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affords broadly tuneable viscoelasticity above the
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Materials with promising mechanical performance generally demonstrate requirements for the critical sizes
of their key building units, e.g. entanglements and crystal grains. Herein, only with van der Waals interaction,
viscoelasticity with broad tunability has been facilely achieved below the critical size limits: the dimers of
~1 nm polyhedral oligomeric silsesquioxane (POSS) with M,, < 4 kD and size < 5 nm, which demonstrate
distinct material physics compared to that of polymer nanocomposites of POSS. The dimeric POSSs are
confirmed by scattering and calorimetrical measurements to be intrinsic glassy materials with glass
transition temperatures (T4s) lower than room temperature. From rheological studies, their viscoelasticity
can be broadly tuned through the simple tailoring of the dimer linker structures above their Ty. In dimer
bulks, each POSS cluster is spatially confined by the POSSs from other dimers and therefore, the

correlation of the dynamics of the two linked POSS clusters, which, as indicated by dynamics analysis, is
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Accepted 19th September 2022 regulated by the length and flexibilities of linkers, contributes to the caging dynamics of POSS confined

by their neighbours and the resulting unique viscoelasticity. Our discoveries update the understanding of

DOI: 10.1039/d25c03651g the structural origin of viscoelasticity and open avenues to fabricate structural materials from the design
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Introduction

The realization of promising mechanical performance generally
sets high requirements for the size limit of materials' key
building units, e.g. polymers and metals, with the critical
lengths of polymers passing the entanglement limit and the
metal grain sizes over several nm."” As model systems for the
studies of general material physics, granular materials,
composed of densely packed nano- or macro-scale particles,
demonstrate unique impact- and shock-resistant properties
that are highly dependent on the sizes, morphologies and
surface structures of the building units.*® When their sizes
approach the tens of nanometer scale, the dynamics of particles
can be manipulated by the complex interactions among the
particles in their assemblies, giving rise to unexpected and
often exceptional mechanical performances.*” Their sizes are
further narrowed down to ca. 5-7 nm known as the critical size
for granular materials, and exciting transitions of viscoelastic
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properties are discovered: the particles with sizes smaller than
5 nm behave like small molecules with high mobilities and their
bulk materials thus possess fast dynamics and appear as
viscous liquids above glass transition temperatures (7,s) while
the counterparts with sizes larger than 7 nm demonstrate
robust elasticity even at temperatures 100 K higher than their
Tgs.>? Meanwhile, by tailoring the surface functional groups of
colloids, inter-particle attractions around their close-packed
neighbors can be achieved, leading to tunable elasticity,
robustness and resilience under extreme conditions.’*™ It can
be conjectured that novel mechanical properties can be ach-
ieved via the correlation of particle dynamics from the import of
inter-particle attractions. However, the capability for colloid
surface functionalization only allows the construction of non-
selective and symmetric interactions with their closest neigh-
boring units, providing few options for the further design of
granular materials. Therefore, it would be of great interest to
develop an effective protocol to correlate the dynamics of
selected particles in a designed manner with targeted interac-
tion potentials and explore their connections to the materials’
typical mechanical performances. More importantly, it is
a fundamental issue in materials science to test whether the
critical size effect for general materials can be challenged via the
introduction of correlated dynamics among the building units.

