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ABSTRACT: The linear elastic properties of isotropic
materials of polymer tethered nanoparticles (NPs) are
evaluated using noncontact Brillouin light spectroscopy.
While the mechanical properties of dense brush materials
follow predicted trends with NP composition, a surprising
increase in elastic moduli is observed in the case of sparsely
grafted particle systems at approximately equal NP ﬁlling
ratio. Complementary molecular dynamics simulations reveal
that the stiﬀening is caused by the coil-like conformations of
the grafted chains, which lead to stronger polymer−polymer
interactions compared to densely grafted NPs with short
chains. Our results point to novel opportunities to enhance
the physical properties of composite materials by the strategic
design of the “molecular architecture” of constituents to beneﬁt from synergistic eﬀects relating to the organization of the
polymer component.
KEYWORDS: Polymer composite, mechanical reinforcement, particle brush, Brillouin light spectroscopy, coarse-grained simulation

O

The emergence of new property combinations has been
attributed to the eﬀect of steric conﬁnement on the
conformation and dynamical properties of tethered chains,
and the resulting implications on particle interactions.16
Insights into the role of brush architecture on the interaction
and relaxation of tethered chains have been provided by
studies of the rheological properties and the local and global
chain dynamics in particle brush-based materials.10,17−20
Collectively, these studies have shown that the eﬀect of steric
conﬁnement on the interactions between brush particles
sensitively depends on the density and degree of polymerization of tethered chains as well as particle surface curvature.
In suﬃciently dense-tethered systems, a gradual transition from
hard sphere to soft polymer-like interactions has been observed
with increasing degree of polymerization.21 Glass transition
temperature and chain relaxation times were observed to
exceed those of corresponding linear polymer analogs, thus
indicating that the tethering of chains limits cooperativeness in

ver the last few decades, extensive studies validated the
enhancement of the mechanical properties of polymer
composites through the incorporation of nanoparticle (NP)
ﬁllers into the polymer matrix.1−3 Although the details of this
reinforcement in two-component nanocomposite systems
remain an open question, experiments have suggested that it
originates from the subtle interplay of interactions between
polymer and particle constituents and spatial conﬁnement.4−6
In the solid (glassy) state, the uniform spatial dispersion of
NPs is crucial for attaining optimal mechanical response.7
However, the inherent chemical incompatibility of the two
components renders the fabrication of homogeneous dispersions a formidable task, especially at high NP loading.8−10
Brush particles (sometimes referred to as “hairy nanoparticles”) that are formed by tethering of polymer chains to
the surface of NPs have attracted interest as building blocks for
the assembly of “one-component hybrid materials” with
unprecedented property combinations. Examples include the
synthesis of transparent high refractive index glasses for optical
applications, high-breakdown dielectrics, moldable photonic
crystals, and phononic crystal materials with robust band gap
characteristics.11−15
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brush layers17,19 and pronounced slowdown of local dynamics
at the interface.20
As the grafting density of tethered chains is reduced to
values of about 0.05 nm−2 (the so-called “sparse” grafting
regime), molecular segregation of the tethered chains has been
argued to result in directional interaction potentials between
individual brush particles.10,11 Direct evidence for the “polarization” of particle interactions is the formation of anisotropic
superstructures in sparse particle brush systems.10 Interestingly, tensile stress−strain experiments have revealed that the
formation of anisotropic superstructures gives rise to signiﬁcant
enhancement of the mechanical behavior of the resulting
hybrid materials.22 Due to limited experiments on the
mechanical properties of one-component systems, the role of
graft architecture is still unclear. The elastic modulus of
sparsely polystyrene (PS) grafted NP ﬁlms, measured by thin
ﬁlm buckling techniques, was found to be independent of the
graft molecular weight (30 kDa < MW < 370 kDa).23 Molecular
dynamics (MD) simulations predicted an increase of fracture
toughness with increasing chain length, implying that
entanglements aﬀect interparticle interactions.24,25 These
ﬁndings illustrate the opportunities to design hybrid material
properties that are facilitated by a better understanding of the
governing parameters, which control interactions in brush
particle systems. However, no study has been yet able to
quantitatively relate macroscopic response characteristics to
microstructural features such as the distribution of tethers
within the brush particle assemblies. The elucidation of the
role of polymer canopies on the elastic (bulk and shear)
moduli of polymer tethered particle materials is thus an
important requisite to further advance the opportunities
presented by brush particle materials.26
In this contribution we shed light onto this question by
performing noncontact and nondestructive mechanical characterization using Brillouin light spectroscopy (BLS). BLS is a
powerful optical technique to probe the acoustic phonon
propagation at gigahertz frequencies and hence access the
elastic characteristics of materials on a submicrometer scale.
We complement the BLS experiments with microscopically
resolved MD simulations,27−29 which capture the conformational details of the grafted chains. We employ a coarse-grained
model where the silica core is represented by a smooth sphere
with randomly distributed grafting points on its surface, while
the grafted PS chains are modeled using a generic bead−spring
model.30 The polymer beads have a 20 times smaller diameter
than the cores, and the interaction strengths between the
diﬀerent compounds were matched to the experimental
Hamaker constants.31 Such a coarse-grained description is
computationally more tractable than an atomistic model, and it
also allows us to derive general trends which are independent
of the speciﬁc polymer and NP chemistry. Finally, we also
employ a much more coarse-grained model of sterically
stabilized NPs and combine it with the Zwanzig-Mountain
relation and integral equation theory to compute the highfrequency shear modulus. The details of the experimental and
computational methods are provided in the Supporting
Information.
Our experiments reveal that, for composites with equal
inorganic content, the longitudinal and shear modulus increase
by about 35% as the grafting density is decreased. This ﬁnding
is in stark contrast to mean-ﬁeld calculations, which predict the
same moduli for both materials. Previous experiments and
ﬁnite element analysis have hypothesized that such reinforce-

