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Nanotetrapods promote polymer flow
through confinement induced packing
frustration
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% Check for updates Processing ultra-high molecular weight polymers presents significant experi-

mental challenges due to their high viscosity, which requires elevated shear
rates and consequently increases energy demands. Here, we explore the role
of the geometry of nanoparticles- spheres, rods, and tetrapods - in controlling
the effective viscosity of polymer nanocomposites. Intriguingly, our combined
experiments and molecular dynamics simulations reveal a significant decrease
in the viscosity of composites with tetrapod nanoparticles, without compro-
mising mechanical or thermal integrity, unlike sphere and rod, which exhibit
minimal impact on the viscosity at the same level of loading. We show that the
inner curvatures of the nanotetrapods impose strong physical confinement
introducing an entropic cost for polymers to access this space. The inacces-
sible volume creates polymer packing frustration around nanotetrapod sur-
faces, which, in turn, increases their mobility and decreases the overall
viscosity of the composite. Nanotetrapods prove to be effective flow pro-
moters while preserving good dispersion within a polymer melt, offering sig-
nificant potential for advanced polymer processing applications.

Polymers are central to a wide range of products due to their high
processability, tunable properties, and adaptability to a wide range of

particle-polymer interactions. Over the past few decades of studies’™,
the prevailing trend is a viscosity increase due to NP loading in a

performance demands. However, the entangled nature of long poly-
mer chains significantly increases viscosity, with polymers containing
10,000 monomers flowing approximately seven orders of magnitude
slower than those with 100 monomers under the same stress. This
dramatic reduction in flow requires higher shear forces, leading to
increased energy consumption during processing'”. Strategies to
reduce polymer viscosity while preserving mechanical integrity are
crucial®. Incorporating nanoparticles (NPs) into polymers alters their
viscosity as a function of NP concentration, size, surface ligands, and

polymer matrix. Additionally, NPs can also jeopardize phase stability
by triggering aggregation or phase separation—particularly at high
loadings and/or when chemical compatibility with the matrix is poor.
Achieving uniform dispersion of added NPs while simultaneously
lowering the viscosity of the composite thus remains a persistent
challenge in polymer science and engineering. While NPs are loading,
their size and interaction with base polymers have been extensively
studied in prior works; the effect of NP shape on the properties of
polymers'" remains poorly understood. In particular, the impact of
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anisotropic and architecturally complex NPs—such as tetrapods (TPs)—
on polymer dynamics has not been explored. We posit that the TP
geometry can create tortuous interfaces and create packing frustration
in a polymer matrix, and effectively reduce the viscosity of composites.
Our study establishes this approach with the aim of improving polymer
processability and performance.

The key question we investigate here is how NP shape or archi-
tecture influences the properties of polymer nanocomposites (PNCs)?
To this end, we explore the effect of NP architecture—specifically TPs
alongside commonly-used shapes such as spherical nanoparticles
(SNs) and nanorods (NRs) on the rheological properties of polystyrene
(PS). We experimentally assess how NP shape influences the viscosity
of PNCs in bulk using conventional rheological studies, and in thin
films using dewetting-based thin film rheological measurements.
Results from bulk and thin films reveal excellent quantitative agree-
ment. The viscosity of SN-based PNCs and NR-based PNCs revealed an
expected increase in the viscosity. In contrast, the viscosity of PNCs
based on TP nanoparticles decreased significantly when compared
with pristine polymers. This is surprising as the exposed surface area
for polymer adsorption is much larger for TP-based PNCs. For instance,
tetrapod-shaped concrete blocks at macroscopic scales are well-
known to break flow’. We perform coarse-grained molecular dynam-
ics simulations (CGMD) to shed light on this intriguing observation.
The simulation results exhibit strong agreement with experimental
observations, reinforcing the validity of the underlying model and
computational approach. Simulations further reveal a reduction of
polymer density around TPs, in comparison with SNs and NRs, though
the nature of polymer-particle interactions is identical for all three
cases. This is due to the highly confined space around a nanotetrapod
that imposes entropic penalties on polymers accessing these regions.
We determine a quantitative correlation between the composite visc-
osity, deduced from experiments and simulations, and the inaccessible
volume around a TP. Notably, this effect of TPs disappears when
introduced into non-polymeric Lennard-Jones fluids or into short-
chain polymers with a molecular weight below the entanglement
length. TP NPs could therefore serve as an effective means for
enhancing flow in high-molecular-weight polymers.

