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Abstract

Molecular-dynamics simulations have emerged as an effective tool to characterize polymer systems.
Molecular level effects (even on microsecond time scales) are nowadays well reproduced by atomistically
detailed models. Beyond this, further insights into the properties of the polymer system at a mesoscopic
level can be gained by resorting to simulations based on appropriate coarse-grained models. However,
reducing the number of degrees of freedom during the coarse-graining procedure may have a significant
impact on atomistic level effects. A common example is the overall enhancement of the diffusive motion
of polymer chains in coarse-grained simulations, which arises from the reduced friction of the coarse-
grained beads. In the present work we investigate this well-known effect and study how the diffusive
properties of the nanoparticle are affected by the coarse-graining procedure. To this end, we apply
iterative Boltzmann inversion to develop two coarse-grained models of a nanocomposite based on the
thermoplastic polyimide R-BAPB, containing a single fullerene Cg, nanoparticle. By changing the size
and, correspondingly, the total number of coarse-grained beads in each polymer chain, we can control the
effect of chemical detalization on various phenomena. We exploit this idea to study the influence of the
degree of detalization of polymer chains on their structural properties as well as on the diffusive
properties of the fullerene nanoparticle, whose detalization is kept fixed. Although the structural
properties of the coarse-grained systems are in good agreement with those of the fully atomistic system,
the nanoparticle diffusion is significantly affected by the local chain structure. In particular, we find that
the coarse-graining of the polymer chains on the length scale of the nanoparticle size leads to a full

suppression of the subdiffusive regime observed in the fully atomistic system.
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1. Introduction

The properties of polymer systems originate from the hierarchy of their different time and length
scales. A better understanding of how microscopic mechanisms taking place at the atomistic level give
rise to the observed macroscopic effects would open new routes for the rational design of novel materials
with advanced properties. Over the past decades, computer simulations have emerged as a powerful tool
to solve this fundamental problem. Starting from the simple freely-jointed and bead-spring models [1], we
are nowadays able to benefit from the highly detailed simulations on time scales approaching the
experimental ones. Indeed, the rapid increase of the computational performance of modern
supercomputers allows one to perform computer simulations on the microsecond time scale within
«united-atom» [2-5] and even atomistically-detailed models [6-12]. However, even such long-time
simulations are not long enough to capture all the macroscopic effects in polymers and in polymer
nanocomposites (PNCs), i.e., polymer crystallization, kinetics of nanoparticle aggregation, etc. Moreover,
in the framework of atomistically-detailed models, significant computational efforts are still required to
understand the properties of well-equilibrated, highly-entangled polymer systems (especially of those
with rather complex chemical structures, such as heterocyclic polymers). In view of this, there is a
pressing need to develop suitable computational frameworks allowing one to attain sufficiently long times
and sufficiently large length scales.

In the above context, recent years have seen a rapid development of multiscale simulation
approaches aimed at linking together the different time and length scales, in order to correctly predict the
properties of complex polymers [13]. Among the most commonly used and effective tools are various
coarse-graining (CG) techniques [14]. These techniques allow one to access much larger time and length
scales-due to the effective averaging over the microscopic details of the underlying atomistic system. In
practice, the averaging process is performed by merging groups of atoms into CG beads. A major
challenge in this context consists in attaining a suitable balance between the computational efficiency
characteristic of simple polymer models and the high degree of detalization achieved in fully atomistic
simulations.

Much effort in this field has been put into the understanding of the influence of the degree of the

