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The dispersion of solid nanoparticles within polymeric materials is widely used to enhance their performance. 

Many scientific and technological aspects of the resulting polymer nanocomposites have been studied, but the 

role of the structural and chemical heterogeneity of nanoparticles has just started to be appreciated. For 

example, simulations of polymer films on planar heterogeneous surfaces revealed unexpected, non-monotonic 

activation energy to diffusion on varying the surface composition. Motivated by these intriguing results, here 

we simulate via molecular dynamics a different, fully three-dimensional system, in which heterogeneous 

nanoparticles are incorporated in a polymer melt. The nanoparticles are roughly spherical assemblies of 

strongly and weakly attractive sites, in fraction f and 1-f, respectively. We show that polymer diffusion is 

still characterized by non-monotonic dependence of the activation energy on f. The comparison with 

the case of homogeneous nanoparticles clarifies that the effect of the heterogeneity increases on 

approaching the polymer glass transition.  

 

I. Introduction 

The introduction of nanoparticles (NPs) into polymer matrices 

is an effective strategy to fabricate high performance polymer 

nanocomposites (PNCs)1-3. A fundamental understanding of 

their composition-structure-properties relationship will 

facilitate the further development of materials with desired 

properties4. One key lesson is that it is crucial to disperse the 

nanoparticles well in the polymer matrix in order to produce 

high performance composites5. This can be achieved by 

compatibilizing them, for example by coating the nanoparticles 

or grafting them with the polymer6-8. 

The interface between polymers and nanoparticles is also a 

very important element. In the nanometer-size interstices 

between the nanoparticles, the polymer chains become severely 

restricted and may deviate substantially from their bulk 

behavior9. Thus, the polymer interfaces which are formed near 

solid surfaces and nanoparticles have received wide 

consideration from both the academic and industrial 

communities10-14. One of the earliest studies is the one by 
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Tsagaropoulos and Eisenberg15, who observed that several 

polymer properties such as viscosity, diffusion coefficient, and 

the T2 relaxation time in NMR measurements were drastically 

altered by silica nanoparticles and attributed this effect to a 

drastic slowing down of the chains in the interfacial region. 

Later on, Torkelson and coworkers16, 17 studied the relaxation of 

thin polymer films on silica surfaces, as a model for polymer-

silica nanocomposites. Using fluorescent probes to monitor the 

dynamics of the polymer matrix, they demonstrated that chains 

next to the surface were nearly completely arrested (at 

temperatures above the bulk Tg), but the slowing down in the 

relaxation dynamics could be felt up to 100 nm away from it. 

Even a small concentration of nanoparticles can slow down 

significantly the polymer diffusion within a PNC, due to a 

combination of the reduced polymer relaxation and the entropic 

barriers created by the excluded volume of the NPs18. NP 

induced enhancement of the polymer relaxation rate has been 

also observed for particular physical situations, including 

systems formed by entangled polymers and NPs smaller than 

the entanglement mesh size19.    

Many useful insights have been obtained by theoretical 

analyses and molecular dynamics (MD) or Monte Carlo 

simulations, alongside the traditional experimental methods20-

22. Smith et al.23 introduced some structural roughness in the 

coarse-grained modelling of NPs. Starr et al.24 found a mobility 

gradient for coarse-grained polymer chains approaching the 

nanoparticle surfaces, both for repulsive and attractive 

polymer/nanoparticle interactions. Li et al.25 explored the 

dynamics of long polymer chains filled with spherical NPs. 

Through a primitive path analysis, they showed that the chains 

become significantly disentangled on increasing the NP volume 

fraction, but “NP entanglements” become significant above a 

critical volume fraction. More recently, Hagita et al.26 have 

performed large-scale MD simulations of related cross-linked 

models, to describe the mechanical deformation of rubbery 

nanocomposites with different degrees of particle aggregation. 