Originating from their multiple dynamic relaxations associ-
ated with the polymer chain structures at different length
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scales, polymeric materials show unique and remarkable
viscoelasticity and extraordinary mechanical strengths.'**
Generally, the construction of hierarchical structures across
multiple length scales, e.g. chain segments to overall dimen-
sions of polymers, is required for the design of viscoelastic
materials while the topologies of polymers can be deviated from
linear features for enriched viscoelastic performances.'*™*®
Complex architectures combined with different topologies of
polymers can deliver unique viscoelasticity for tissue engi-
neering and impact resistance.’*?* Basically, high molecular
weight and complex architectures are the key to the broadly
tunable viscoelasticity, which, however, require considerable
amount of synthetic efforts. It still remains a challenge to
design viscoelastic materials from low M, and small-size
material systems without supramolecular or covalent bonding
interactions among the building units. Molecular clusters
(MCs) are a group of giant molecules with sizes ranging from
sub-nm to 10 nm, which is applied popularly as model systems
for soft matter, nanomaterials and catalysis research for their
well-defined structures with enriched morphologies.>*?* More
importantly, MCs by themselves can exhibit a broad range of
functionalities individually and independently similar to
nanoparticles (NPs) while they can be precisely tailored like
small molecules via typical organic synthetic methods.*** MCs
have been incorporated with the star polymer and polymer
brush topology, respectively, and unexpected elasticity has been
reported that originated from the physical interpenetration and
inter-locking of MC structures.”®*” Herein, a 1 nm MC, isooctyl-
functionalized polyhedral oligomeric silsesquioxane (OPOSS),?®
is covalently dimerized to dumbbell/bola topologies. The
correlation of the dynamics of the two linked OPOSS clusters
can be regulated via the flexibility of the linkers while their
viscoelastic behavior can be tuned. Neither long range ordering
nor assemblies can be observed in the bulks of OPOSS dimers in
their scattering data, confirming the absence of dominant
supramolecular interactions. The low M,, and sub-nm particle
system with the introduction of inter-molecular/particle corre-
lations provides a new concept to design the structural mate-
rials with the required viscoelasticity, which should be different
from the concept of the polymer nanocomposites of POSS.>* Our
discoveries can be generally extended to a broad range of
chemical and material systems ranging from small molecules to
macromolecules and colloidal NPs.

Results and discussion
Molecular design of OPOSS dimeric structures

Linkers with varied flexibilities are applied to covalently bond
with two OPOSS clusters to correlate their dynamics in
a controlled manner. With the surface fully covered by isooctyl
groups, the physical and chemical properties of OPOSS are
dominated by the short and highly branched alkyl chains: their
fast dynamics endows OPOSS with high mobilities and low glass
transition temperature (T, ~ —40 °C)* while their branches rule
out possible supramolecular interactions and hinder long range
ordering. Mono-functionalized OPOSSs are coupled via
different linkers (Fig. 1a), and the material systems are named
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Fig. 1 Molecular structure and physical appearances of dimers. (a)
Molecular structure design of the dimer molecules. (b) Small angle X-
ray scattering (SAXS) of dimer molecules and OPOSS. (c) The proposed
structural models of dimers. (d) Physical appearance of dimer mole-
cules and pure OPOSS.
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Dimer-S, Dimer-SR and Dimer-R, respectively, according to the
flexibilities of the linkers. A correlation between the dynamics
of the two linked OPOSS can be expected: for highly rigid
linkers, the dimers behave like dumbbell molecules and the
dynamics of the linked clusters are fully correlated while the
OPOSS clusters would behave independently and similar to
monomeric OPOSS when highly flexible linkers are applied.

Structural analysis of OPOSS dimers

All the designed OPOSS dimers behave as intrinsic glassy
materials with neither long-range ordering nor supramolecular
assemblies. The chemical structures and purities of all dimers
have been confirmed by nuclear magnetic resonance (NMR)
measurements, mass spectrum and gel permeation chroma-
tography (GPC) studies (ESI; Fig. S11). Small angle X-ray scat-
tering (SAXS) measurements rule out the domination of
supramolecular interaction due to the absence of form factors
of supramolecular assemblies (Fig. 1b). Meanwhile, there is no
obvious peak signal around 1.84 A~* (0.34 nm) corresponding to
-7t stacking from the SAXS results, confirming the absence of
strong supramolecular interaction.*** The structure factor
peak at 0.509 A~* characterizes the close packing of OPOSS (d)
units from different dimer molecules, which is further
confirmed by its consistency with that of the melt of pure
OPOSS. The second peak in the low g range (0.161 to 0.173 A™Y),
corresponds to the correlation length ({) of close packed zones
of OPOSSs (Fig. 1c). Interestingly, the absence of { in Dimer-S
originates from the lack of correlation between the OPOSSs in
the dimer molecule. The SAXS data of aged dimers (3 months
after their synthesis) show no obvious change, confirming the
robustness of the dimers as well as the absence of strong
supramolecular interactions (Fig. S2at). Moreover, the SAXS