polymer coarse-graining on the structural, rheological and thermal properties of different bulk polymers,
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such as polystyrene (PS), polyisoprene (Pl), polyethylene (PE), poly(3-hexylthiophene) (P3HT),
sulfonated polyetherketone (SPEEK) and even aromatic polyimides [15-24]. Concerning the effects
governing structural properties, Harmandaris et al. have studied the influence of the effective-bead mass
on the structural properties of PS [20, 21]; Tripathy et al. examined the critical level of coarse-graining
and the effect of a sequence of CG beads in a polymer chain on structural properties of SPEEK [15].
Ohkuma and Kremer investigated the effect of pressure correction on the structural properties of Pl [22].
Pandiyan et al. studied the influence of the degree of coarse-graining on the mechanical properties of
aromatic polyimides [16]. The polymer dynamical properties were also addressed in the above studies. A
common feature was the observation of an overall enhancement of diffusive transport introduced by the
CG procedure. This enhancement was attributed to the much softer CG interaction potentials, resulting in
the need of applying a suitable scaling procedure to match the dynamical properties of both the original
and the CG system [25]. In this context, various features have been the object of vivid discussions,
notably the dependence of the scaling factor on the chain length [17, 21] or on temperature [24].
Particularly strong efforts were devoted to reproducing the AA dynamics correctly by increasing the
friction of the coarse-grained beads [16].

In spite of the considerable attention paid to the development of CG polymer models, the
computational design of high-performance specific materials for modern industry calls for the study of
more complex systems, namely, polymer nanocomposites. Nowadays, PNC filled with carbon
nanoparticles (nanotubes, graphene or fullerene) are becoming widely employed in various industrial
applications. Among different polymers heterocyclic ones (for example: polythiophenes,
polybenzimidazole, aromatic polyimides etc.) represent a promising class of materials which may be
utilized as binders for advanced PNC for solar cell applications, fuel cell membranes and optoelectronics.
[26, 27] Properties of such systems are largely controlled by the complex microstructure, which is
typically formed during the nanoparticle diffusion. Due to the rapid development of the modern industry
significant efforts are made to understand better PNC properties from the standpoint of the complexity of
polymer chemical structure or nanoparticle induced effects. Considerable understanding may be achieved
while employing computer simulations to study such systems, especially within the coarse-grained
simulations. Nevertheless, the impact of the underlying coarse-grained models on the relevancy of the

simulation results are nowadays less understood, thus limiting their application.
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The properties of PNC are controlled not only by the chemical structure of their components
(polymer matrix and filler nanoparticles), but also by the specific polymer-filler nanoparticle interactions
[28-35]. This imparts additional complexity into the problem, especially when suitable CG models are to
be developed. Moreover, since the polymer-nanoparticle interactions and the associated dynamics control
the rheology and multi-scale mechanics of the PNC, among the key problems is understanding the
variation of dynamical properties of the filler nanoparticles during the coarse-graining procedure. Though
there exist numerous works on structure and dynamics of bead-spring nanocomposites with varied
polymer-nanoparticle interactions [28-35], there are no studies considering nanoparticle diffusion in
polymers within chemically specific CG models of different detalization.

When simulating nanoparticle diffusion, it should be taken into account that the nanoparticle
dynamics is a rather complicated process characterized by different diffusion regimes, i.e., ballistic,
subdiffusive and normal diffusive. In general, the characteristics of these three regimes (including typical
crossover times) depend on the relaxational properties of the embedding polymer matrix. Moreover, since
nanoparticle diffusion has been shown to be scale-dependent [36, 37], the characteristics of the
nanoparticle motion in a polymer matrix depend on the ratio between the size of the filler particle and the
most relevant length scales of the polymer system.

Within the range of length scales associated with the subdiffusive regime of the nanoparticle, the
chemical heterogeneity of polymer chains plays the most important role, since this heterogeneity is
responsible for the local viscosity felt by the nanoparticle. However, in any coarse-grained simulations,
the level of detail of the chemical structure is always reduced. Establishing how the degree of coarse-
graining of the polymer affects the diffusive properties of the nanoparticles in PNC on various length
scales of diffusion is crucial to develop suitable coarse-grained PNC models. The answer to this question
will provide the information about the critical length scale and the necessary degree of coarse-graining
which is needed to preserve the local effects.

In this paper we address the above problem by studying the diffusion of the nanoparticle in the
framework of two PNC models differing in their degree of coarse-graining. In both models, the
nanoparticle is modeled as a single coarse-grained bead. We use these CG models to simulate the
diffusion of a single fullerene Cq, in the melt of R-BAPB high-performance thermoplastic crystallizable

polyimide based on 1,3-bis-(3,3',4,4'-dicarboxyphenoxy)benzene (dianhydride R) and 4,4'-bis-(4-
5
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aminophenoxy) biphenyl (diamine BAPB), This polymer system has a high industrial impact, and has
already been the object of previous studies by ourselves [6-10, 38].

