. (c) Probability of network formation as a function of nanoparticle
volume fraction for different simulated systems. (d) Comparison of the percolation threshold ¢.m from the
mechanical reinforcement method and that from nanoparticle cluster percolation analysis gcn



To quantitatively identify the percolation threshold, we have evaluated the probability of three-
dimensional network formation as a function of nanoparticle volume fraction. At the particle-
polymer interaction of enp=1.0, two neighboring nanoparticles of diameter D=4 are considered to
form a cluster if their center-to-center distance is smaller than 4.25c, according to the radial
distribution functions between nanoparticles gnn(r) in Fig. 2b. That is to say, two nanoparticles with
their gap less than 0.25c are directly connected; such a judgement condition is also applied in the
cases of D=2 and D=6 at enp,=1.0. However, when the particle-polymer interaction is too strong (e.qg.,
enp=5.0 and 10.0) to form nanoparticle-polymer-nanoparticle sandwich structures (Fig. 2b), a critical
gap distance of 1.25¢ is used to determine the formation of nanoparticle clusters bridged by polymer
layer. A three-dimensional nanoparticle network forms once the largest nanoparticle cluster spans the
whole simulation box in three-dimensional directions. Such a criterion is somewhat arbitrary but at a
very reasonable level [4]. From Fig. R3 below, it can be seen that the percolation threshold ¢n of
nanoparticles with diameter of D=4 is approximately 16.5%, while the ¢ for diameter D=6 is much
larger, close to 28.0%. Besides, at high particle-polymer interaction of £,p=10.0, a three-dimensional
nanoparticle network bridged by polymer layers is expected to form beyond the volume fraction of

~13.5%.

In the context of D=4 and &np=1.0, the percolation threshold (gm~15%) from the mechanical
reinforcement method and that from nanoparticle cluster percolation analysis (#n~16.5%) are quite
close. However, we think this may just be a coincidence. Firstly, the percolation transition for
nanoparticle clusters is a first-order phase transition, which expects an abrupt transition of physical
quantities. The mechanical reinforcement of PNCs, however, behaviors more like a second-order
phase transition [5-6]. Such a discrepancy reflects that the critical mechanical phenomenon for PNCs
is not a pure percolation transition, for which the mechanical reinforcement is much more
complicated, especially with polymer chains serving a fairly important role. For example, the bound
polymer layers around nanoparticles also contribute largely to the mechanical reinforcement, and
when the bound polymer layers percolates (undoubtedly below the percolation threshold of
nanoparticle network, ¢n), the mechanical properties will be significantly enhanced, with higher
Young’s modulus than expected below ¢n, resulting in a less steep percolation transition at the

nanoparticle network formation point. Besides, during the formation of nanoparticle aggregates



before the eventual establishment of long-ranged network, some polymer chains are likely to be
trapped in the local clusters [7], which will also make the percolation transition of filler network
more moderate. In general, owing to the important contribution of polymer chains to the mechanical
properties, the percolation transition for mechanical reinforcement is not entirely/decisively (maybe
on a very large scale) dependent on the nanoparticle network formation, and thus behaviors more like

a second-order phase transition.

Secondly, by comparing the percolation threshold ¢m from the mechanical reinforcement method
and that from nanoparticle cluster percolation analysis ¢ in other simulation systems, as shown in
Fig. R2 above, it can be found that the two percolation thresholds are not identical. Specifically, the
percolation threshold @cm from the mechanical reinforcement method is always smaller that from
nanoparticle cluster percolation analysis ¢e. Such a discrepancy confirms the above-discussed point
that the percolation transition of mechanical reinforcement does not fully depends on the

nanoparticle network formation.

In conclusion, the critical mechanical phenomenon for PNCs is not a pure percolation transition
of nanoparticle clusters, and if we discuss such a behavior of mechanical reinforcement in the
framework of percolation theory, then the mechanical reinforcement method can give a good
indication of the percolation threshold. From Figure 5a, below a critical nanoparticle loading, the
increase of Young’s modulus with filler volume fraction is approximate to linearity in a consistent
manner with hydrodynamic effect. Beyond the critical filler loading, the Young’s modulus increases
exceptionally with the filler content, owing to the strong filler-filler interaction including the short-
ranged inter-aggregate association via direct contacting or long-ranged filler network bridged by
bound polymer layers. Notably, the global filler network developed by high particle concentration
makes more significant contribution to the mechanical reinforcement than merely the disconnected
bound polymer layers around fillers. In fact, this percolation threshold @gm from MD simulation
(~15%) is close to the experimental observation (~11%) for the silica-filled poly(vinyl acetate)

systems [1] and that for PS/silica-filled polybutylacrylate systems (~15.8%) [8].
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Part 11. Comparison of Simulation Results with Experimental Data

