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Figure S1. Distribution of length of end-to-end vectors (top left) and x,y and z components (top right, bottom left and bottom right
correspondingly).
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Figure S2. G(Dt / versus t for pure polymer melts of different chain lengths.
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Figure S3. Fitting dependence of G’ and G” crossing points on polymer molecular weight with a power law. Data extracted from work
of Auhl et al*.
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Figure S4. SS age probability density for pure polymer of different length and fitting with skewnormal distribution. Skewness
coefficients are indicated in the legend.



Diffusion coefficient computation

To investigate the effect of the melt chain length and the NP size on the NP diffusion we additionally

simulate the diffusion of a single nanoparticle of different size (RNP = 2, 3, and 4b) in an entangled
polymer matrix with chains of different length lengths from 24 to 96 beads for more than 10

independent runs. We compute the nanoparticle diffusion coefficient using the linear region of long-

((r@® -70)?) = 6Dt (1)

time MSD as follows:
For the sake of consistency for simulations of particles of different size, we have not applied the

corrections for the finite box size. The NPs were simulated in a box of at least two times its diameter.

In Figure S5A, we show the MSD for bare and grafted fillers with € = 0 and € = —-0.6ksT and extract
diffusion coefficients using Eq. (1). The diffusion coefficient somewhat reduces with the filler friction
coefficients ¢ (less than by 40-50% for considered bare and grafted fillers when ¢ is increased by a
factor of 10), we conclude thus that the chosen values are sufficiently large to ensure well overdamped
NP dynamics. The diffusion of grafted nanoparticles is more suppressed (Figure S5B), which can be
explained by the fact that the introduction of grafted chains creates additional obstacles to free
diffusion due to entanglements between free and grafted chains, thereby modifying the effective
nanoparticle radius and local system viscosity with respect to the bulk melt?. The MSD curves in Figure
S5C-D show that longer chains with higher viscosity (see inserts from Figure 2A of the main text)

considerably decelerate NP diffusion (Figure S5C). A similar effect is observed when comparing

different NP radii (Figure S5D) with the diffusion being hindered for larger RNP.

We now compare our case with the simulations of Kalathi et al>. First, we note that the tube diameter

~b [N, = . . . .
dr = bNe=2b in our case, so we are constantly in a regime of strong coupling between the

dynamics of NPs and the entanglement network. In Fig. S6, we report D as function of N in different



N

representations, consistent with the Ref. 3. We find that D reduces with the melt chain length " mf

D8R3

2
NP versus NMf/4R

and with the nanoparticle radius Ryp (Fig. S5C). When plotting NP, (Fig. S6B)

our data overlaps fairly but no plateau is found at large Nmf, reproducing the well-entangled case of

the Ref. 3 (UNP > 8U). To prove that effect of entanglement is indeed at the core of the observed slow-

3

down of diffusion, we computed D for nanoparticles with Ryp= embedded in a non-entangled

b Nowp = 24,48,

matrix (without slip-springs) wit and 96. As seen from our results (green stars on Fig.

S6B), D in such systems effectively does not depend on Nmf reproducing the effect seen in Ref. 3 for

the Stokes-Einstein regime of NPs of size much smaller than chain but much larger than dT, and the
entangled system shows a much more suppressed diffusion. The macroscopic Stokes-Einstein relation

is expected to recover in the limit of NPs size much larger than chain size and dT. Similarly to the Ref.

DnRyp increases faster with varying Nmf, indicating a pronounced effect of

3, we find that
entanglement (Fig. S6A). To access the macroscopic Stokes-Einstein regime, we would need to
simulate systems with much shorter chains in boxes with a much bigger size to reduce the effect of
periodic boundary conditions. In summary, we have shown that our simulation approach reproduces
the results of Ref. 3 for the NP diffusion in the case of well-entangled matrices when the NP size is

comparable or smaller to that of dT.
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Figure S5. (A) Mean square displacement for bare and grafted fillers (grafting density 0 = 0.2b™ %) with € = 0 and -0.6ksT, respectively,

_ -1 _
the friction coefficient of filler is §=2000077, and Ryp= 3b. (B) Diffusion coefficients for bare and grafted fillers with € = Oand-

— -1 -1 _ _
§ = 20007 200007’ ,and Bnp = 3b. he grafting density is 0 = 0.2b 2, the free and grafted chain