The complex chemical structure of the R-BAPB polyimide makes it a promising object to be used
while investigating the role of the local chain structure and its coarse-graining on the nanoparticle
diffusion. To minimize the number of parameters which may contribute to the nanoparticle diffusion, a
simple nanoparticle should be utilized as a model diffusive object. Due to its spherical symmetry, small
sizes and electrical neutrality, fullerene Cg seems to be the most reasonable candidate among other
carbon nanoparticles, being typically used in modern nanocomposites.

In the present study we focus our attention on the structural and dynamical properties of the PNC,
and compare CG simulation results with those obtained previously in the framework of fully-atomistic
molecular-dynamics (MD) simulations of the same system [38].

The paper is organized as follows. In Section 2 we describe the simulation models and the details
of the applied coarse-graining procedure. In Section 3 we discuss the results for the structural properties
of the polymer and for the diffusive properties of both the polymer chains and the nanoparticle. In this
context, special attention is paid to the nanoparticle diffusion in the framework of two different CG

models. Finally, the general conclusions are summarized in Section 4.

2. Simulational models and methods

We investigate the translational diffusion of the buckyball fullerene Cg, in the melt of polyimide
R-BAPB [38]. This polyimide has rather large monomer units with a complicated chemical structure and
an associated contour length about 4 nm. Therefore, this system seems a priori very well suited to discuss
the issues mentioned in the Introduction. Despite the high degree of heterogeneity of R-BAPB polymer
chains, there are fortunately no highly polarizable groups in its structure, and the dipole-dipole
interactions induced by the presence of partial charges are rather weak. Thus the CG models discussed
below were developed on the basis of a fully atomistic model where partial charges had been set to zero.

To investigate the influence of the polymer coarse-graining on the fullerene diffusion we
developed two coarse-grained models. The first model, CG1, retains a high level of detail of the

underlying chemical structure, while the second model, CG2, involves a larger degree of coarse-graining,
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see Fig.1. The CG1 model is characterized by the explicit presence of an oxygen hinge group and a larger
number of CG particles, representing flat fragments (consisting of two phenyl rings) of the polymer
chains. These important differences allowed us to control the degree of chemical complexity of the R-
BAPB polymer chains in each of the two CG models. In both models, the fullerene was implemented as a

single CG bead (see Fig. 1).

Fig. 1. Three different representations of the chemical structure of the fullerene Cqo and the monomer unit
of R-BAPB polyimide, namely, the atomistic model (AA) used in [38] and the two coarse-grained

models, CG1 and CG2. Dashed circles represent the effective coarse-grained particles.

In each model, the interaction potentials between the different CG particles were calculated with
the Iterative Boltzmann Inversion (IBI) technique. To this end, trajectories that had been previously
computed within AA simulations were used as an input [38]. To perform the iterative procedure, the
VOTCA toolkit was used [39]. This tool had already been successfully applied to the coarse-graining of
aromatic polyimides [16].

Assuming that the coarse-grained degrees of freedom prescribed by our models are independent,
the total energy of the system, USS,,;, may be separated into two terms, i.e. the bonded part, UES .4, and
the non-bonded part, USS, _, - 1oq:

Utgtar = % Upondea + X Uron—bonded: (1)

In the first stage of the IBI procedure, the initial CG potentials for each pair of beads were derived

from their target distributions P, 4., Obtained from the corresponding atomistic trajectory. To this end

we used 1ps-long trajectory obtained in our earlier studies on the corresponding atomistic system [38].
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Taking the target distributions as reference, a separate IBI iteration procedure was performed to
obtain the non-bonded and the bonded potentials. In order to obtain a CG potential able to reproduce the
target property with sufficiently high accuracy, a correcting procedure is applied on each iteration. In the
n+1-th iteration step, the potential U™ from the n-th iteration evolves into a new form U™*1 prescribed

by the following algorithm:

Ut = g™ 4 kpTn

: )

pC
Py

n)
ef
where P refers to the pair distribution function obtained in the n-th iteration.