Results and discussion

We synthesize sterically stabilized CdSe NPs with three distinct shapes
—SN, NR, and TP and disperse them in PS with molecular weight
1250 kDa, as schematically shown in Fig. 1a-c. Table 1 summarizes the
composition, viz, the dimensions of NPs considered in our experi-
ments and simulations. Details on the synthesis and characterization of
the CdSe NPs are provided in the Supplementary Information (SI)
(Figs. S1-S11). We examine the rheological properties in two geome-
tries: a) bulk melt slabs and b) thin films. We use conventional melt
rheological measurements for the bulk samples. However, quantifying
the rheological parameters of a thin film is quite challenging using
conventional techniques. Thus, we use the dewetting approach, which
is a simple yet effective method as has been used earlier to extract the
viscoelastic properties of polymer films"™". Here, the rate at which a
polymer film dewets an unfavorable surface, in the form of nucleation
and growth of holes, is a sensitive function of the rheological char-
acteristics of the film. Details on dewetting (Figs. S12 and S13) and melt
rheometry (Fig. S14) experiments are provided in the SI and Materials
and Methods section. Figure 2a displays the dewetting velocity
(Utgew)) over dewetting time (t4ey) for holes nucleated in PS thin films
containing 1% CdSe SNs and NRs, when annealed at Tge,, =200 °C =T,
+100 °C, where Ty is the glass transition temperature of bulk PS. The
inclusion of both SNs and NRs reduces the dewetting velocity of the
composite compared to the pure PS (1250 kDa). In contrast, TP-PS thin
films display higher dewetting velocity than a PS film, suggesting
better flow with the inclusion of TPs. In Fig. 2a, we only show V(¢gew)
corresponding to holes nucleated after large delay times to avoid the

influence of preparation-induced non-equilibrium effects'’. The
temporal evolution of the dewetting velocity followed V(t4e,) ~ t45,
with =0.56+0.04=0.5 predicted for viscoelastic flow. For (pre-
paration-induced) stress-driven flow, a =122, The a value deduced
from our experiments reveals the absence of stress-driven transient
effects. Thus, the deviations in dewetting velocities reveal the influ-
ence of NP shape on the flow behavior at constant NP loading.

Results from a conventional rheometer on bulk melt slabs are
shown in Fig. 2b by plotting the strain rate dependence of the complex
viscosity (|7*|) of PS and PNC melts at Tineo =200 °C. While the com-
posites of SN and NR exhibit a viscosity higher than that of the pristine
polymer, the composites with TP display a relatively lower viscosity.
These results nicely corroborate the dewetting observations as
reported in Fig. 2a. This confirms that the substrate in dewetting
experiments does not alter the PNC dynamics, as similar trends appear
in bulk rheology. The viscosity values of pure PS (M, =1250 kDa)
obtained in our study are in excellent agreement with those reported
in the literature for PS films®, as well as for PS melt slabs measured
using rheometry**>.

To quantify the viscosity 5, from dewetting experiments, we rely
on the model developed by Brochard-Wyart and coworkers**?. This
model has been successfully utilized in literature for polymer films on
slippery substrates, as in our case”?. This model pertains to the
dewetting of polymer films slipping on a solid substrate to create plug
flow, i.e., a constant velocity throughout the film thickness. During
dewetting, the driving capillary force at the contact line is balanced by
the viscous force following**?,

KV (Cgen) W () = 5 Y6 W)

where, k= {=solid friction co-efficient, b=a x—i =slippage length, N=
number of monomers in the polymer chain, N. = number of monomers
between entanglements, a=monomer length, y=surface tension,
6(t4ew) = dynamic contact angle (detailed calculation can be found in
Section 2.3 and Fig. SIS in SI), Wt4ew)= time-dependent dewetting
velocity, W(tgew) = time dependent rim width around the growing hole.
Thus, the force balance equation shown in equation (1) yields the time-
dependent viscosity (7(¢gew)):

2
bye (tdew) (2)