© 2022 The Author(s). Published by the Royal Society of Chemistry
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data with increasing temperature show no obvious change,
further confirming the robustness of the dimers (Fig. S2b¥). The
structural features of Dimer-S are coincident with its physical
appearance as a viscous liquid under ambient conditions
similar to pure monomeric OPOSS, while the appearance of
dimers changes to the solid state as the flexibility of the linker
varies from semi-rigid to rigid (Fig. 1d). Dimer-SR and Dimer-R
possess characteristic T,s (—18.8 and —11.7 °C, respectively)
that are higher than that of single OPOSS (—37.6 °C) but still far
below room temperature (Fig. S3at). Moreover, when the test
temperature of DSC increased to 200 °C, only one glass transi-
tion was observed and this result also proved that the sample
was stable enough (Fig. S3bt). The dimers show higher T,s with
less flexible linkers, suggesting their stronger molecular corre-
lation and slower segment dynamics. The single OPOSS conju-
gated with linkers demonstrates a distinct physical appearance
in comparison to the dimers, confirming the key role of topo-
logical interaction in their mechanical performance (Fig S4 and

S51).

Tunable viscoelasticity of OPOSS dimers

The OPOSS dimers can be tuned from a viscous to a viscoelastic
appearance through the tailoring of the dimer linker structures
although they have low M,, and small sizes. The typical rheo-
logical studies via the small amplitude oscillatory shear (SAOS)
technique suggest that Dimer-S (4.45 x 10° Pa s) behaves as
a shear thinning liquid with viscosity similar to that of pure
OPOSS (7.36 x 10° Pa s) (Fig. S6 and 71). For Dimer-SR and
Dimer-R, their rheological master curves are similar to those of
linear polymers with multiple relaxation stages: characteristic
terminal relaxation () with G’ ~ w~?and G” ~ w~ ! below 10 rad
s~' corresponding to the diffusive motion of the entire dimer
molecule. The modulus of Dimer-R is higher than that of
Dimer-SR at the measured time scale and the relaxation time 7,
of Dimer-SR is 15 times faster than that of Dimer-R due to the
extra functional groups (C-O-C) with high rotational freedom
in the linker of Dimer-SR (Fig. 2a and b). The van der Waals
force dominates the interaction among all the dimers in their
bulks® and it can be conjectured that the appropriate rigidity of
the linkers can facilitate the correlation between OPOSS
dynamics in the same dimers and further manipulate the
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Fig.2 Master curves constructed from SAOS data from 273 K to 323 K.
(a) Dimer-SR and (b) Dimer-R at a reference temperature of 323 K. The
horizontal shifting factor ar of dimer molecules and OPOSS collected
from time—temperature superposition of the small-amplitude oscil-
latory shear (SAOS) data (Fig. S67). The relationship between arand 1/T
is well established by fitting to the WLF formula as is shown in Fig. S9.7
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spatial jamming among dimers for their unique, tunable
viscoelasticity, which is proved in the following dynamics
analysis and molecular dynamics (MD) studies.