A set of interaction potentials was optimized in order to correctly reproduce the target properties
of the original atomistic system, such as the radial distribution functions for the separation distance
between randomly chosen pairs of CG beads, the distributions of the bond lengths and those of the
valence angles. In a first stage the iterative procedure was carried out to obtain the non-bonded potentials.
At the same time, the potentials for the bonds, angles and dihedrals were obtained from the corresponding
target distributions via direct Boltzmann inversion, U(r) = —kgT In P, (7). The iteration procedure was
performed until a minimal difference between the successive estimates for the pair distribution functions
and their target counterparts was attained. All the non-bonded interaction potentials were assumed to be
independent, except for the case of potentials including a common bead (e.g. “A-B” and “B-C”). In this
case such potentials were derived on different iterations. Having obtained the tabulated non-bonded
potentials, a new iteration procedure was applied in the next step to obtain tabulated bonded potentials
between the CG beads of the polymer chain. At this stage, Ryckaert-Bellemans functions were used for
the torsional potentials [40]:

Vb (¢ijkl) = 2151=o Cn(cos(180° — ¢))™. (2)

The parameters for the dihedral potentials were obtained by fitting the corresponding potentials
obtained from dihedral angle distributions using Boltzmann inversion. The dihedral angle distributions
were calculated from the atomistic simulations. The potentials describing the interaction between the
polymer beads were derived independently from the polymer-nanoparticle potentials. To derive the non-
bonded potentials describing the interaction between the polymer beads and the nanoparticle, we

performed an additional IBI procedure. The resulting potentials were used to perform the microsecond-
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long MD simulations of two CG systems containing 1 fullerene and 27 polymer chains with degree of
polymerization N,, = 8 (Fig. 2).

In order to provide a comprehensive verification of the developed coarse-grained models we have
compared the radial distribution functions, both between the polymer beads and between the polymer
beads and the fullerene. Additionally, we have also examined the correlations between the bond lengths,
valence angles and dihedral angles of the polymer chains in each coarse-grained model. These results
were compared with those obtained from the reference atomistic simulations. A good agreement is
observed between the results based upon both CG models and those for the reference atomistic model,
which provides the necessary arguments about the validity of the developed CG models. For more details

we refer the reader to the corresponding sections of the Supporting Information (see Figs. 1S-10S).

Fig. 2. Snapshot of a single system configuration in the three different representations (a) atomistic and

coarse-grained (b) CG1 and (c) CG2. The blue simulation box is also shown.

The MD simulations were performed in the NpT ensemble with the same parameters as in our
previous studies, p = 1 bar, T = 600 K [38]. A Parrinello-Rahman barostat (z,, = 5.0 ps) and a Nose-
Hoover thermostat (z; = 1.0 ps) were used to keep the temperature and pressure values constant. Both
for the CG1 and for the CG2 models, the initial condition was generated from a single configuration
given by a snapshot of the time evolution of the fully atomistic system. This snapshot was obtained from
the AA simulations performed in our previous study [38] and corresponds to the randomly chosen instant

t=120 ns.
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For both CG models we have investigated (i) the structural properties of the polymer chains; (ii)
the dynamic properties of both the polymer chains and the nanoparticle; (iii) the details of the

subdiffusive dynamics of the nanoparticle.

3. Results

3.1. Structural properties of the polymer chains in the melt

As in our previous study, the polymer system was considered to be equilibrated once the average
size of the polymer chain had reached a stationary value. This value turned out to be in agreement with
previous theoretical estimates [6-10, 38]. The time-dependence of the end-to-end distance H,.,4—to—end

and of the chain radius of gyration R, are shown in Fig. 3.

4.8
| a)
4.4-
4.0 1 =]
| =
E 36 E
-1
3.2 — =
2.8 1
1 — AA
2.4 1 —CG1
1 —CG2
2.0 ¥ T M T J T T 1 T T T T T T T 1
0 500 1000 1500 2000 0 500 1000 1500 2000
simulation time, ns simulation time, ns

Fig. 3. Time evolution of the radius of gyration R, (a) and of the end-to-end distance Hepg—to—ena (0) Of

polyimide chains in the melt. Black curves for the AA model have been taken from our previous study

[38].