ment could originate from the formation of a thin (2−3 nm
wide) interfacial layer with signiﬁcantly higher modulus than
that of the neat polymer.4,5,26 However, this interpretation is
not supported at all by our MD simulations. Instead, we ﬁnd
that the increase of the bulk modulus originates from the
overlap of the polymer grafts, which is more pronounced for
the sparsely grafted NPs with long chains. At roughly equal
chain length but diﬀerent grafting density, the sparsely grafted
NPs have a stronger polymer−polymer contribution to the
elastic modulus, due to the enhanced entanglement between
chains from diﬀerent NPs. However, this eﬀect is only
secondary, as the major diﬀerence in the elastic moduli
stems from the core−polymer contribution, which is weaker in
the densely grafted systems and their lower NP loading. Thus,
the conformation of the tethered polymers plays a crucial role
for the elastic properties of the nanocomposite.
The one-component nanocomposite systems used in this
study consist of PS grafted silica particles with varying grafting
density (number of chains per area), σ, and degree of
polymerization (DP), N, below and above the entanglement
value of bulk PS. The brush particle systems are synthesized via
surface-initiated atom transfer radical polymerization of PS
from identical silica cores with radius R = 57 ± 3 nm and
coded according to their DP; PS is in the amorphous glassy
state at T = 294 K.32 (See details in the material part of the
Supporting Information.) Figure 1 presents the brush thickness, h, as determined by the distance between silica cores
from transmission electron microscopy (TEM) images. For the
high grafting density (σ ≈ 0.5 chains/nm2), the double
logarithmic plot clearly displays a stronger increase of brush
thickness h with N than expected for a Gaussian chain with the
same degree of polymerization. The extended chain conformation is represented by the scaling relation h ∝ N0.7 in the
low-N regime, whereas a crossover to an ideal coil, i.e., h ∝
N1/2, is observed for the densely tethered materials above N ≈
1000. The relations between brush height and σ and/or N
mirror the conformation of the polymer grafts and further
indicate the extent of chain interpenetration between neighbor
particles. With decreasing grafting density (from 0.61 nm−2
(DP 100) to 0.08 nm−2 (DP1170)), the tethered NPs assume
more compact dimensions as it is clearly revealed in the case of
DP1170. A more detailed analysis of the polymer conformations is provided further below, where we show the
distributions of polymer end-to-end lengths and compare
them to the corresponding pure polymer systems.
The sparsely tethered DP1170 system assumes a 5 times
smaller brush thickness than the densely tethered DP1300 with
comparable N. Instead, DP1170 displays almost the same
brush thickness as the densely tethered DP100 material, and
hence both possess similar PS volume fractions, ϕPS ≈ 0.48.
This composition was chosen since eﬀective medium theory
would predict comparable elasticities in both DP100 and
DP1170 materials due to their similar average ϕ PS .
Concurrently, low σ and high N should then facilitate chain
interpenetration between polymer canopies as has been
proposed.17,34 We found similar NP loading in our MD
simulations, as evidenced by the qualitative comparison of the
NP distributions in Figure 1b. Note that the (hexagonal)
ordering of NPs in the experimental TEM micrographs
originates most likely from casting the brush particles to
monolayer ﬁlms for imaging, whereas the simulation snapshots
have been taken from bulk systems. The experimental BLS
measurements were performed using thick ﬁlms, and thus the