N gew) = m

In the equation above, all parameters on the right-hand side are
accessible from experiments and y = 28 mN/m is used from
literature*°, Thus, we use equation (2) to extract the viscosity of
PNCs without any fit parameters. The time-dependent viscosities
N(t4ew) are summarized in Fig. 2¢ for all the composites with SN, NR,
and TP with varying arm lengths. All films exhibit a constant viscosity
over time ¢4y, suggesting that the shear rate (y = % ~ 0.00159s71)
is constant. Following the bulk rheological data shown in Fig. 2b, y ~
0.00159s ! should yield the zero-shear viscosity. The dewetting results
reveal that SN and NR loaded polymer films exhibit higher viscosities
than PS films, whereas TP-based PNC films show reduced viscosity
relative to PS. This trend correlates with dewetting observations in
Fig. 2a, where n>no for SN and NR cases, and no>n for TP cases.
Interestingly, as depicted in Fig. 2c, n(t4ew) decreases monotonically
with increasing TP size. The same pattern is reflected in the complex
viscosity |r7*| vs. strain rate y for both PS and PNC bulk melt slabs in
Fig. 2b. Clearly, for both geometries, TP-based composites show a
decrease in viscosity compared to pristine polymers. We note that
there is roughly a tenfold difference between viscosity estimates from
dewetting and rheometry, likely due to model approximations in the
dewetting analysis’*” neglecting the non-linear polymer-substrate
interfacial friction”, and altered polymer entanglement at the
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NP core
Stabilization layer

Polymer chains

Fig. 1| PNCs with varying NP geometries. Schematics of a PS-SN, b PS-NR, and
¢ PS-TP composites. Blue background depicts a polymer matrix. Zoomed-in views
present the local region of an NP with a few polymer chains illustrated graphically.
Not to scale.

Table 1| Details of PNC systems considered in experiments
and MD simulations

NP Mode L

SN Experiment 5+1nm
NR Experiment 12+2nm
TPs Experiment 5+1nm
TPy Experiment M+2 nm
TPy Experiment 14 +2 nm
SN MD Simulation 10

NR, MD Simulation 20

NR,4 MD Simulation 40

NRg MD Simulation 80

TP, MD Simulation 20

TP, MD Simulation 40

TPg MD Simulation 80

TPio MD Simulation 100

L denotes the length for an NR, the arm length for a TP, and the diameter for an SN. NP loading is
maintained constant (1 wt%) in all the experiments and MD simulations.

substrate interface®®. Nevertheless, both methods conclusively capture
the general trend of viscosity reduction upon TPs incorporation.
Further, a control on the arm length of the TPs allowed us to decrease
the viscosity by an order of magnitude. This observation contrasts with
the expectation for a favorable surface: An increase in surface area
enhances polymer-particle contacts, which would be expected to
enhance the viscosity. How do we rationalize this intriguing
observation?

We perform CGMD simulations to establish the underpinning
molecular mechanisms of the improved ability of TP-polymer com-
posites to flow. We use the Kremer-Grest bead-spring polymer model*
for these simulations. SNs are modeled as a single Lennard-Jones (LJ)
particle with a diameter of 1o. For NR and TP, rigid bodies are con-
structed from multiple LJ particles to replicate their respective shapes.
Table 1 summarizes the parameters of the various PNC models used in
CGMD simulations. Representative CGMD snapshots illustrating the
spatial arrangement of NPs—SNs, NRs, and TPs—in polymer melts are
shown in Fig. 3a-c. Magnified views highlighting the local environment
surrounding an SN, NRy4, and TP, are presented in Fig. 3d, e and f,
respectively. The corresponding NP-NP pair-correlation functions are
plotted in Fig. 3g, as a function of the distance between their centers of
mass. For the NR, and TP, systems, the pair-correlation function
approaches unity from below as the interparticle distance increases,
indicative of uniform dispersion within the polymer matrix. This sug-
gests a weak potential of mean force between NPs in NR and TP sys-
tems, which facilitates better dispersion in the polymer matrix. This is
consistent with our experimental observations, which are summarized
in Fig. S17 of the SI, wherein we do not observe any microphase
separation in TPy,-based systems. Moreover, we perform non-
equilibrium molecular dynamics (NEMD) simulations to obtain the
viscosity by shearing the simulation box in parallel-plate geometry.
The details of NEMD simulations can be seen in the Methods section.
We calculate the ratio of the PNC viscosity to the pure polymer visc-
osity in the Newtonian regime from NEMD simulations for all the cases.
We compare the viscosity ratio, as calculated from simulations, with
that of our experiments in Fig. 4 for all the composites. Our experi-
mental data clearly show that the viscosity ratio is larger than unity for
SN and NR,-based composites, in accordance with previous reports®®,
The viscosity ratios are progressively smaller for TP-based composites
with increasing arm length. This experimental trend of viscosity
reduction with the NP shape is in agreement with our simulation data.
We also note that, in simulations, we quantify the viscosity of several
NRs with different lengths alongside the L =20, which is comparable to
the experimental system. It indicates that the viscosity ratio can
decrease slightly from unity for longer NRs.
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Fig. 2 | Dewetting dynamics and rheology of PNCs. a Temporal evolution of
dewetting velocity SV(tdew) = ﬁ) for pure PS and PNC thin films of thickness
207 +1nm dewetted at Tye, =200 °C for tgew =200 s. b Complex viscosity (|n])
calculated from melt rheology experiments (7 neo = 200 °C) using oscillatory shear
as a function of shear rate. The dotted red line signifies the viscosity at a strain