Hierarchical dynamics of OPOSS dimers

The tunable viscoelasticity could originate from the hierarchical
relaxation dynamics of the dimers, which are characterized by
broadband dielectric spectroscopy (BDS) studies.***® Three
dynamic relaxation processes can be observed, which represent
the dynamics of the surface alkyl groups of OPOSS (y), single
OPOSS with soft fragments of linkers (B) and the cooperative
dynamics of neighboring OPOSSs from different dimers (a),*
respectively (Fig. 3a and S107). Temperature dependences of the
characteristic relaxation time (r) from BDS analysis and the
time-temperature superposition shift factor (o) of SAOS
measurements are used to unify the dynamic behaviors from
different measurements and all the dimer samples (Fig. 3b, c
and S107). The vy relaxation of both Dimer-SR and Dimer-R
exhibits similar temperature-dependence to the rheological
behavior of pure OPOSS, revealing the microscopic nature of y
relaxation of dimers as the dynamics of OPOSS surface alkyl
groups. Originating from the structural relaxation of OPOSS
with linkers, the B relaxation of all the dimers shows Arrhenius
type temperature dependence with similar apparent activation
energy (E,) (Table S1 and Fig. S111). The B relaxation is attrib-
uted to local dynamics and shows limited correlation with the
overall packing or physical interaction among dimer molecules.
As the slowest observable dynamics mode of dimers, the
o relaxation shows similar Vogel-Fulcher-Tammann (VFT)
temperature dependence to their rheological dynamics,
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Fig. 3 Hierarchical dynamics of OPOSS dimers. (a) Dielectric spec-
troscopy of Dimer-R from 313 K to 453 K. (b) Integrated diagram of
shifting factors (a7) for different samples and relaxation time (z) for
multiple relaxation processes. (c) A picture of the hierarchical structure
dynamics for dimers. (d) The temperature dependences of the char-
acteristic o relaxation time for different dimers. (e) The temperature
dependences of the characteristic y relaxation time for different
dimers.
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suggesting its association with the cooperative relaxation of the
aggregates of multiple OPOSSs (Fig. 3b and S10+t). Therefore,
the o relaxation characterizes the correlation of inter-molecular
dynamics among dimers. The o relaxation time (z,) increases
with the enhancement of rigidities of the linkers, suggesting
stronger inter-molecular correlation. The o relaxation charac-
terizes the correlation of inter-molecular dynamics among
dimers while the temperature dependences of o relaxation time
can be used to quantify the degree of correlation. As the frac-
tions of the rigid segment in dimer linkers increase, the inter-
molecular correlation turns out to be stronger and the elas-
ticity becomes more dominant in the viscoelastic performances,
suggesting the connection between inter-molecular cooperative
dynamics and dimers’ viscoelasticity (Fig. 3d). A similar trend
can be observed for y relaxation, suggesting a strong ‘caging
effect’ among OPOSS in their aggregated zones (Fig. 3e). The
above dynamics analysis suggests that the correlation of the
dynamics of the two linked OPOSSs can be strengthened
through the rigidness of the linkers and it can further promote
the caging dynamics among neighboring dimer molecules for
enhanced elasticity.””?”

Microscopic mechanism for tunable viscoelasticity

More microscopic understanding of the relationship among
linker rigidness, structural dynamics and viscoelasticity is
provided through the all-atom molecular dynamics (MD)
studies (Fig. 4). The slice of the structure packing for the three
typical systems (Fig. S131) shows that the length distribution of
two OPOSSs in the dimer molecules with soft linkers is random;
conversely, for dimers with rigid linkers, the length distribution
is not only almost consistent but also nearest neighbor OPOSSs
are spatially restricted, which is consistent with our structural
predictions from SAXS data. The mean square displacement
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Fig.4 MD simulations for dimer molecules (64 dimer molecules in the
bulk). (@) Mean square displacement of center-of-mass of OPOSS,
Jem(t), of different dimers. (b) The self-part of the intermediate scat-
tering function of different dimers. (c) Center-of-mass motion
trajectories of OPOSS of different dimers from 0 to 7 ns.
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(MSD) of the center-of-mass motions of OPOSSs (gem(t)) in
Dimer-S (Fig. 4a) follows a power-law distribution g.m(£) o« t* at
intermediate times, which is similar to that of an unentangled
polymer system. For Dimer-SR and Dimer-R systems, the
evolution of g.n,(f) appears in a wide regime in the form of g.n(¢)
14 which is due to spatial confinements imposed by
neighboring OPOSS and the power-law is similar to that of
a highly entangled polymer system.*® The self-part of the
intermediate scattering function F(q,, ) (Fig. 4b) decays less
rapidly and the wide plateau for Dimer-R at intermediate times
further confirmed that OPOSS motion is constrained by
neighboring OPOSSs. According to the Kohlrausch-Williams-
Watts (KWW) relaxation function (inset of Fig. 4b),***° the
characteristic relaxation time 7, is about 1.3 ns, 2.3 ns and 2.8
ns, respectively, for Dimer-S, Dimer-SR and Dimer-R systems.
Center-of-mass motions of OPOSSs were applied to elucidate
that the rigidity of linkers can regulate the cooperative
dynamics of dimers induced by closed packed zones of OPOSSs
(Fig. 4c and S14t). The center-of-mass motions of OPOSSs in
Dimer-S undergo free diffusive motion (gem,(¢) « 6D¢) for a long
time, similar to the typical Brownian thermal motion of pure
OPOSS, explaining the origin of the similar physical appearance
to monomeric OPOSS. Meanwhile, for dimers with semi-rigid
and rigid linkers, the OPOSS shows characteristics of Rouse-
like motion, mainly originating from the spatial confinement
by their neighbors and contributes to the visco-elasticity of bulk
materials. The correlation between the two linked OPOSSs
imposes great difficulty for the diffusion of dimer molecules
with rigid linkers, which allow the cooperative diffusion of
OPOSSs' inter- and intra-dimer structures.