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apparent ordering is not relevant for the interpretation of the
elastic moduli data.
From the MD trajectories, we computed the radial pair
distribution function, g(r), between NPs (Figure 1c). From
these data, we extracted the brush thickness, h, by identifying
the nearest neighbor distance between the NPs. The
pronounced oscillations of the g(r) data indicate that the
NPs exhibit long-range ordering, with the DP100 system being
the most ordered one. When normalizing the computed brush
thickness, h, by the value obtained for DP100, hDP100, we ﬁnd
excellent agreement with the experiments, as shown in Figure
1a. Note that both experimental and simulation results conﬁrm
the absence of anisotropic particle superstructures that have
been reported for very sparse systems in previous reports.8,10
Having established the good agreement between the
structures from experiments and MD simulations for the four
systems in Figure 1, we turn now to their elastic moduli. As a
noncontact and noninvasive technique, BLS becomes a
powerful and unique tool to analyze the elastic mechanical
properties compared to invasive atomic force microscopy
(AFM) indentation. The eﬀective medium sound velocities,
cl(t) = 2πf l(t)/q can be determined from the linear dispersion,
f l(t)(q) obtained from the polarized (depolarized) BLS spectra
at a suﬃciently low wave vector, q. The subscript l(t) denotes
the longitudinal (transverse) polarization of phonons (Supporting Information). Figure 2a shows the linear dispersion,
f l(t)(q) in DP1170, where the frequencies f l(t) are estimated
from the Lorentzian representation of the polarized (VV) and
depolarized (VH) BLS spectra shown in the inset of Figure 2a.
The longitudinal (M) and shear (G) moduli, are computed by
assuming a linear interpolation of the eﬀective medium density,
ρ, between the two-component densities (see details in Table
S1), i.e., M = ρcl2 and G = ρct2. Figure 2b depicts the values of
M and G in eight polymer tethered nanocomposite materials at
T = 294 K below the glass transition of PS (Tg = 373 K). Note
that the elastic (high frequency) moduli become local
properties in the glassy state and hence are not sensitive to
the inherently metastable glass.34 The volume fraction for the
previously reported and the present systems has been
estimated within the indicated errors by diﬀerent methods as
reported elsewhere.34 Both elastic moduli show signiﬁcant
increase with particle loading. This trend of densely grafted
particle systems can be compared with results from eﬀective
medium theory (such as Wood’s law) using the parameters for
PS (ρ = 1050 kg/m3, cL = 2350 m/s, and cT = 1210 m/s) and
for porous silica (ρ = 1850 kg/m3, cL = 4910 m/s, and cT =
3090 m/s). The generally accepted eﬀective medium
expression35 for two-component systems fails to represent
the M and G of our systems (Figure S6). The elastic moduli for
the densely grafted systems, however, follow Wood’s law,
whereas the more sparsely grafted particle systems exhibit up
to 35% higher moduli than predicted by Wood’s law (Figure
2b).
The compression modulus, K = M − (4/3)G, of DP1170 is
also higher (about 20%) than in DP100, as shown in the
normalized plot of Figure 2c. To support the experimental
ﬁndings and to elucidate the origin of the surprising
strengthening eﬀect, we computed the high-frequency shear
modulus G∞ using the Zwanzig-Mountain relation36 and the
compression modulus through MD simulations. The eﬀective
interaction potential37 for the calculation of G∞ is based on
modeling the grafted chains as a spherical layer of uniform
eﬀective density comprised of the polymeric segments. This