rate = 0.00159 s7. ¢ Calculated viscosity using equation (2) for the pure PS and PNC
thin films dewetted at T4e, =200 °C is shown as a function of t4ew. The horizontal
lines in (c) represent time-average viscosity. The error bars in the figure represent
the standard deviation of the data. The legends in (b) are also applicable to (a)
and (c).
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Fig. 3| CGMD simulations of PNCs and their structure. MD snapshots for SN, NR,,
and TPy filled PNCs are shown in (a-c), respectively. Zoomed portions of the MD
snapshots in (a-c), are shown in (d-f), respectively. Here, NPs are in red and
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polymer chains are in blue. The NP-NP pair-correlation functions for the three
cases are shown in (g).
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Fig. 4 | MD simulation and experimental insights-NP shape alters PNC viscosity.
Ratio of the PNC viscosity to that of the pure polymer (%) a computed from MD

simulations and b estimated from experimental techniques (dewetting dynamics in
closed symbols and melt rheology in open symbols). Simulation viscosity is com-
puted for the shear rate y =10~>7~1, where is the unit of time in simulations. All the
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experimental viscosity values are compared at Texperimene =200 °C and at uniform
strain rate (y) =0.00159 s*. The yellow shaded region denotes the condition when
n>no. The purple shaded region denotes the condition when 1o > . The gray
shaded region corresponds to o = . The error bars in the figure represent the
standard deviation of the data.

Overall, our simulations and experiments synergistically demon-
strate that the NP shape controls the viscosity of the composites, albeit
in a non-intuitive manner, especially for TPs. The inclusion of particles
in polymer melts with neutral or favorable interactions with polymers
is expected to increase the viscosity of the composites®**. In addition,
given the favorable interface between particles and polymers, we may
expect the polymer chains to adsorb to the particles, which is expected
to scale with the surface area. This may explain the experimental
results of SN- and NR-based composites. Alternatively, simulations also
reveal increased viscosity for SN-based composites, but NR-based
composites exhibit a viscosity similar to that of the melt, or even a
slight decrease, when the NRs are sufficiently long. However, the

results of TP-based composites are surprising. Though there is an
increase in the exposed surface area of the inclusions in TP-based
composites, the viscosity clearly decreases monotonically with
increasing arm lengths as summarized in Fig. 4a-for simulations and
b-for experiments). Literature on the role of the shape of the nano-
particles on the viscoelastic behavior of polymer nanocomposites is
scarce™, The existing studies reveal that NP inclusions often
enhance the viscosity. These results nicely corroborate our results on
SN-based and NR-based composites. However, to the best of our
knowledge, shape-induced reduction in the viscosity, the case of our
TP-based composites, of polymer melts, has not been reported. This
suggests that the role of NP shape might be more complex than
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Fig. 5 | Structural correlations and viscosity-inaccessible volume relationship
in PNCs. a Monomer density profiles from the surface of a NP for SN, NR, and TP,
filled PNCs. b Monomer-monomer pair-correlation function for SN, NRy, and TP,
filled PNCs. ¢ Monomer density profiles from the center of a TP for varying arm

lengths. d Viscosity ratio (%) calculated from melt rheology experiments (open
triangles), dewetting experiments (closed diamonds) and MD simulations (closed

10* 0% 102 10" 10°

® v*

hexagons) as a function of normalized inaccessible volume (V*). All green symbols
denotes TPs, all pink symbols denotes TPy; and all blue symbols denotes TPy4. All

black hexagons are results extracted from MD simulations. The black dotted line

denotes viscosity ratio % =1. The black solid line indicates a scaling of% ~ (V“)fo' .
The error bars in the figure represent the standard deviation of the data.

previously recognized in determining PNC flow properties. Further
investigation into NP shape-dependent viscosity is thus crucial to gain
deeper insights into this behavior.