At the atomistic level of description, Ndoro et al.27 simulated a 

composite consisting of ungrafted and grafted spherical silica 

nanoparticles embedded in a melt of 20-monomer atactic 

polystyrene chains. These showed that the nanoparticles modify 

the polymer structure in its neighborhood, and these changes 

increase with the higher grafting densities and larger particle 

diameters. De Nicola et al.28 used the results of molecular 

simulation as a guide for the preparation of improved polymer-

NP composites, exploiting an in situ polymerization of 

macromonomers. 

Most of the previous simulations, especially those based 

on coarse-grained models, employed completely smooth or 

structured NPs with chemically uniform surfaces. However the 

most common fillers, namely silica29 and especially carbon 

black30, 31 for applications involving mechanical reinforcement, 

have heterogeneous surfaces exposing a range of functional 

groups and adsorption sites (e.g., both hydrophobic and 

hydrophilic, hydrogen-bonding groups). Note that the slight 

roughness of an atomically structured surface has already a 

very significant effect on the polymer dynamics, in comparison 

to the idealized situation with a perfectly smooth surface32. An 

even greater effect can be expected from the introduction of 

some chemical heterogeneity in the surfaces and/or the 

polymer. In fact, there is ample evidence that this sort of 

‘‘quenched’’ disorder plays an important role in many aspects 

of polymer behavior33. Recent insights came from MD 

simulations of thin polymer films adsorbed on structurally and 

chemically heterogeneous surfaces. These latter are composed 

by randomly assembling on a planar square lattice two type of 

beads, strongly (S) and weakly (W) attractive, in variable 

percentage.  In such a quasi-2D model, the dynamic slowdown 

of polymers was found to depend non-monotonically on the 

surface composition: the activation energy to diffusion and the 

inverse glass transition temperature do not attain a maximum 

for 100% of strong sites, but at a smaller value, about 75%, 

which originates as a compromise between the maximum 

global attraction and the maximum configurational disorder at 

the random percolation (50%) of strong sites. In addition, new 

dynamical features, which are not observed on a smooth 

surface, become more and more apparent on increasing the 
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surface heterogeneity. These include temporary subdiffusive 

regimes followed by “Fickian yet not Gaussian diffusion” as 

well as stretched exponential relaxation of the Rouse Normal 

Modes autocorrelation functions. 

In this paper, we aim at understanding whether these 

intriguing benchmarks are also relevant to fully three-

dimensional polymer nanocomposite, where NPs are finely 

dispersed within the polymer melts. This is not a trivial 

question, since the different dimensionality, the coexistence of 

adsorbed and non-adsorbed polymers as well as the presence of 

NP induced steric interactions make this physical situation 

markedly distinct from that described in Ref.s34,35. We 

investigate this issue by introducing a coarse-grained model of 

polymer melt embedding a number of heterogeneous NPs. Each 

NP consists in a roughly spherical assembly of W and S sites. 

Performing extensive MD simulations, we investigate the 

polymer dynamics at different temperatures and variable NP 

composition. We find that, in spite of the difference between 

the two physical situations, some dynamical signatures found in 

Refs.34,35 survive in this system, suggesting the existence of a 

common underlying physical mechanism. In addition, we 

clarify to what extent the heterogeneous nature of the NPs 

modifies the polymer dynamics compared to the homogeneous 

case, showing that relatively small differences at high 

temperature may result in dramatic change close the polymer 

glass transition. 

II.  Simulation model and method 

In our coarse-grained model, the heterogeneous NPs are 

roughly spherical and are composed by two types of randomly 

distributed beads, which may be either of the weak (W) or the 

strong (S) type, the only difference being the interaction energy 

with polymers. A snapshot is shown in Fig. 1.  Briefly, we first 

generate one NP, formed by N=128 beads, Ne=74 of which are 

exposed, and replicate such a prototype within the simulation 

box until the desired number of NPs is reached. At this stage, 

we randomly assign the interaction energy (i. e. the type) to 

each bead with probability f and 1-f for strong (S) and weak 

(W) interactions, respectively.36  

The simulation box contains 30 nanoparticles, which 

corresponds to a volume fraction of NPs ϕ=0.253 (estimated 

from the total numbers of NP-type and polymer-type beads). 