Figure 1. Tethered chain size in polymer grafted colloids. (a)
Thickness of grafted PS, h, for densely (solid circles) and sparsely
(open circles) grafted NPs as a function of the PS degree of
polymerization, N. The particle systems primarily discussed in this
work and in the ref 15 are labeled with red and black circles,
respectively. The right axis shows the normalized thickness, h/hDP100,
relative to its value for the particle brush with N = 100. Results from
MD simulations are shown by blue squares in this representation. The
two shaded stripes indicate two systems with almost identical PS
volume fraction (DP100, DP1170) and similar PS molecular weight
(DP1170, DP1300), respectively. (b) TEM images of three ordered
one-component polymer nanocomposite monolayer ﬁlms with
diﬀerent N and σ (upper panel), and corresponding simulation
snapshots (lower panel). The “layering” of brush particles that is
observed in micrograph (iii) is attributed to in-plane stresses that arise
during the transfer of ﬁlms. This eﬀect is absent in bulk samples that
are evaluated by BLS.15 The simulation snapshots have been
duplicated once in both the horizontal and vertical direction to
better match the experimental scale. Further, the polymer brush has
not been drawn here for clarity. All simulation snapshots have been
rendered using Visual Molecular Dynamics.33 (c) Radial pair
distribution functions, g(r), for four nanocomposites computed
from MD simulations, as indicated with r denoting the radial distance
between NP centers, in the units of monomer diameter, a. The
colored arrows indicate the brush height of the four grafted PS
particles extracted from the corresponding g(r).
2717