(1) Comparison of the Payne effect of Polymer Nanocomposites

The strain-induced nonlinear behavior of elastic modulus in our simulation is found to be quite
similar to the experimentally observed “Payne effect”, whose feature is actually embodied in the
dependence of dynamic storage modulus on shear amplitude. In order to quantitatively compare the
results from our simulation and real experiments on a reasonable level, we aim to evaluate them in
terms of the Payne effect magnitude and the characteristic strain. The Payne effect magnitude is
given by

AE/E, = (Eo - Eoo)/EO

where E, and E_ are the elastic modulus at the initial plateau and at the plateau of large

deformation, respectively (for experimental results, the storage modulus versus shear amplitude).

The characteristic strain of the decay for the elastic modulus, &, which is defined as the strain (shear

amplitude) when the elastic modulus decays to a certain value (e.g., E./E,=1/2). The

characteristic strain measures the decay rate of elastic modulus with strain and can also serve to
quantify the nonlinear behavior of PNCs.

Table S1 displays the data extracted from both the current research and some literatures relating

to experimental research on PNCs. We note that the experimental results of AE/E, and ¢, in Table

S1 are estimated on the basis of the figures in those literatures, and thus the statistical errors would
be as large as 10%-20%. From Table S1, we find that the AE/E, and the &, that are obtained from
our MD simulations can be matched to some extent to some certain specific experimental systems.

Specifically, our simulation systems filled with spherical particles behave in a manner similar to that

of realistic silica-filled rubber nanocomposites (ref. 2 & ref. 3) in terms of the Payne effect.

Table S1. Comparison of the Payne effect extracted from the current MD simulation study and the

literatures relating to experiment research

System p? DP enp® AE/Ey¢ &c® Ref.
Current Simulationf 9-29 vol% 20-60 0.1-10.0 0.84-0.96  0.03-0.05 -
SBR/Silica 5-30 wt% 13 nm Surface treated 0.17-0.43  0.09-0.2 [1]
PBD/Silica 2-29 vol% 1545 nm Surface treated 0.8-0.98 0.02-0.1 [2]
SR/Silica N/A N/A Untreated 0.91-0.92  0.007-0.01 [3]



SSBR/Silica 20-40 phr 12 nm Surface treated 0.63-0.78  0.1-0.3 [4]

PAM/Silica 5-15 vol% 15 nm Surface treated 0.1-0.4 N/A [5]
NR/CB ¢ 7-18 vol% 29 nm, 50 nm Untreated 0.20-0.64  0.1-0.8 [6]
NR/CB 28 vol% N/A Untreated 0.61 0.05 [3]
SSBR/CB 20-40 phr 25 nm Untreated 0.63 0.18-0.3 [4]
CBG" N/A N/A Untreated 0.97 0.002 [7]

2 Filler volume fraction (weight fraction), ® Filler Diameter, ¢ Polymer-filler interaction strength, ¢ Elastic
modulus (storage modulus) drop with strain (relative to the original modulus), ® Characteristic strain (shear
amplitude) of the decay for the elastic modulus, ¥ PNCs filled with spherical particles, ¢ Carbon Black, "
Carbon black gel extracted from NR compounds filled with 40-70 phr carbon black

Table S2. Polymer Abbreviations

Abbreviation Polymer
SBR styrene-butadiene rubber
PBD 1,4-polybutadiene
SR silicone rubber (poly-dimethyl-diphenyl-siloxane)
SSBR solution-polymerized styrene butadiene rubber
PAM poly-(acrylamide)
PVACc poly-(vinyl acetate)
EPDM ethylene propylene diene monomer rubber
CPI cis-polyisoprene
TPI trans-polyisoprene
NBR nitrile butadiene rubber
PSETS poly(Sty-b-[EVBIM][Tf2N]-b-Sty) triblock copolymer
PIB polyisobutylene
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(2) Comparison of the Mechanical Reinforcement of Polymer Nanocomposites
Fig. S3 shows a quantitative comparison between the mechanical reinforcement magnitude of the
current research and that of some literatures relating to experimental research on PNCs. The