We compute the monomer density as a function of the radial
distance from the NP surface. The monomer density profile pnp.m(r) is
shown in Fig. 5a. The height of the first peak in pnp.m(r) is significantly
lower for the TP surface in comparison with SN- and NR-based com-
posites. This suggests that the local polymer density around a TP is the
lowest among the three composite systems studied here. Further, we
compute the monomer-monomer pair-correlation function, as shown
in Fig 5b. The correlation is strongest in SN-based composites, while it
is comparatively weaker in TP, and NR4-based composites, with TP,
exhibiting a slightly lower correlation than NR,. This suggests that the
polymer packing in the PNC becomes weaker with the presence of
anisotropic NPs, particularly TPs. To understand it better, we compute
monomer density as a function of the radial distance from the center
of a TP in Fig. 5c. It shows that the first peak of prp.r, shifts to the right
as TP arm length increases, implying greater inaccessible space near
the TP center. Thus, we infer that packing inefficiencies of anisotropic
NPs in an entangled polymer melt reduce the overall packing fraction,
which contributes to the lower viscosity in NR-polymer composites,
especially with longer NRs. When four NRs are connected at a single
junction, as in TPs, the packing frustration increases due to an addi-
tional inaccessible volume at the TP core, resulting in the greatest
viscosity reduction (Fig. 4a).

Due to their tetrahedral structure, TPs feature highly confined
spaces with a size d that decreases progressively toward the core. If the
length scale d of these confined regions is comparable to or smaller

than the size of the polymer chains, Rg, the chains must stretch to
access these spaces. The stretzching of real chains in such confined
areas follows a scaling of ~ d3, 5While the associated increase in con-
finement energy scales as ~ d**°. To minimize the energy penalty
from confinement, the polymer chains tend to remain in the less
confined regions of the TP. Our system can be qualitatively compared
to the model proposed by Napolitano and coworkers®”, where a film
supported on a rough substrate is considered as a membrane freely
suspended on pillars of uniform height distributed randomly across a
flat surface. An increase in substrate roughness corresponds to a lower
pillar density, which results in a larger freestanding surface area per
unit, thereby explaining the enhanced dynamics of polymer films on
rough substrates.

In addition, given the rapid timescales associated with spin coat-
ing or melt rheometry preparation, the polymer chains can adopt
conformations with reduced packing around the TPs on a length scale
(d) within TPs. To capture the presence of such a geometrical effect, we
extracted the normalized free inaccessible volume (V*) within the
envelope volume of TP i.e., V*=Vinaccessible/ Vg. Here, Vg=Rg is the
envelope volume of the polymers. More details of the V* calculations
can be seen in SI Interestingly, for all the TPs used in our study,
Vinaccessible < < Vg. Thus, we believe that Vipaccessivle S€ts the scale for the
inaccessible volumes within a TP. The presence of such inaccessible
volumes may allow us to understand the reduced viscosity in TP-based
composites. To explicitly capture this aspect, we plot the viscosity
ratio % against V* in Fig. 5d. All our results, thin film and bulk experi-
ments, and CGMD simulations, nicely overlap to yield a scaling relation
between the reduction in viscosity and the normalized inaccessible
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volume within the system: (%) ~ (V*)_O'z. This overlap of all the data
demonstrates that the confinement-induced packing frustration
around the TP underlies the observed decrease in the viscosity of TP-
based composites. Clearly, SN- and NR-based composites do not
possess such restrictive spaces.

To provide additional evidence supporting our claims, we calcu-
late the TP-polymer viscosity in the limiting case where the polymer
chain length is N=1. This effectively corresponds to a system of TPs in
an L liquid (Fig. S23 in SI), representing a non-polymeric base matrix.
In this case, we find that the normalized viscosity % is ~1.0, compared
to a significantly lower value of 0.15 for the polymer matrix (chain
length is N=110). This stark contrast indicates that the substantial
reduction in viscosity is primarily due to the polymeric nature of the
base matrix, which undergoes packing frustration near TPs. A control
simulation with varying particle-polymer interaction softness shows a
similar viscosity trend (Fig. S24 in SI), suggesting the effect is robust
and persists even under weakly attractive conditions.

TPs can be intuitively compared to star polymers, which have a
branched structure with multiple polymer arms extending from a
central core, resulting in unique shape-dependent properties.
However, TP-polymer composites differ significantly from star
polymer-linear polymer composites. While star polymers are flexible
and can interpenetrate the matrix based on chain length and stiff-
ness, rigid TPs interact differently. Castro Rubio et al. observed
viscosity enhancement with stiff star polymers in short-chain (below
the entanglement length) linear polymer matrices, emphasizing the
role of matrix chain length®®. Consistent with this, our data show no
viscosity reduction when TPs are loaded in an L] fluid (Fig. S23), and
suppressed dewetting (Fig. S25) in a TPs-loaded PS film with a
molecular weight (9 kDa) far below the entanglement molecular
weight. This suggests that only longer polymer chains lead to
packing frustration around TPs, resulting in viscosity reduction. This
highlights the critical impact of polymer molecular weight, a factor
we will explore in future studies.