The caging dynamics of crowded OPOSSs is governed by the
linkers and a tiny structural variation of the linkers can lead to
distinct mechanical performance of the melts of dimers. For
Dimer-SR and -R, the structural difference is two symmetrically
added C-O-C bonds in the linker while they behave distinctly as
a visco-elastic solid and elastomer, respectively. Note that the
C-0O-C fragment was introduced to increase the flexibility of the
linker and had no significant effect on the molecular size. The
C-0O-C fragment possesses high rotating freedom and endow
high flexibility and fast segmental dynamics to the linker units,
which can be confirmed from the lower T, the Dimer-SR
possesses when compared to Dimer-R (Fig. S31). Another pair
of dimers, Dimer-R’ and Dimer-SR’, with longer linkers than the
above two dimers, are further used to confirm the role of C-O-C
fragments (Scheme S4t). Dimer-SR’ possesses two extra C-O-C
fragments when compared to Dimer-S'. Dimer-R’ shows higher
T, and modulus than Dimer-SR’, which further proves that
a tiny structural variation of the linkers can lead to distinct
mechanical performance of the melts of dimers (Fig. S16 and
177). To quantify the linker effect, the rotational stiffness and
flexural resistance of the linker are defined by the angle between
the two vectors from the center to the end of the linker, as seen
in Fig. S18,7 0; and 0, represent that of the rigid segment and all
linkers, and are statistical averages from 64 dimer molecules in
the bulk, respectively. The size sorting of the shear viscosity (n),
given by the Green-Kubo method,*" is consistent with our
experimental measurements (Fig. S8 and 17t). The dimer

x t
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molecular size is defined as the end to end distance, R., and
mean square radius of gyration (R,) (Table S27). Actually, there
is no obvious change of the dimer molecular size with the
introduction of the C-O-C fragment. Thus, the variation of
viscoelasticity of the dimer system mainly comes from the
regulation of rotational stiffness and flexural resistance of
linkers. To further verify this conclusion, the van der Waals
(VdW) (Evaw), bond stretching (Euona), bond bending (Eangie)
and torsional (Egiheq) interactions of different dimer molecular
systems are calculated based on the COMPASS force field (Table
S37). It is clear that the differences of E,qw are very tiny, which
also excluded supramolecular interaction. For the intra-chain
interactions, the values of torsional (Egineq) interactions of
Dimer-SR reduced by about 4-7 times compared to that of
Dimer-R, which is consistent with the viscoelasticity change of
the dimer system.