0.6ksT computed for 0 and
lengths are 48- (C) Mean square displacement for different chain lengths of the polymer medium for bare fillers with Ryp=3b and (D)
— — -1 —
Mean square displacement for different NP radius, Nmf =64, §=200007, o= 0.
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Fig S6. (A) Diffusion coefficient multiplied by the NP radius and viscosity of the medium as a function of polymer chain length Nmf " (B)
Diffusion coefficient multiplied by the cube of NP diameter of NP as a function of polymer chain length Nmf normalized by the square
NP diameter and (C) Diffusion coefficients of NP as a function of polymer chain length Nmf .
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Figure S7. Mean square end-to-end vector ﬁee as a function of grafted chain length ng with Nmf=48 (left) and as a function of free

chain length Ning with Nimg =a8 (right). Grafting density @ = 0.2 b2 yolume fraction = 20% and € =~ 0.6kT
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Figure S8. Dependence of the average slip-spring age Tss (average over 3 independent simulation trials) on (A) different

- 0.6 k,T

_2 —
polymer-filler affinity € with grafting density ¢ = 0.2b™% and (B) grafting density 0 with €= . Free and grafted

N

chain lengths are Nmf=48 mg=48 correspondingly.

Computation of the mean force on fillers
To demonstrate the presence of depletion forces in our modeled systems, we calculate the effective

force acting on fillers as a function of distance, using the following protocol.

Initially, a rectangular simulation box is constructed containing two nanoparticles at a specified
distance apart. The size of the simulation box is determined based on the volume fraction of fillers,
with a volume fraction less than 12% deemed sufficiently large to disregard interactions from fillers in

neighboring boxes via boundary conditions.



The study tests ten distinct distances between the surfaces of nanoparticles, specifically: 0.0, 0.2, 0.4,
0.6,0.8,1.0,1.2,1.4,1.6,1.8, 2.0, 2.5, 3.0, 3.5, and 4.0 b. During the direct interactions between fillers
(described by Eq. 21 in the main paper) are discarded. Each distance is examined through three parallel
simulations, each with different initial configurations of polymers. During these simulations, the fillers
are permitted rotational motion but are restricted from translational movement. There are no Slip-
Springs added on the chains during Mean Force simulations (effect of the entanglements will be

described in the next article).

All simulations commence with 1 million timesteps of relaxation, followed by an additional 200 million
timesteps when the average forces acting on the fillers are measured and recorded. By the conclusion
of the simulations, effective forces are averaged for each filler. Given the symmetry of the forces, the
averages are calculated over both fillers within a single trial. These results are then averaged across

three separate trials to determine the final values.

In Figure S8, we show the force acting on the right filler (FOF) for systems with different composition.
The measured FOF is that on the right particle, thus negative sign indicates attraction between two
fillers. For simplicity, bare fillers were considered. All curves exhibit zones of attraction, followed by
repulsion that diminishes at long distances. In Figure S9A, the blue and red curves refer to nanoparticle
radii of 2 and 3b, respectively. Both systems show strong attraction at distances below 1.2b; however,
the drop in the red curve for bigger fillers is more pronounced, confirming the trend of the Asakura-
Oosawa model*. Figure S9B shows the effect of free chain length with noticeable differences in the
position and intensity of the repulsion peak, making interaction with shorter chains more repulsive at
closer distances, again consistent with the Asakura-Oosawa theory. These observations indicate that

the described model exhibits expected depletion forces.
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Figure S9. Effective polymer-mediated force acting on fillers along x direction in systems with (A) different radius of fillers R and

Nons = 16, ¢ =12, 0 =0,e=-0.6k,T. and (B) different free chain length NinfwithR = 2b,9 =12, 0 =0, e=-0.6 k.

Equilibrium structures of non-grafted nanoparticle systems
We show that our simulations can reproduce the relevant states of the phase diagram of bare non-
grafted fillers embedded in the polymer melt, as previously reported by K. Schweizer and coworkers

by means of PRISM computations>® as well as MD simulations’. More specifically, at melt conditions



close to the protein limit that is relevant for our work, the following equilibrium states of non-grafted

fillers have been reported >.

1) Phase separation between the fillers and polymer matrix even at very low filler volume
fractions in systems with purely repulsive interactions between the filler surface and polymers
(€=0).

2) Steric stabilization and good dispersion of fillers in the intermediate range of attraction € due
to the formation of adsorbed polymer layers at the filler surface (€ of few kgT).

3) Tight polymer-bridged network of fillers due to very high attraction €-

We now reproduce such states in our simulations in the case of non-grafted fillers with variable surface

=2

affinity €- First, we focus on the case of Np 7 bare fillers with € = 0 at variable volume fractions.