During the MD simulations, the NPs are modelled as perfectly 

rigid bodies, with only three translational and three rotational 

degrees of freedom.  

 

Fig. 1 The snapshots of nanoparticle, polymer chain and the 

corresponding nanocomposite. Within the NPs, the blue spheres 

represent the S sites and the red spheres represent the W sites. 

The polymer chains are fully flexible and are represented 

by a generic bead-spring model. Overall, each polymer chain 

contains 32 beads. Given the relatively short length of the 

polymer chains, entanglement effects play a minor role on the 

system dynamics.  Roughly, each bond of the coarse-grained 

model would correspond to 3-6 covalent bonds along the 

backbone of a chemically realistic chain. However, since we 

are not interested in a specific polymer, it is unnecessary to 

attempt a precise mapping. We adopt a “reduced” set of units, 

whereby the mass m and diameter σ of each bead-which are 

identical for the polymer and the NPs-are effectively equal to 

unity. The non-bonded interactions between all the beads are 

modeled by truncated and shifted Lennard-Jones (LJ) 

potentials: 

           𝑈𝑈(𝑟𝑟) = �4𝜀𝜀 ��
𝜎𝜎
𝑟𝑟�

12
− �

𝜎𝜎
𝑟𝑟�

6
� + 𝐶𝐶     𝑟𝑟 < 𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

                  0                            𝑟𝑟 ≥ 𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
         (1) 

where C is a constant which guarantees that the potential 

energy is continuous at r=rcutoff, and ε is the energy scale of the 
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model. While the effective diameter σ is the same for all beads, 

both the interaction energy and the cutoff distance depend on 

the combination of bead types. The interaction strength 

between the polymer beads (P) and the S sites is twice that of 

the other pairs. Thus ɛPP =ɛPW=ɛ and ɛPS=2ɛ. All the polymer-

NP interactions are truncated at a cutoff distance of rPW=rPS 

=2.5σ, whereas the polymer–polymer interactions are truncated 

at rPP = 21/6σ to produce a purely repulsive potential. Also the 

interaction between the beads belonging to different NP is 

modelled with ɛNN=ɛ (where N=W or S) and the cutoff 

rNN=21/6σ, so as to promote their dispersion within the polymer 

matrix. By doing so, we aim at modelling the physical situation 

of finely dispersed NPs within the polymer melts, which can be 

achieved in different experimental setups, such as samples 

freshly rejuvenated at high shear rate. In systems of this kind, 

the typical separation distance between NPs is large enough to 

make van der Waals interactions negligible.  

The interaction between bonded beads within a polymer is 

modeled by adding a finite extensible nonlinear elastic (FENE)  

potential to their LJ interaction: 

                     𝑈𝑈𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = −0.5𝑘𝑘𝑅𝑅02𝑙𝑙𝑙𝑙 �1− �
𝑟𝑟
𝑅𝑅0
�
2
�                       (2) 

where k=30ε/σ2 is the force constant and R0=1.3σ is the 

maximum extensibility of the bonds. The finite extensibility of 

the bonds avoids chain crossing events without introducing 

high-frequency bond vibrations, which would be produced by 

very stiff harmonic bonds. The relatively short maximum bond 

length enhances the polymer’s resistance to ordering and 

crystallization, by increasing the mismatch between bonded and 

non-bonded nearest-neighbor distances (the actual equilibrium 

bond length, resulting from the balance between LJ and FENE 

interactions, is about 0.8σ)37. The reduced number density of 

the monomer was fixed at ρ* =1.00, which corresponds to that 

of a dense melt. This is also roughly equal to the density inside 

the NPs. Units are reduced so that σ=m=ɛ=kB=1, where kB is the 

Boltzmann’s constant. 

We have performed NVT molecular dynamics 

simulations, using a Nose-Hoover thermostat and velocity-

Verlet algorithm to integrate the equations of motion. Periodic 

boundary conditions are applied to all three directions. The 

average MD run consists of 109 time steps. All the simulations 

have been carried out with a large scale atomic/molecular 

massively parallel simulator (LAMMPS), developed by the 

Sandia National Laboratories38. Further simulation details can 

be found in our previous work39,40. 