Nanotechnology continues to revolutionize materials science,
offering new possibilities for manipulating the physical properties of
materials at the molecular level. In recent years, the integration of
nanoparticles into polymers has drawn considerable attention due to
their unique impact on fluid dynamics and polymeric properties. Here,
using thin film dewetting dynamics, conventional rheological studies
and MD simulations, we demonstrate that a small fraction of nanote-
trapods can significantly enhance polymer flow. We show that the
nanotetrapods, though having a favorable interaction with the matrix
polymers, create confined spaces that are entropically restrictive for
the large polymeric molecules. The absence of viscosity reduction in LJ
fluids and in PS, where the chain length is well below the entanglement
molecular weight, upon the addition of nanotetrapods, further indi-
cates that the polymer chain length is a key factor in governing the
viscosity of PNCs. We anticipate that our results on nanotetrapod
polymer composites are scalable and thus have potential applications
at the industrial level, where controlling the flow of ultra-high mole-
cular weight polymers is crucial.

Methods

Materials

Cadmium oxide (CdO, 99.5%), oleic acid (OA, 90%), 1-octadecene (ODE,
90%), trioctylphosphine (TOP, 97%), cetyltrimethylammonium bromide
(CTAB, 99.9%), selenium (Se, 99.5%), tetradecylphosphonic acid (TDPA,
97%), trioctylphosphine oxide (TOPO, 97%), hexylphosphonic
acid (HPA, 95%), tributylphosphine (TBP, 97%), oleylamine (>98%) from
Sigma-Aldrich, toluene (99.5%, spectrophotometric grade), dimethyl
cadmium (98%) and 2-propanol (HPLC grade) from Merck were used as
received. Polystyrene (M,,=1250 kDa, PDI=1.35) was procured from
Polymer Source, Canada.

Sample preparation

Synthesis of CdSe SN. Colloidal CdSe SN were synthesized using a
modified procedure by combining cadmium oxide (0.64 mmol), TDPA
(1.28 mmol), TOPO (4.2 mmol), and oleylamine (5 mL) in a three-neck
round-bottom flask®’. The reaction mixture was heated to 100 °C, fol-
lowed by a nitrogen purge for 10 minutes and a subsequent vacuum
applied for 30 minutes, all while maintaining continuous stirring. This
cycle was repeated three times to ensure the removal of moisture and
oxygen. The temperature was then increased to 320 °C, resulting in the
formation of a colorless solution. After reducing the temperature of
the reaction mixture to 270 °C, 4 ml of a 0.2 M TOP-Se solution was
swiftly injected. The preparation of the TOP-Se solution was carried
out within a nitrogen-filled glove box. The reaction was sustained for
~10 minutes. Subsequently, the reaction mixture was cooled to 90 °C,
and 10 ml of toluene was added to prevent solidification. To pre-
cipitate the nanoparticles, ethanol was used, followed by centrifuga-
tion at 4116 x g for 10 minutes. This washing process was applied 2-3
times to eliminate unreacted precursors. The final CdSe nanoparticle
precipitate was re-dispersed in toluene for subsequent measurements.
Particle size of SN as well as the thickness of the stabilization layer was
calculated using transmission electron microscopy (TEM) and dynamic
light scattering (DLS), which can be found in detail in Figs. S3, S6, S9,
and S11 of SI.

Synthesis of CdSe NR. A three-neck round-bottom flask was taken and
a mixture of HPA, TDPA and TOPO was added, and the mixture was
heated to 360 °C*. Cd(CHj;),/ TBP solution was added to the mixture
dropwise followed by a quick injection of Se/TBP solution. The
resulting solution was kept at 300 °C for growth. Aliquots are taken out
of the reaction mixture and purified by precipitation in ethanol fol-
lowed by centrifuging at 4116 x g. The pure product is re-dispersed into
toluene. Dimensions (length and diameter) of NR as well as thickness
of stabilization layer was calculated using TEM and DLS which can be
found in details in Figs. S4, S7, S10 and S11 of SI.