Different volume fractions between 10 and 40% were simulated with chain of length Nmf =48

(with
3 independent trials) for up to 200 million simulation steps, and the maximal cluster size as a function
of time was traced to probe the binodal (Fig $10). Initially, all the fillers were placed at regular lattice
positions. For volume fractions ¢ =20%, we systematically find phase separation between the fillers
and polymers, as indicated by the formation of a single aggregate in the system over time (snapshots
of indicated systems are presented in Fig S11). The cutoff distance in percolation analysis was set at
0.25b to capture surface-to-surface contacts. Simulations of systems with $<15% gare
computationally much more demanding (more than 170k particles in the box), and we were not able
to reach fully equilibrium states. Yet, for the volume fraction of 15%, the trend in aggregation is
evident (in one of the trials, almost all the particles aggregated in a single cluster during around 150M
time steps), indicating the instability of well-mixed filler states. These results are in full agreement
with the results published by Zhou et Schweizer®. Furthermore, the phase diagram reported by Zhou
et Schweizer, indicates phase separation even at marginally small volume fractions in melts at € = 0,

Np =20

We attempted to probe such state by reducing the filler number of filler in the box to at

¢ =109, yet the system sizes exceed 220k particles and are very slow to simulate with our simulation



code. However, at 10% volume fraction we similarly found an increasing aggregation trend with the

maximal cluster size spanning 100% of particles after 80M simulation steps in one of the simulation

trials, suggesting instability of the filler phase.

Npr=48, ¢ = 10%

109 — trial1
— trial 2
— trial 3
0.8 A
_2:' 0.6 1
%
H I
=
0.4 1 J 1
0.2 1
0.0 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
t/To leb
Nmr=48,¢9=20%
109 — trial1
—— trial 2
— trial 3
0.8 A
_2:' 0.6 1
3
E
=
0.4 1
0.2 1
0.0 T T T T T T
0.0 0.5 1.0 15 2.0 25
t/Ty 1le6
Nmr=48, ¢ =30%
1.01
0.8 A
_2:' 0.6 1
3
£
=
0.4 1
0.2 4 — trial 1
— trial 2
— trial 3
0.0 T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0
t/to leb

Fig $10. Maximal cluster size as a function of time in systems at variable volume fraction for € =0, =0, and Nmf
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We now show that our simulation reproduces the sterically stabilized nanocomposite states reported for
higher bare filler attractions®. Similarly, we conducted a series of simulations with 27 bare fillers and

kg T), representing increasing attraction

varying polymer-filler interaction strengths (€ =0, -0.4, and -0.8
between the polymer and filler surface. We present three snapshots of polymer density in the systems
(Fig S12 (A-Q)) to illustrate that, consistent with results of Zhou et Schweizer, the absence of implicit
polymer-filler interaction first results in phase separation (Fig S12 (A)), gradually inducing a stabilized

state upon increase attraction (Fig S12 (B) and (C)) due to the formation of an absorbed polymer layer

at the surface. The maximum cluster size for (A) is 27, for (B) 20 and for (C) is 0 NP with respect to
the chosen cutoff distance " cut = 0.25b. Additionally, we display the radial filler-filler distribution
function (Fig S12 (D)), which shows that € = 0 produces a distinct peak at distances close to the NP
surface, which diminish with increased filler-polymer attraction. From € = -0.6kBT, another peak

emerges at a distance close to 2b, indicating the creation of the network mediated by the polymer

absorption layer.
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Fig $12. Snapshots of polymer density in systems with (A) €=0 (B) € =-0.4



Finally, we address the nanocomposite morphologies in the case of grafted fillers. In discussing the
potential morphologies of polymer-based nanocomposites, it is important to note that defining the
morphologies of clusters with 27 nanoparticles (NP) at high volume fractions may not always be
convincing. However, there are a few cases where the structures of agglomerates can be clearly
distinguished. In the work of Tang and Arya?, it was suggested that low grafting densities and relatively
short, grafted chain lengths favor the formation of 1D structures, like linear trimers. To confirm, we
provide additional snapshots of polymer/filler density for systems with € = 0 and ¢ = 0.2 b2 discussed

in the main text and can observe that NPs forms linear clusters (as also indicated by nearest neighbor

distributions in Figure 6 of the main text).
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Fig S13. Snapshots of polymer density in system €=0, ¢ =22 0=0.2 b2 N,,=48 and
Nmg=48
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