III. Results 

3.1 Translational dynamics 

We start by investigating the effect of heterogeneous NPs on 

the translational dynamics of the whole polymer chains. To this  

aim, Fig. 2 shows the time dependence of the mean square 

displacements (MSDs) of the polymer center of mass, for 

different NP composition, f,  and temperature, T*. The mobility 

of the polymer chains becomes small on lowering the 

temperature and for large values of f and display an 

increasingly long lasting  subdiffusive behaviuour. However, 

even for the slowest system, the diffusive regime is restored 

within the timescale of our simulations, 

                                    〈�𝑟𝑟𝑐𝑐𝑐𝑐(𝑡𝑡)−𝑟𝑟𝑐𝑐𝑐𝑐(0)�2〉 = 6 𝐷𝐷 𝑡𝑡                             (3) 

allowing to estimate the chain diffusion coefficient, D, a long 

time fit to the MSD data. The diffusion coefficient so measured 

are listed in Table 1 and plotted in Fig. 3a shows as a function 

of temperature and at different values of f. This figure clarifies 

that the data can be properly fitted using an Arrhenius 

functional law:                           

                                𝑙𝑙𝑙𝑙(𝐷𝐷) = 𝑙𝑙𝑙𝑙(𝐷𝐷0) − 𝐸𝐸𝑎𝑎 𝑇𝑇∗⁄  .                               (4) 

The values of the activation energies (Ea) obtained from these 

fits are plotted in Figure 3b as a function of the NP 

composition, f, and listed in the last line of Table 1.
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Table 1. Polymer Diffusion Coefficients for Each Reduced Temperature (T*) and Surface Composition (f).The last row gives the 

activation energies at different Surface Composition (f ). 

T*/f  Neat  0.00  0.25  0.50  0.75  1.00  

0.7  0.0019  4.84x10
-5 

 2.98x10
-5 

 1.62x10
-5 

 1.22x10
-5 

 1.15x10
-5 

 

0.8  0.0021  7.63x10
-5 

 4.25x10
-5 

 3.54x10
-5 

 2.23x10
-5 

 1.93x10
-5 

 

0.9  0.0023  1.11x10
-4 

 6.99x10
-5 

 4.89x10
-5 

 3.91x10
-5 

 2.94x10
-5 

 

1.0  0.0026  1.48x10
-4 

 1.05x10
-4 

 7.31x10
-5 

 5.66x10
-5 

 4.37x10
-5 

 

1.1  0.0027  1.88x10
-4 

 1.26x10
-4 

 1.02x10
-4 

 8.06x10
-5 

 6.41x10
-5 

 

1.2  0.0030  2.08x10
-4 

 1.65x10
-4 

 1.32x10
-4 

 1.08x10
-4 

 8.95x10
-5 

 

Ea  0.71±0.01  2.52±0.05 2.96±0.03  3.43±0.02 3.67±0.03  3.42±0.02  

 
Fig. 2 Mean square displacement as a function of time, for T* = 

1.2, 1.1, 1.0, 0.9, 0.8, and 0.7 from top to bottom. Different 

panels report different values of f, as indicated. Dashed lines are 

guides to the eye of slope 1. 

Overall, the order of magnitude of the activation energy is 

compatible with the results of previous work investigating 

different polymer nanocomposite systems35. For the neat 

polymer system, Ea is due to crowding and excluded volume 

effect, and therefore has an entropic origin. The presence of 

NPs introduces attractive interaction and increases the 

crowding effect. This results in significantly higher activation 

energy, even for f=0. In addition Fig. 3(b) shows that Ea as a 

function f in Fig. 3(b) is maximal around f=0.75.  This non-

monotonic behaviour is intriguing, as the largest activation 

energy to diffusion does not correspond to the situation where 

the strength of the interaction is overall the largest, f=1, but to a 

lower value of f. As previously mentioned, a similar result 

emerged from the simulations of polymer films adsorbed on 

heterogeneous planar surfaces of Ref.s34,35. In that case, the 

value f=0.75 was interpreted as the compromise between the 

largest overall interaction energy (f=1) and the maximum 

structural disorder, attained at the random percolation transition 

of strong sites (occurring around f=0.5, in two dimensions). 