Synthesis of CdSe nanotetrapods (TP). In a 100 ml three-neck round-
bottom flask, CdO (1 mmol), oleic acid (6.28 mmol), and octadecene
(ODE, 20 ml) were used as the Cd precursor*’. The flasks were con-
nected to a condenser, connected to a Schlenk line that connected an
inert nitrogen cylinder and a vacuum pump on both ends. Another
neck was used to insert a temperature sensor, while the third was
sealed with a septum for withdrawing samples using a microsyringe.
The reaction mixture was gradually heated under an inert atmosphere,
ensuring continuous nitrogen purging through the Schlenk line. To
maintain controlled conditions, the alternation between nitrogen
purging and evacuation was performed while continuously stirring at
100 °C. This cycle was repeated three times to completely eliminate
moisture and oxygen from the mixture. The temperature was then
slowly raised to 240-250 °C, resulting in the brown mixture turning
clear and colorless, forming a stable Cd-oleate precursor solution. For
the Se precursor, 0.5 mmol of Se was mixed with 1.5 ml of TOP within a
nitrogen-filled glove box. A solution of TOP-Se premixed with CTAB
(0.02 g in 3 ml of toluene) was swiftly injected into the reaction mix-
ture in the round-bottom flask at 190 °C using a glass syringe with a
stainless-steel needle through a septum. To grow CdSe nanotetrapods,
the reaction temperature was maintained at 160 °C. Samples were
collected periodically to monitor the formation of the nanotetrapods.
A schematic of the entire process is added in Fig. S1 of SI. The CdSe
nanotetrapods were purified by precipitation using 2-propanol (1:3) to
remove excess unreacted precursors, followed by centrifugation at
4116 x g at 4 °C. The final product was dried at room temperature and
re-dispersed in toluene. Dimensions (arm length and arm width) of TP
as well as thickness of stabilization layer were calculated using TEM
and DLS, which can be found in details in Figs. S2, S5, S8 and S11 of SI.
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Preparation of PNC thin films. PS/PNC thin films were spin-coated at
67 x g (2000 rpm) using a PS solution in toluene. Before spin-coating
PS/PS-NP solution, Si (100) substrates were already covered with a thin
irreversibly adsorbed slippery layer of hydroxy-terminated poly-
dimethylsiloxane (layer thickness ca. 10 nm). Such a layer represents
an ideally homogeneous surface of low surface tension and rather low
interfacial friction for the dewetting of PS/PNC thin films. PS/PNC thin
film thickness used in our experiments was 207 + 1 nm as measured by
atomic force microscope.

Dewetting experiments

Evolution of dewetting holes in PS/PNC thin films was followed in situ
using an optical microscope (OLYMPUS BX53M) attached to a digital
charge-coupled device (CCD) camera (DP 27) on a heating stage setup
(Linkam THMS-600). The temperature of the dewetting experiments
was always 200 °C. Circular holes were formed in the films which grew
with time'®'*?, A time series of images were taken at regular intervals
to follow the temporal growth of dewetted holes nucleated in the films.

Rheology experiments

Rheological measurements of bulk polymer thin slabs (sample thick-
ness ca. 500 um) and bulk PNC thin slabs (sample thickness ca. 500
um) were done on a stress-controlled Rheometer (MCR 702, Anton
Paar) in oscillatory shear mode. The tests were done on a parallel-plate
geometry with a 50 mm diameter plate (PP50) at the bottom and an 8
mm diameter plate (PPO8) at the top. Temperature control was
achieved by using a CTD 600 convection oven. All measurements were
done at 200 °C, unless otherwise specified. The gap was adjusted
according to the sample thickness. An amplitude sweep was per-
formed to determine the linear viscoelastic limit (LVE). A strain value
within the LVE region was taken, and a frequency sweep was per-
formed from (100-0.01) rad/s to measure the complex viscosity. The
samples were held at 200°C for 10 min before conducting the
experiments to ensure equilibration of temperature.

Molecular dynamics simulations

A pair of non-bonded monomers interacts via the LJ potential of the
form V(r)=4e(9)" - (%)6] with a cut-off distance r. = 2.50. Here, ¢ is
the unit of pairinteraction energy, and ¢ is the size of a monomer. Two
adjacent monomers of a polymer chain are connected by the finitely

extensible non-linear . elastic (FENE) potential of the form
E= — KR In[l_ (%) ];46[(%)12 —(©9)*] +e, where K=3% and
Ry = 1.50 is the maximurn bond extension in the FENE potential. The