To further confirm the strength of correlation with the
rotational stiffness of the dimer linker and size of the dimer
molecule, the correlation is predicted by the SISSO (a machine
learning method for Symbolic Regression based on Compressed
Sensing Algorithm)** based on the dataset of Table S2.1 Inter-
estingly, the results show that the shear viscosity () is only
associated with the rotational stiffness (—cos(6,) and —cos(f,))
of dimer linkers, and satisfies the following equation:

cos(6,)+/cos(6,)

cos(6y) + cos(6>) (1)

n«

The cooperative dynamics of close-packed OPOSS units from
neighboring dimer molecules is highly regulated by the flexibility
of linkages, which further directs the diffusive motion of dimers
in their bulks and the thus-resulting materials’ visco-elasticity. A
single OPOSS cluster possesses high mobility and shows fast
diffusive dynamics in its bulk originating from its small size and
the intrinsically fast dynamics of surface branched alkyl chains.
For the dimer molecules, the dynamics of individual OPOSS can
be correlated with the linkers and the degree of correlation is
defined by the flexibilities of the linkers. The viscous flow of
dimers, characterized microscopically as the diffusive dynamics
of the complete dimer structures, requires both (1) the collective
motion of the OPOSS unit in the same dimer for the effective
translational diffusion of the dimer molecule and (2) the coop-
erative dynamics of the close-packed OPOSS units among
neighboring dimers for the diffusion out of the caging zone.
However, the collective and cooperative dynamics of OPOSS units
could be disrupted by the linker-imposed correlation of the
OPOSS units, leading to the typical caging dynamics of single
OPOSS and the resulting visco-elasticity of materials. It can be
conjectured that the degree of correlation for OPOSS is controlled
by the rigidness of dimer linkers. Basically, the more rigid the
linker is, the more strongly correlated the OPOSSs are and higher
elasticities the materials possess. The attenuation of nanoparticle
dynamics by linkers can be applied generally for nanomaterials.
Adjusting the length and stiffness of linkers can well control the
intra- and intermolecular interactions and contribute extensively
to the regulation of caging dynamics and topological interaction.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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This finally endows the capability for the modulation of the
nanomaterials’ mechanical performance.

Compared with previously reported polymer nanocomposites
of POSS, the dimer system demonstrates distinct material
physics.” For POSS dimers, the basic structural unit is dimer
nanoparticles and their visco-elasticity is regulated by the topo-
logical interaction among the dimers. For polymer nano-
composites of POSS, the structural units are polymer chains and
POSS, and their viscoelasticity is dominated by polymer chain
relaxation while POSS is only applied to strengthen the
mechanical properties of polymers. In our dimer systems, their
M,, and size are far below that of polymeric materials and the
dimers represent the only supramolecular interaction-free small
molecule system that can demonstrate tunable visco-elasticity.

Conclusions

In summary, viscoelasticity with tunability can be achieved in the
OPOSS dimer systems with low M, and small sizes. In the
supramolecular interaction-free system, OPOSS dimers stay as
glassy materials with no long-range ordering and assemblies. The
OPOSSs' ultra-small size and surface enriched short, branched
alkyl chains and the linker-directed correlation between OPOSSs
leads to the hierarchical dynamics. Different from the fast
dynamics of monomeric OPOSS, the diffusion dynamics of
OPOSS in the dimer are co-determined by its cooperative
dynamics with neighboring close-packed OPOSSs from different
dimers and the dynamics correlation with the other OPOSSs with
the same dimer. Therefore, the OPOSS diffusion is severely
hindered and demonstrated caging dynamics when rigid linker
structures are applied in the dimers. The linker imposed corre-
lation of particle dynamics and the caging dynamics of their
assemblies can be extended to various particles, macromole-
cules, and molecular systems as long as the dynamics of the
applied system can be attenuated by temperature variation,
which, we believe, should be general properties of most of the
chemical systems. General particles can be tuned to exhibit fast
diffusive dynamics at certain temperatures and their monomers
should behave as fluids. The covalent linkage between the single
particles enables the correlated dynamics, further resulting in
caging dynamics. For general chemical systems, as long as the
synthetic route is available, they can be processed to show
enriched dynamics and mechanical properties via the linker-
imposed dynamics correlation. We believe our discoveries will
update the understanding on the structural origin of viscoelas-
ticity and open avenues to fabricate molecular cluster-based
functional granular materials and nanocomposites.
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