This scenario was validated by an analysis of the surface 

induced energy landscape, as probed by horizontally sliding a 

single bead along the surface at very low temperature. The 

average value of the energy barriers linearly increases between 

f=0 and f=1, whereas the standard deviation is the largest for 

the most disordered substrate f=0.5. Finally, the most 
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significant descriptor of the dynamics are the tails of energy 

barrier distributions that are indeed the largest at f=0.75. 

Considering the similar behaviour found in the present model, 

we speculate that the shape of the energy landscape and its 

implications are also similar. 

 

Fig. 3 Arrhenius plots of the chain diffusion coefficients (a) and 

plot illustrating the surface dependence of the activation 

energies (b). 

3.2 Rouse mode analysis 

The polymer chain dynamics can be further characterized by 

investigating their conformational relaxation dynamics, which 

is commonly characterized through the autocorrelation 

functions 𝐶𝐶𝑝𝑝(𝑡𝑡) = 〈𝑄𝑄𝑝𝑝(0) ∙ 𝑄𝑄𝑝𝑝(𝑡𝑡)〉 of the Rouse Normal Modes 

(RNMs): 

                       𝑄𝑄𝑝𝑝(𝑡𝑡) =
1
𝑁𝑁�𝑟𝑟𝑗𝑗(𝑡𝑡) 𝑐𝑐𝑐𝑐𝑐𝑐 �

�𝑗𝑗 − 1
2
� 𝑝𝑝𝑝𝑝

𝑁𝑁 �              (5) 
𝐹𝐹

𝑗𝑗=1

 

where 𝑟𝑟𝑗𝑗(𝑡𝑡) is the position of monomer j at time t, and p=1, 

2, ..., N-1 is the mode index. Each mode p is associated with a 

typical length-scale, as it describes the collective motion of 

chain sections containing the N/p beads. Note that the polymer 

center-of-mass, which is relevant to the translational diffusion 

described previously, formally corresponds to the mode p=0. In 

the following, we focus on the system with f=0.50. 

Fig. 4(a) shows 𝐶𝐶𝑝𝑝(𝑡𝑡)  for different values of p at 

temperature T*=1.0. Their decay becomes significantly faster 

with increasing p, as the mode describes more localized 

motions. The decay of the autocorrelation functions appear to 

be not consistent with a simple exponential, as predicted by the 

Rouse model, being , instead, well described by a stretched 

exponential, or Kohlrausch-Williams-Watts (KWW) function: 

                     𝐶𝐶𝑝𝑝(𝑡𝑡) ≃ exp �−�𝑡𝑡 𝜏𝜏𝑝𝑝𝑠𝑠⁄ �𝛽𝛽�                                       (6) 

This behaviour has been also reported in simulations of 

polymer matrix embedding polymer grafted nanoparticles41 and 

is generally known to be a common hallmark of glassiness and 

an indirect signature of the emergence of dynamic 

heterogeneities.42 It is worth noticing that a crossover from 

stretched (β<1) to compressed (β>1) exponential has been also 

observed in soft glassy materials, such as colloidal glasses43-46, 

gels47 and other amorphous solids48, its origin being currently a 

very debated issue. We extract the parameters β and 𝜏𝜏𝑝𝑝𝑠𝑠   from 

KWW fits to the data of Fig.4a. In addition, we directly 

measure the relaxation time using the standard relation, 

𝐶𝐶𝑝𝑝�𝜏𝜏𝑝𝑝� = 1/𝑒𝑒  and found a very good agreement with the 

estimation obtained from fits (see, for example, Fig. 5b) 