2nd term in £ is truncated at a distance r = 2"°g. Each chain consists of
110 monomer units. NPs are also modeled using the L) potential. The
spherical NP is modeled as an L) particle of diameter 1o. A nanorod is
modeled as a rigid body made of a few L) particles, each of size 10. They
are placed in a straight line with an interparticle spacing of 1o. Four
such rods are catenated at a point to construct a tetrapod model.
Schematic representations of NP models are shown in the SI. During a
simulation, all the beads of an NP move as a rigid body*’. The inter-
action between the beads of different NPs is truncated at a distance
r.=2"%g to represent repulsion between them. The polymer-NP inter-
action is considered to be attractive to model the adsorbing polymers,
and the interaction strength between polymer-NP is taken as exp = 2.0.
We note that small spherical NPs with the same interaction as between
monomers can act as a solvent and reduce viscosity’. Therefore, we
chose a stronger NP-polymer interaction to model the experimental
trend for the SN-polymer composite. The polymer-NP interaction is
truncated at a cut-off distance r. = 2.50. All L] interactions are shifted to
zero at their respective cut-off distances. The numbers of polymer
chains and NPs are varied in the simulation box to maintain a constant
NP mass fraction across all the systems. A total of 10 systems are
simulated with varied compositions as tabulated in Table S2 of the SI.

We use the velocity-Verlet algorithm with a timestep of 0.0057 to
integrate the equations of motion. Here, 7=0,/2 is the unit of time,
and m is the mass of a monomer. The simulations are conducted in an
isothermal-isobaric ensemble (NPT) at a reduced temperature
T = "BTT =1.0 and pressure P' = "—; =1.0. The temperature and pressure
are maintained using a Nosé-Hoover thermostat and barostat,
respectively. MD simulations are carried out for 3 x10” MD steps for
equilibrating the system. An equilibration run is followed by a pro-
duction run of 2 x 107 MD steps. All properties are calculated from the
production trajectory. The chain end-to-end vector relaxation time is
about 10007, which can be seen in the SI. Thus, our simulations are
long enough to capture the equilibrium properties of the system.

Furthermore, the equilibrated structures are used for NEMD
simulations, in which SLLOD**** equations of motion are solved in a
canonical ensemble (NVT) at a reduced temperature 7*=1.0. In NEMD
simulations, a shear is applied to the simulation box in the xy plane
with a constant rate. All NEMD simulations are performed for 3 x10’
steps, followed by a production run of additional 2 x 107 steps. The
shear stress is computed from a production trajectory, which can be
written as o, = £ S0 v v, + 5 S0 rioFyy- Here, Vis the volume
of the system. The ry, is the x-component of kth particle’s position co-
ordinate; and Fy, is the y-component of the kth particle’s force. The
total number of particles in the system is M. The vy, and vy, are th the x-
and y- components of the velocity of the kK particle, respectively. The
shear viscosity () is calculated as n= — o,,/y. We vary the shear rate
fromy =10"° to y =10~. In our simulations, 7 becomes nearly constant
around the lowest shear rate y =10~>, as shown in the SI. This indicates
that the system approaches the Newtonian regime in our simulations
when y=1073*. All the simulations are performed using the large
atomic/molecular massively parallel simulator (LAMMPS) MD simula-
tion package®.

Moreover, we repeat the simulations with weaker interactions to
examine how the choice of interaction parameters in the model affects
our conclusions. The corresponding results are provided in SI. We also
perform simulations with polymer chain length N=1, as reported in
the SI, to reinforce our claim that viscosity reduction is only possible
for high-molecular-weight polymers. In this study, we employ the
canonical bead-spring model for polymers*®. We use the L] potential to
model the monomers and beads of NPs, which corresponds to an
effective diameter of -5 nm. At this coarse-grained level, each mono-
mer represents several Kuhn segments of the experimental system.
This can result in a softer effective interaction between a pair of par-
ticles than the one used in this study. This reflects a typical trade-off in
coarse-grained simulations. The computational efficiency is gained at
the expense of some structural resolution. This approach aims to
capture the essential mesoscale physics while recognizing that the
resulting pairwise interactions are likely softer than those between
individual particles’’™*°. Although the softness of the model may
slightly affect local packing and entanglement, we believe that it suf-
ficiently captures the key physics relevant to the phenomenon under
investigation.

Data availability
The data that supports the findings of this study are included in the
paper and SI. The source data of all the figures are available in the
Source Data file, which is available with this paper. All data are available
from the corresponding author upon request. Source data are pro-
vided with this paper.

Code availability

The computer simulation part of this research uses the publicly
available software package LAMMPS, version 3 March 2020*, and the
Open Visualization Tool (OVITO, version 11 November 2024)*° is used
for visualization and rendering of MD snapshots.
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