mechanical reinforcement magnitude is defined as the Young’s modulus of PNCs normalized with
that of unfilled polymer, E,(¢#)/E,(unfilled) . It should be noted that the experimental results in Fig.
S3 are estimated on the basis of the figures in those literatures, and thus the statistical errors would
be as large as 10%-20%. From Fig. S3, it is seen that the mechanical reinforcement magnitude
E,(#)/E,(unfilled) from our MD simulations is within the range of common experimental systems,
depending on the particle type and size, and the particle-polymer interaction. Especially, the

mechanical reinforcement for the simulation system of D=4 and €np=1.0 is in good agreement with

that of carbon black-filled nature rubber composite system in ref. 2.
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Fig. S3. Mechanical reinforcement extent, in terms of Young’s modulus of nanoparticle-filled systems
normalized by that of unfilled system, as a function of filler volume fraction. References are listed below.
Details of filler parameters are shown in Table S3.

Table S3. Some Filler Parameters in the literatures relating to experiment research

System D3 Enp® Ref.
Current Simulation © 4o 1.0,5.0 --
PAM/Silica 15 nm Surface treated [1]
NR/CB ¢ 29 nm Untreated [2]
PVAc/Silica ~7nm Untreated [3]
EPDM/CB N/A Surface treated [4]
PBD/Silica N/A Surface treated [5]

2 Filler Diameter, ® Polymer-filler interaction strength, ¢ PNCs filled with spherical particles, ¢ Carbon Black
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(111) Comparison of Activation Energy of Polymer Nanocomposites

According to the research work of Liu et al. (Macromolecules 2006, 39, 8867), the polymers will

show an Arrhenius-like temperature dependence at the temperature larger than 1.3Tg (T, is the glass
transition temperature), and based on the Gibbs-DiMarzio lattice model (J. Polym. Sci. 1959, 40,
121), the characteristic temperature T, in VFT equation is expected to show the Adams-Gibbs

relation:

T,=0.77T,
In our simulation, the glass transition temperature is approximately T, =0.46, and the characteristic

temperature is estimated to be T, =0.39, which is close to the value of 0.77T, (~0.354), roughly in

consistent with the Adams-Gibbs relation.

Besides, Table S4 shows the data of activation energy extracted from both the current research and
some literature relating to experiment. It is found the activation energy of our simulation model are
almost 1-2 order of magnitude lower than that of experiment. Such a decrease in the temperature
dependence of polymer dynamics is originated from coarse-graining the dynamics of a model
polymeric material and (J.F. Douglas et al., Macromolecules, 2017, 50, 8787). Despite the deviations
of the coarse-grain model from real experiments in activation energies, the main conclusions

obtained in this research will not change.

Table S4. Activation energy derived from experiment research

System ¢ @ (kcal/mol) E ® (kcal/mol) Ele Ref.
Current Simulation © 1.0 e/ksT 0.12 elkeT 0.12 --
PS 0.96 8.31 8.65 [1]
PIB ~0.89 10-24 11.2-26.9 [2]
CPI/NBR ~0.61 3-8 5.0-13.3 [3]
PSETS ~0.96 2.78 2.89 [4]
CPI/TPI ~0.61 2.4-13.1 3.9-21.5 [5]

2 Monomer-monomer interaction strength from Ref. Kremer, K.; Grest, G. S., J. Chem. Phys. 1990, 92, 5057, b
Activation energy from VFT theory; ¢ PNCs filled with spherical particles (D=4, ¢=17.01%)
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The bond orientation is measured by the second-order Legendre polynomials (P2> ;

(R,) =(3(cos* 0) -1) /2
where 6 denotes the angle between a given element (two adjoining monomers in a polymer chain)
and the reference direction (the stretching direction). The possible values of (Pz) range from -0.5 to
1.0. Specifically, (Pz) =—0.5 indicates a perfect orientation perpendicular to the reference direction,

(P,)=0.0 represents a random orientation of the segments and (P,)=1.0 means a perfect alignment
parallel to the reference direction.
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Fig. S4. The bond orientation <P,> as a function of strain at different system temperatures. (D=4, $=17.01%,
Snp:]..o and Snn:l.o)

Strain

Fig. S5. Stress-strain curves with different nanoparticle diameters at a volume fraction of ¢=17.01%.
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