Fig. 4(b) shows that β decreases slightly on lowering the 

temperature but much more clearly on increasing the mode 

index, p, indicating that the relaxation of the chains tends to 

broaden on the local scale. A qualitatively similar effect was 
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Fig. 4 (a) RNM autocorrelation function 𝐶𝐶𝑝𝑝(𝑡𝑡) at f=0.50, T*=1.0 and p=1, 2, . . . , 5, from right to left. The open square represents 

the KWW fit at different p. (b) Exponent 𝛽𝛽𝑝𝑝 and (c) the relaxation time (𝜏𝜏𝑝𝑝, where 𝐶𝐶𝑝𝑝�𝜏𝜏𝑝𝑝�=1/e) corresponding to the first 5 modes 

of polymer chains with different temperatures.  

 

Fig. 5 (a) RNM autocorrelation function 𝐶𝐶𝑝𝑝(𝑡𝑡) for p=1 and T*=0.8, 0.9,..., 1.2, for heterogeneous NPs with f=0.5. The open square 

represents the KWW fit at different temperatures. (b) The data of panel (a) plotted in linear-log scale. (c) Fitted 𝜏𝜏1𝑠𝑠  and 

measured 𝜏𝜏1relaxation times as a function of 1/T*. 

also observed in model nanocomposites with homogeneous, 

purely repulsive NPs by Li et al.49. However, at volume 

fractions comparable to ours, their stretching exponents for the 

first five modes are in the 0.7-0.9 range, i.e. much closer to 

unity than ours. Fig. 4(c) illustrates the dependence of the 

relaxation times (𝜏𝜏𝑝𝑝) on the mode index p. We point out that at 

high temperature, T*=1.2, the relaxation time, 𝜏𝜏𝑝𝑝 = 𝑝𝑝−2.27±0.01, 

deviates somewhat from the Rouse scaling law (𝜏𝜏𝑝𝑝 ∝ (𝑁𝑁/𝑝𝑝)2, 

for p<<N), and the deviation becomes even more significant at 

the low temperature, T*=0.8, as we find 𝜏𝜏𝑝𝑝 = 𝑝𝑝−2.44±0.02. 

Finally, we consider the effect of the temperature on the 

autocorrelation functions 𝐶𝐶𝑝𝑝(𝑡𝑡). Fig. 5(a) shows the behavior of 

the mode with p=1. Decreasing temperature decreases from 1.2 

to 0.8, the decay becomes slower and slower but is always 

properly fitted by KWW functions, allowing to measure the 

parameters 𝛽𝛽𝑝𝑝 and 𝜏𝜏𝑝𝑝𝑠𝑠  as a function of T*, as shown in Fig. 4(b). 

Figure 5(b) clarifies that the relaxation times 𝜏𝜏1𝑠𝑠  and 𝜏𝜏1   as a 

function of the temperature keeps on being consistent with an 

Arrhenius behaviour: 𝑙𝑙𝑙𝑙(𝜏𝜏1) = 3.65 × 1
𝑇𝑇∗

+ 5.72, the resulting 

activation energy being slightly larger than the one presented 

earlier for the translational diffusion. 

In order to highlight the effect of the nanoparticle 

heterogeneities on the polymer chain relaxation, we compare 

the result of Fig. 4 and 5 to an homogeneous system with 

ɛPW=ɛPS=1.5ɛ≡ɛnp. This corresponds to a situation with 

chemically homogeneous nanoparticles, which have, the same 

average polymer-particle interactions as the system with f=0.50. 

The results, illustrated in Fig. 6 and 7, highlight a number of 

differences emerging with respect to the heterogenous case. For 

example, deviatons from the Rouse model appears to be 

weaker, especially concerning the relation between 𝜏𝜏𝑝𝑝 and p In 

addition, the stretching exponent of the KWW decreases 

significantly at low temperatures and increases significantly at 

high p, as shown in Fig. 6(d). The very good agreement 

between 𝜏𝜏1𝑠𝑠  and 𝜏𝜏1  is also confirmed (Fig. 7). Finally, the 

activation energy is slightly lower than in the heterogeneous 

system: 𝑙𝑙𝑙𝑙�𝜏𝜏𝑝𝑝� = 3.58 × 1
𝑇𝑇∗

+ 5.72 . Overall, this implies that 

polymer relaxation is 5-10% faster than in the heterogeneous 

system, for the same average polymer-NP interaction strength. 