As seen in Fig. 3, increasing the degree of coarse-graining of the polymer chains associated with
the CG2 model leads to larger fluctuations of the Ry and Heyg—to—enq Values. This is probably related to
the accelerated conformational dynamics in this CG system. However, within the reported error bars, the
average values of Ry and Heng—to—ena Were found to be in good agreement with the results of the
corresponding atomistic simulations (in spite of the difference in the presence of the oxygen hinge group

and in the number of CG particles representing the flat chain fragments in each CG system, cf. Table 1).

10
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CG1 CG2 AA

Ry, nm 4.2+0.3 3.9+0.2 3.7+0.1

Hend_to_end, nm 1111 10i1 9.61-0.4

density, kg/m® | 121611 | 111717 | 12075

Table 1. Structural properties of the three systems studied.

On the other hand, the decrease in the density of the CG2 system (by about 8% with respect to the
fully-atomistic system) is due to the effective increase in the excluded volume of the flat fragments,
which were assumed to be spherically symmetric in the CG systems. We also performed an additional
pressure correction to the non-bonded potentials describing the interaction between the polymer beads in
the CG2 model. This was done to investigate the influence of a difference in density on the dynamical
behavior of the nanoparticle in the nanocomposite. The obtained results are discussed at the end of

Section 3.3.
3.2. Dynamic properties of the polymer chains and the nanoparticle.

To characterize the diffusive properties of both the polymer chains and the nanoparticle, the

corresponding mean-squared displacements (MSDs) have been calculated,
<ArZ> = < (R(to +Ab) —7(tp))" > 3)

The time dependence of the MSD for the center-of-mass of each polymer chain (averaged over all
chains) and for the fullerene in different systems is presented in Fig. 4. As it can be seen, all the curves
display three different regimes, described by the equation <Ar? > ~ At%, namely, ballistic (a = 2),
subdiffusive (0 < a < 1), and normal diffusive (a = 1).

The MSD curves for both CG models and for the AA model are essentially the same in the
ballistic regime (corresponding to a picoseconds timescale), since all the systems have similar static

structural properties. However, at larger times the dynamical properties display significant differences.

11
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Fig. 4. Time dependence of the MSD of the set of polymer chains (obtained by averaging over the center-
of-mass motions of all chains) (a) and of the fullerene center-of-mass (b). The MSD curves for the AA

model have been taken from our previous study [38].

Typically (and not surprisingly) CG models exhibit faster dynamical behavior when compared to
the original atomistic system. The reduced number of degrees of freedom in the coarse-grained systems
yield softer interaction potentials with lower energetic barriers, leading to the overall reduction of the
effective friction felt by the coarse-grained particles and, correspondingly, to enhanced diffusion.

In this sense, one may argue that the enhanced diffusion in CG systems may correspond to the
diffusion in the atomistic simulations at some temperature exceeding that which was initially used to
parameterize the CG model. However, it should be taken into account that the temperature shift may be
not essentially the same for all the components of the system, especially in nanocomposites (see Fig. 12S
in the Supporting Information).

Recently, to overcome the observed effects an energy-renormalization procedure was suggested,
which provides better temperature transferability of the coarse-grained models [41, 42].

Typically, the reason for the difference in mobility is ascribed to the fact that the physical time in
the coarse-grained system and the original time in the atomistic system have different physical meanings
[24]. In this view, if one aims to retrieve dynamical properties from CG simulations, the coarse-grained
time scale should be suitably rescaled in terms of the time scale of the original atomistic system. [14, 16-
18, 20, 21, 25] A satisfactory correspondence can be obtained if the time-scale in the CG simulations is

reduced by a suitable scaling factor. In our case, we shall define the latter as the ratio between the MSD

12
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computed from the CG model at hand and the MSD computed from AA simulation trajectories.
Displayed in Fig. 5 is the time evolution of this ratio in the two CG systems, both for the center-of-mass

motion of the polymer chains and for the motion of the fullerene.
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Fig. 5. Time evolution of the MSD ratio for the set of polymer chains (a) and for the fullerene (b). The

dotted lines are guides to the eye.