DOI: 10.1021/acs.nanolett.9b00817
Nano Lett. 2019, 19, 2715−2722

Letter

Nano Letters

Figure 2. Composition dependence of the elastic moduli in polymer grafted particle ﬁlms. (a) Dispersion relation of longitudinal (red circles) and
transverse phonons (black squares) of DP1170 in the low-q regime. Inset: exemplary VV polarized and VH depolarized BLS spectra ﬁtted by
Lorentzian functions at q = 0.0081 nm−1. (b) Longitudinal, M (circles), and shear, G (squares), elastic moduli for various PS tethered silica ﬁlms
with diﬀerent PS volume fraction for densely (solid circles and squares) and sparsely (open circles and squares in the shaded areas) grafted particle
systems. The theoretical values of the shear moduli in ﬁve nanocomposite ﬁlms are indicated by blue solid rhombs. The representation by the
eﬀective medium Wood’s law is shown by solid lines. (c) Normalized compression modulus relative to the value in the DP100 system, obtained
from BLS and MD simulations for four systems, as indicated. The Wood’s law prediction is shown by the dashed line.

density is simply calculated from the experimental N, σ, and h
(Figure 1a) leading to the total number of segments and the
volume of the spherical shell. The eﬀective shell density is
therefore higher, and hence the interaction potential is stronger
in the sparsely tethered DP1170 than in the brush-like DP100.
Accordingly,36 DP1170 exhibits a higher shear modulus (blue
solid rhombs) in agreement with the BLS experimental values
of Figure 2b. Even though this eﬀective model is fundamentally
diﬀerent from the microscopic MD simulations (e.g., no chain
interdigitation/entanglements are included), it accurately
reproduces the experimental trends in the present (Figure
2b) and similar systems.38 Since the elastic shear modulus (no
viscoelastic eﬀects) primarily depends on the local segment
density, topological eﬀects are not relevant.39 In any case, the
main advantage of this eﬀective interaction model is its
extreme computational simplicity, and it is gratifying that it still
captures the experimental trends (Figure 2b). This good
agreement between the experimental measurements and the
computed values for G∞ further rationalizes the deviations
from Wood’s law prediction.
To elucidate the signiﬁcant deviations of the elastic moduli
from eﬀective medium laws, we considered the microscopic
details of the polymer conformations provided by the MD
simulations. To this end, Figure 3 shows simulation snapshots
of single grafted NPs in the polymer nanocomposite (note that
these snapshots have been obtained from the bulk materials,
not from simulations of isolated NPs). We focus ﬁrst on the
DP100 and DP1170 systems, which exhibit similar brush
thickness, and hence similar ﬁlling fraction, but signiﬁcantly
diﬀerent elastic properties. From Figure 3a, it is clear that the
high grafting density of DP100 leads to an even brush layer of
strongly stretched chains surrounding the NP core. For
DP1170, in contrast, the low grafting density leaves large
portions of the NP core bare and thus accessible to other NPs.
The simulation snapshot in Figure 3b further reveals coil-like
polymer conformations, similar to the ones observed in the
bulk (see Figure 4a). The situation for DP1300 is qualitatively
similar to the DP100 case, with a thick polymer shell also
obscuring the NP core, albeit the grafted chains are more
coiled for DP1300 (Figure 4a). It should be further noted that
the polymer layer is not perfectly spherically symmetric, since
some of the chains have to stretch to ﬁll the interstitial voids

between NPs, as also suggested by TEM.15 The structure of
the DP530 NPs falls in between the DP100 and DP1300 cases,
thus accounting for the intermediate compression modulus
computed from the MD simulations (cf. Figure 2c).
The thickness and density of the brush layer as well as the
degree of interdigitation between neighboring polymer coronas
can be quantiﬁed through the radial monomer density
distribution around the NP core, ρ(r), presented in Figure 3.
In all cases, there is a noticeable depletion of ρ followed by a
slight surplus of ρ close to the NP surface, as expected for the
layering of hard particles near a hard surface.40 The structuring
near the NP surface is, however, rather subtle and decays
completely after few monomers. Figure 3 also shows the
breakdown into contributions from polymers grafted to the
same core, ρs, and from surrounding polymers grafted to other
cores, ρo. For the densely grafted NPs DP100, DP530, and
DP1300, the ﬁrst layer around an NP is completely occupied
by its own grafted chains, and ρs then gradually decays to zero
as a distance r ≈ h is approached. For DP1170, however, a
large fraction of polymers from other NPs penetrates the brush
layer of the NP, leading to considerable overlap and
interdigitation of the grafted polymer chains. The overlap of
polymer brushes can be quantiﬁed through the interpenetration parameter δ (see the Supporting Information for details),
which has a signiﬁcantly higher value for DP1170 (δ = 120)
compared to DP100 (δ = 39) and DP530 (δ = 92). For
DP1300, the value is largest (δ = 150), but here the brush
overlap occurs far from the NP cores (see Figure 3d).
The MD simulations also facilitate a detailed analysis of the
chain conformations, expressed by the probability distribution
of the end-to-end distance, Re, normalized by the chain
contour length, Lc, plotted in Figure 4a. In this graph, we have
also included the corresponding distributions for bulk PS
chains as a point of reference. These distributions clearly
indicate that the DP100 chains are strongly stretched due to
their high grafting density, whereas the DP1170 chains assume
coil-like conformations much closer to their bulk analog. This
behavior is also reﬂected by the average end-to-end distances
of the polymers, ⟨Re⟩, where we observed increases by 38%
(DP100), 7% (DP1170), 24% (DP530), and 57% (DP1300),
relative to the corresponding values for the pure polymer
systems. Moreover, we found a local stiﬀening of polymer
2718
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Figure 3. Tethered chain architecture in polymer grafted nanoparticles. Left panel: Simulation snapshots of a single nanoparticle in the
nanocomposite for (a) DP100, (b) DP1170, (c) DP530, and (d) DP1300. Right panel: Monomer density, ρ, as a function of distance to the core
surface, r, in the unit of monomer diameter, a. Contributions from chains grafted to the same core (ρs) are shown as red circles, from other
nanoparticles (ρo) as blue triangles, and the total density is shown as black squares. The dashed horizontal line indicates the overall monomer
density in the system.