The difference increases on lowering the temperature. 
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Fig. 6 For the homogeneous system with εnp=1.5ɛ: (a) RNM 

autocorrelation function Cp(t) at, T*=1.0 and p=1, 2, . . . , 5, 

from right to left. (b) RNM autocorrelation function 𝐶𝐶𝑝𝑝(𝑡𝑡) for 

p=1 and T*=0.8, 0.9, . . ., 1.2, from right to left. (c) The 

relaxation time (𝜏𝜏𝑝𝑝) and (d) exponent 𝛽𝛽𝑝𝑝 for the first 5 modes of 

polymer chains at different temperatures.  

 
Fig. 7 Fitted 𝜏𝜏1𝑠𝑠  and measured 𝜏𝜏1relaxation time (𝐶𝐶𝑝𝑝�𝜏𝜏𝑝𝑝�=1/e) 

as a function of 1/T*. The nanocomposite filled with 

homogeneous nanoparticles. Note that this system have the 

same average polymer-particle interactions as the system with 

f=0.50.  

3.3 Structural relaxation 

In this section, we complement the previous analysis, based 

on the center of mass dynamics, by investigating the segmental 

dynamics. In particular, we compute the intermediate self 

scattering function (ISSF), 𝜙𝜙𝑞𝑞𝑠𝑠(𝑡𝑡). For an isotropic system:  

𝜙𝜙𝑞𝑞𝑠𝑠(𝑡𝑡)

=
1
𝑀𝑀
�〈𝑒𝑒𝑒𝑒𝑝𝑝(𝑖𝑖𝒒𝒒 ∙ [𝒓𝒓𝑐𝑐(𝑡𝑡) − 𝒓𝒓𝑐𝑐(0)])〉
𝑀𝑀

𝑐𝑐=1

=  
1
𝑀𝑀
� 〈

𝑐𝑐𝑖𝑖𝑙𝑙�𝑞𝑞∆𝑟𝑟𝑐𝑐(𝑡𝑡)�
𝑟𝑟𝑐𝑐(𝑡𝑡)

〉
𝑀𝑀

𝑐𝑐=1

                          (6) 

 

where M is the total number of scattering centers in the 

polymer matrix, |𝑟𝑟𝑐𝑐(𝑡𝑡)− 𝑟𝑟𝑐𝑐(0)| = ∆𝑟𝑟𝑐𝑐(𝑡𝑡) is the displacement of 

scattering center m after time t, and the wave-vector q=2π/λ, 

probes the dynamics at the length scale λ. Similarly to a 

previous work by some of us50, we fix q=6.9 to probe the 

dynamics at segment length scale, i.e. the length scale relevant 

to the structural relaxation. 

 

Fig. 8 ISSF,  𝜙𝜙𝑞𝑞𝑠𝑠(𝑡𝑡), for the system filled with heterogeneous 

nanoparticles at different temperatures T*=0.7, 0.8, 0.9, 1.0, 1.1 

and 1.2 for different f. 

 

Figure 10 shows the self intermediate scattering function 

for the heterogeneous case at different values of f. Similarly to 

what done for the RNM autocorrelation function, we measure 

the structural relaxation time, τℎ𝑒𝑒𝑐𝑐, from the standard relation, 

𝜙𝜙𝑞𝑞𝑠𝑠(τℎ𝑒𝑒𝑐𝑐) = 𝑒𝑒−1. Fig. 9 shows the temperature dependence τℎ𝑒𝑒𝑐𝑐 

at different value of f. Once again, data are consistent with an 

Arrhenius behaviour, but the activation energy monotonically 

increases with increasing f, differently from the diffusion 

constant of the chain center of mass. This difference can be 

rationalized considering that the segment length scale is too 
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small for probing the presence of disorder in the spatial 

distribution of W and S sites, and, therefore, the dynamics on 

that length is controlled by the interaction strength only.   