As it can be seen, some kind of a plateau is observed at intermediate time-scales (Fig. 5a). This
may be associated with the different nature of the time dependence of the MSD functions of the polymer
centers-of-mass in two models (CG2 and AA). Indeed, from the Fig. 4a one may see that in the atomistic
simulations the normal diffusion regime begins on the time scales around Az = 100 ns, while in the CG1
model this regime is observed already at A7 = 20 ns. Finally, for the CG2 model this occurs even earlier -
at the time-scales of 5 ns. In this case, the absence of an additional plateau on the curve in Fig. 5a for the
CG1 model indicates a greater similarity of the MSD function for this model and the MSD function for
atomistic simulations. On the other hand, the appearance of an intermediate plateau in the CG2 model
may be associated with a faster emergence of the normal diffusion regime due to the general acceleration
of the relaxation processes in the coarse-grained system.

Constant scaling factors are indeed recovered in the long-time limit, where the Stokes-Einstein

relation (< Ar? > ~ t) holds, thus a good correspondence between the CG and atomistic system can be

obtained via the time scaling 7.; = g—:jrAA [25], where Dcg and Daa denote the diffusion coefficients

respectively obtained for the CG system at hand and for the AA system. The values of these diffusion

coefficients were computed from the corresponding slopes of the MSD curves in the normal diffusive

13
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regime. Note that the scaling factors obtained for the CG2 model are much larger than for the CG1 model.

This is a consequence of the higher degree of coarse-graining in this model.
3.3. Subdiffusive dynamics of a nanoparticle

As already mentioned, the validity of the scaling factors obtained in Section 3.2 is restricted to the
long-time regime. For intermediate time scales (corresponding to the subdiffusive regime), much less is
known about the computation of suitable scaling factors. This problem is of high practical importance, but
for PNC systems it is also rather intricate due to the complex interplay between the polymer dynamics
and the nanoparticle motion.

In particular, from the scaling approach developed by Cai et al. [36], one can easily conclude that
the above problem is complicated by the fact that, on intermediate time scales, the diffusional properties
of the nanoparticle depend on the local viscosity of the polymer chain segments, whose size is
comparable with that of the nanoparticle. Moreover, the ratio between the characteristic size of the
nanoparticle and the relevant length scales of the polymer system (e.g., the radius of gyration R, or the
entanglement length) determines the time scales that are important for the dynamics.

Indeed, our previous results strongly suggest that the nanoparticle motion is coupled to the
translational motion of some chain fragments, whose size is comparable with that of the diffusing
nanoparticle [38]. This effect presumably gives rise to the onset of a transient subdiffusive regime
(< Ar? > ~t%,0 < a < 1) observed at intermediate times. It also turns out that the respective MSD
curves of the fullerene and of the polymer flat fragment fall onto each other in the subdiffusive regime,
presumably as a result of a strong coupling between the motion of the nanoparticle and that of the

polymer segment (cf. Fig. 6).
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Fig. 6. Time-dependence of the MSD functions of the fullerene (black lines) and of the flat fragments of
R-BAPB chains (red lines) respectively obtained from the fully-atomistic representation used in [38] (a)
and from the coarse-grained representations CG1 (b) and CG2 (c). The type of polymer flat fragment in
each system is shown on the right. The dashed circles depict the coarse-grained particles representing the
chosen flat fragments. Orange lines are guides to the eye which represent the linear MSD dependence in

the normal diffusive regime. Gray regions correspond to the observed subdiffusive regimes.