of high grafting density NP ﬁlms increased with increasing N.41,42 The MD simulations also capture the higher
compression modulus in the sparsely grafted DP1170 sample
than in the densely grafted DP100 systems at similar ϕPS ≈
0.48. To elucidate the mechanism of this enhancement as well
as the drop of K with N for the high grafting density NPs, we
determined the individual contributions to the compression
modulus K, which is possible in the MD simulations (see the
Supporting Information for details). Figure 4b shows the
core−core (Kc−c), the core−polymer (K c−p), and the
polymer−polymer (Kp−p) part of K, revealing several key
trends: (i) Core−core contributions are negligible for the
investigated samples due to their rather high PS volume

segments close to the surface of the rigid NP cores (see the
Supporting Information). This eﬀect was most pronounced for
DP100 (highest grafting density), where the local persistence
length increased by a factor of roughly 2 for segments directly
adjacent to the NP core. In contrast, for DP1170 (lowest
grafting density) almost no local chain stiﬀening could be
observed. In all cases, the chain persistence length decayed
after few segments to the bulk value.
The compression modulus in Figure 2c decreases with PS
volume fraction (or equivalently, brush thickness, h) for the
high grafting density particle brush systems in both experiments
and MD simulations. This behavior appears to contradict
recent AFM-indentation results for which the Young modulus
2719

DOI: 10.1021/acs.nanolett.9b00817
Nano Lett. 2019, 19, 2715−2722

Letter

Nano Letters

Figure 4. (a) Plot of end-to-end distribution, P(Re), of polymer chains grafted on the nanoparticles (solid lines) and the corresponding PS chains in
bulk (dotted lines), as a function of Re/Lc (with contour length Lc). (b) Contributions to the compression modulus from MD simulations. The
dashed red line indicates the compression modulus of bulk PS. All data are normalized relative to the compression modulus of DP100.