 
Fig. 9 Structural relaxation time as a function of 1/T* for 

different f.   

In order to further compare the effects of the heterogeneous 

and homogeneous nanoparticles on the polymer relaxation, Fig. 

10 and Fig. 11 show 𝜙𝜙𝑞𝑞𝑠𝑠(𝑡𝑡) and the structural relaxation time for 

the heterogeneous case at f=0.5 and its homogeneous 

counterpart (ɛnp =1.5), respectively. Panel b of Fig.11 clarifies 

that the structural relaxation time of the homogeneous system, 

τℎ𝑐𝑐𝑐𝑐𝑐𝑐  ,  also increases on lowering the temperature with an 

Arrhenius fashion.  In particular, we find that ln(τhet) =

2.10 × 1
T∗
− 1.99  and ln(τhomo) = 1.92 × 1

T∗
− 1.80, with  the 

associated activation energies resulting lower than those at the 

chain length scale. However, in both relative and absolute 

terms, the difference between the two activation energies 

increases on going from the chain length scale (+2%) for the 

heterogeneous nanoparticles) to the segment length scale 

(+9%). This is reasonable, considering that a long chain will 

always mediate over many energetically different situations. 

Overall, it appears clearly that, in the investigated temperature 

range, the difference between the homogeneous and the 

heterogeneous case is not dramatic. However, such difference is 

expected to become larger and larger on decreasing the 

temperature. For example, at the lowest temperature 

investigated in this paper, T=0.7, we observe τhet/τhomo =1.09 

that might appear a quite small difference. Conversely, at T=0.3 

(a temperature that cannot be achieved in simulations but is 

fully accessible in experiments29) τhet/τhomo =1.5, as can be 

extrapolated by the Arrhenius behaviour reported in fig 8b and 

9b. Accordingly, the structural relaxation time and, therefore, 

the zero-shear viscosity of the heterogeneous systems are 

expected to be 50% larger than those of the homogeneous 

system. 

 

Fig. 10 (a) ISSF 𝜙𝜙𝑞𝑞𝑠𝑠(𝑡𝑡) for the system filled with heterogeneous 

nanoparticles at different temperatures T*=0.7, 0.8, 0.9, 1.0, 1.1 

and 1.2. (b) Fitted relaxation times (Cp�τp�=1/e) as a function 

of 1/T*.   

 

Fig. 11 (a) ISSF 𝜙𝜙𝑞𝑞𝑠𝑠(𝑡𝑡) for the system filled with homogeneous 

nanoparticles at different temperatures T*=0.7, 0.8, 0.9, 1.0, 1.1 

and 1.2. (b) Structural relaxation time as a function of 1/T*.  

IV. Conclusion 

We investigated via molecular dynamics simulations a coarse-

grained model of polymer filled with chemically and 

structurally heterogeneous nanoparticles. The heterogeneities 

render the model more realistic and similar to widely adopted 

fillers, such as carbon black. One important implication arises 

from the investigation of the polymer chain center of mass 

diffusion: the unexpected non monotonic dependence of the 

activation energy on the NP composition do emerge similarly to 

Ref. 29 and 30, although the investigated models are markedly 

different and reflect two different physical situations. This 

finding suggests the existence of a robust underlying physical 
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mechanism based on the interplay of interaction strength and 

configurational disorder. Indeed, such a non-monotonic nature 

disappears when focusing on the segmental dynamics, since the 

related probe length is too small to be sensitive to disorder. 

A more general motivation of this work consists in 

understanding to what extent the presence of heterogeneous 

NPs modifies the system dynamics compared to the 

homogeneous case. In this respect, we clarified that relatively 

small differences observed at high temperature are the 

precursor of larger and larger changes on approaching the glass 

transition. This suggests that the effect of the heterogeneities 

may be strongly relevant for polymers forming glassy shells 

around nanoparticles. 
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