As seen in Fig. 6, the width of the time interval corresponding to the subdiffusive regime is
strongly shortened when the degree of detalization of the polymer chains is decreased. The strongest
effect is observed in the CG2 system, where oxygen hinge groups are treated implicitly and the flat chain
fragments (approximately equal in size to the fullerene nanoparticle) are replaced by a single coarse-
grained bead. Moreover, in the CG1 system the MSD functions of the fragment and the fullerene match
each other rather well on a length scale of 1 nm, as it is also the case in the fully atomistic system.
However, this is not the case for the CG2 system, where the intersection point of the MSD curves is
shifted towards shorter length scales. Thus, on intermediate and large length scales, the CG1 model turns
out to be the more appropriate one for capturing the local dynamics of the fully atomistic system. In this
regard, it should be mentioned the existence of the more sophisticated approaches aimed on preserving
such local effects completely by parameterizing corresponding CG models via Mori—-Zwanzig formalism.
[43, 44]
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As already anticipated, we have additionally investigated the fullerene diffusion upon performing
a pressure correction on the bead-bead polymer interaction potentials corresponding to the CG2 model.
This pressure correction was performed with the aim of increasing the average density of the CG2 system
until the density value of the atomistic system had been reached (recall that, according to Table 1, the
relative difference in density before implementing the pressure correction was about 8%). Displayed in
Fig. 7 is a comparison for the time evolution of the MSD with and without pressure correction. As one
can see, differences in behavior are rather small. This suggests that, when it comes to reproducing the
properties of the atomistic system, (moderate) density effects are not as important as the specific coarse-

graining procedure.
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Fig. 7. MSD functions of the fullerene (black lines) and of the flat fragments of R-BAPB chains (red

lines) in the CG2 system simulated with potentials obtained with and without pressure correction.

Finally, we note that the above results emphasize the important role played by the local chemical
structure of a polymer chain for the subdiffusive dynamics of the nanoparticle, especially on length scales
comparable with the nanoparticle size. In this sense, further elimination of the details of the chemical

structure of the polymer chains should lead to a complete suppression of the subdiffusive regime.

4. Conclusions

The structural and dynamic properties of R-BAPB/Cg, nanocomposites have been investigated by

means of microsecond-long CG MD simulations. To this end, two CG models have been used,
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corresponding to different degrees of coarse-graining of the polymer chains. By playing with the explicit
presence of an oxygen hinge atom and by varying the number of the CG particles representing the flat
chain fragments, we have investigated how the degree of the coarse-graining affects the structural and
dynamical properties of the nanocomposite components.

Despite the acceleration of the overall dynamics in the coarse-grained systems, the structural
properties (density and the chain size) of the polymer chains in the coarse-grained systems remain almost
unchanged with respect to the original atomistic representation. However, larger fluctuations of the chain
size are observed. This enhancement of fluctuations is probably due to the significant acceleration of the
conformational dynamics of the polymer chains.

Furthermore, by comparing the-MSD curves respectively obtained from the CG models and from
the atomistic representations of the fullerene and the chain fragment, we have investigated how the
subdiffusive nanoparticle dynamics depends on the details of the local structure of the polymer chains.
We have focused our attention on the coupling between the flat segments and the fullerene, which had
already been shown to lead to subdiffusive dynamics of the nanoparticle in atomistic simulations [38].
We have studied this effect in coarse-grained PNC systems with different degree of the chemical
detalization of the polymer chains. We conclude that the subdiffusive nanoparticle dynamics is
particularly sensitive to the degree of chemical «heterogeneity» of the polymer chains on length scales
comparable with the nanoparticle size.

More specifically, the changes in the number of the coarse-grained particles in the flat chain
fragment allow one to control the duration of the subdiffusive dynamics by changing the availability of
the attractive centers in the polymer chains slowing down the nanoparticle diffusion. Thus, our results
may be considered as a chemically specific example of the influence of the «polymer-nanoparticle»
interactions on the dynamical properties of the nanofiller in a polymer nanocomposite. This provides
further support for the scale-dependent viscosity effect observed for the nanoparticle diffusion in polymer
melts [36, 37]. Our results may be essential for developing suitable coarse-grain models to study

biological systems and polymer nanocomposites filled with various types of carbon nanoparticles.
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Dedication

We dedicate this paper to the memory of our teacher, Prof. Yu. Ya. Gotlib, from whom we have learned
how the statistical physics methods can be applied to the intriguing challenges posed by polymer
relaxation, and whose studies on polymer segmental mobility and heterogeneous dynamics always

inspired us.
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	As in our previous study, the polymer system was considered to be equilibrated once the average size of the polymer chain had reached a stationary value. This value turned out to be in agreement with previous theoretical estimates [6-10, 38]. The time...