fraction, ϕPS, which eﬀectively shields the cores from each
other. Further, Kc−c is almost identical for all samples, with a
shallow maximum for DP1170, consistent with the “bald spot”
of the NP shown in Figure 3b. (ii) The core−polymer
contribution to the compression modulus decreases monotonically with increasing ϕPS (or with increasing brush thickness
h), as it becomes more and more diﬃcult for the grafted chains
to penetrate the polymer layer around other NPs. (iii) The
polymer−polymer contribution is nonmonotonic with respect
to ϕPS and has a maximum for DP1170 and a minimum for
DP100. This behavior originates from interdigitation and
entanglement of the polymer grafts (see discussion below).
Thus, the signiﬁcant diﬀerence between KDP100 and KDP1170
stems predominantly from the polymer−polymer contribution,
Kp−p, which is considerably larger for the DP1170 sample due
to the strong overlap and interdigitation of the polymer
brushes. This eﬀect cannot be captured by a mean-ﬁeld
description of the composite, due to the erroneous assumption
that Kp−p is the same for all samples, which is clearly not the
case here. Instead, the additional constraints imposed by the
NP cores lead to strong deviations of Kp−p compared to the
values determined from bulk simulations of the pure polymer
(see dashed red line in Figure 4b). Further, it is clear from the
data shown in Figure 4b that the decrease of K with increasing
ϕPS is dominated by the strongly decreasing core−polymer
contribution, Kc−p.
Figure 4b also shows that Kp−p is slightly smaller for the
densely grafted DP1300 systems compared to the sparse
DP1170 NPs at roughly the same degree of polymerization. To
understand this behavior, we determined the degree of chain
entanglements by computing the average number of double
kinks per chain, ⟨Z⟩, using the Z1 algorithm (see the
Supporting Information for details).43,44 For the total number,
we ﬁnd ⟨Ztot⟩ = 0.0013 for DP100, ⟨Ztot⟩ = 0.13 for DP530,
⟨Ztot⟩ = 0.24 for DP1170, and ⟨Ztot⟩ = 0.32 for DP1300. As
expected, the number of entanglements increases with the
degree of polymerization. More interesting is the breakdown of
⟨Ztot⟩ into contributions from chains grafted to the same NP,
⟨Zs⟩, and from chains grafted to other NPs, ⟨Zo⟩ = ⟨Ztot⟩ −
⟨Zs⟩.25 Here, we ﬁnd ⟨Zo⟩ = 0.13 for DP1170, and ⟨Zo⟩ =
0.082 for DP1300. For DP100 and DP530 inter-NP chain
entanglements are negligible, as expected from the rather short
length of the polymer grafts. Interestingly, DP1170 exhibits
signiﬁcantly more inter-NP chain entanglements than DP1300,
although the total number of entanglements is smaller for the
sparsely grafted NPs. These inter-NP entanglements provide

additional stiﬀness to the composite, as evidenced by the slight
increase of Kp−p shown in Figure 4b. Further note that these
diﬀerences in the polymer−polymer interactions originate
entirely from grafting the chains to a NP, which dramatically
reduces the conformational degrees of freedom of the
polymers. For the pure polymer systems of DP1170 and
DP1300, the elastic properties and the entanglement statistics
are almost identical.
Conclusions. We utilized Brillouin light spectroscopy, a
noncontact and nondestructive technique, to measure the
longitudinal and transverse sound velocities and obtain the
elastic engineering moduli (Young’s, bulk, and shear modulus)
of isotropic materials of polystyrene tethered (silica) nanoparticles (NPs) (core radius 57 ± 3 nm) with diﬀerent length
and density of grafted chains. All elastic moduli of the dense
brush materials (≈ 0.5 chains/nm2) increase with NP ﬁlling
ratio, following predictions from eﬀective medium theory. In
contrast, both the longitudinal and shear modulus increase
signiﬁcantly (by about 30%) in the case of a sparsely grafted
(0.08 chains/nm2) NP system at approximately equal NP
ﬁlling (ϕPS ≈ 0.48).
Microscopically resolved molecular dynamics simulations
conﬁrm the experimentally observed trends, and reveal that the
stiﬀening at high NP loading originates from the overlap of the
polymer brushes, which is much more pronounced for the
sparsely grafted NPs with long chains compared to the densely
grafted NPs with short chains. Further, our simulations show
that, for equal chain length but diﬀerent grafting density, the
polymer−polymer contribution to the compression modulus is
enhanced for the sparsely grafted systems due to the increased
number of inter-NP chain entanglements. This eﬀect is,
however, only secondary, as the main diﬀerence in
compression modulus originates from the core−polymer
contribution, which is signiﬁcantly smaller for the densely
grafted NP system due to the lower NP loading. The
experimentally observed trend of the high-frequency shear
modulus with grafting density and polymer graft length was
well captured by a simple coarse-grained model of polymer
tethered NPs. Despite the simplicity of the model, the good
agreement indicates that the local segment density largely
determines the shear modulus G∞. To our knowledge this is
the ﬁrst observation of molecular segregation eﬀects giving rise
to enhanced mechanical properties in isotropic brush particle
systems. This oﬀers novel opportunities for the design of
hybrid material solutions combining enhanced mechanical
2720
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