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ABSTRACT: Solvent-free assemblies of hairy nanoparticles (HNPs) are
providing avenues to avoid issues of mixing, agglomeration, and limited
inorganic content that plague nanocompositses based on polymer−
nanoparticle blending. Here we demonstrate that the order within, and the
elongational characteristics of, the neat HNP assembly (aHNP) evolve as the
architecture of the polymeric corona in solution transitions from the
concentrated (CPB) to semidilute (SDPB) polymer brush regimes (silica
nanoparticle: radius r0 = 8 nm with 120 kDa polystyrene grafts at σ = 0.01−
0.1 chains/nm2). Specifically, local HNP packing adopts a nonisotropic local
arrangement at intermediate graft densities where the transition from CPB-
to-SDPB in solution is approximately r0. In concert, the neat HNP assembly
responds to viscoelastic elongational deformation in a manner analogous to
semicrystalline elastomers. Domain orientation under load and subsequent
buckling upon recovery lead to the appearance of two- and four-point small-angle X-ray patterns. The correlation between the
corona architecture of the HNP and the physical characteristics of the solvent-free aHNP provides a framework akin to block-
copolymers to tune mechanical, optical, and electrical properties of fibers and films via ordered mesoscale morphology.

Polymer nanocomposites (PNCs) are a blend of inorganic
nanoparticles (NPs) and polymer, where the nanoscale
morphology, increased number density of filler, and propensity
of internal interfaces in some instances leads to enhanced
thermal, mechanical, and electrical performance relative to
micro- and macroscale filled polymer counterparts.1 As such,
they are of significant interest for a wide array of structural and
multifunctional applications including lightweight transporta-
tion, high performance aerospace components, and food and
beverage packaging.2 The enhancements depend strongly on
the NP dispersion and the nature (strength and toughness) of
the NP−polymer interface.1,3,4 Fundamentally, these key
factors are coupled and depend on the chemistry, molecular
interactions, width, and penetrability of the initial NP−NP
interface in the aggregate and final NP−matrix interfaces in the
dispersion. The use of polymer brushes, in lieu of small
molecular compatibilizers, has recently shown substantial
promise in affording additional tunability and modularity to
optimize these factors for a given NP−polymer combina-
tion.5−8 In general, these “hairy” nanoparticles (HNPs) consist
of a nanoparticle core surrounded by end-grafted polymer
chains ranging from low to high molecular weight.9

Recently, solvent-free assemblies (aHNPs) of these “hairy”
nanoparticles have garnered substantial technological interest
due to their inherent ability to avoid aggregation issues that
limit scalability and reliability of traditional PNCs for many
functional (optical, dielectric, and magnetic) applications.10−13

By grafting the polymer to the nanoparticle, the desired
composition and morphology are an intrinsic characteristic of
the macroscopic material. However, a complete understanding
of the relationship between the characteristics of the HNP and
the structure, processability, and properties of the assembly is
still in its infancy. To the first order, the corona structure of
spherical HNPs in solution can be described by an extension of
the polymer brush model of Alexander and de Gennes,14,15

such as that developed by Daoud and Cotton for star
polymers.16 The key geometrical constraint underlying these
descriptions is that the volume per chain increases radially from
the inorganic core and thus results in a concomitant change in
the chain conformation. Recent experimental work by Dukes et
al. suggests that the model developed by Wijmans and Zhulina
(WZ)17 is the most versatile in describing the conformation of
the brush in solution at intermediate to high graft densities.18

Overall, the characteristics of this polymer corona can be
understood based on the nanoparticle curvature (ro

−1), graft
density (σ), and chain molecular weight (N). In a good solvent,
three regimes can be discussed, where mushroom (σ < 1/Rg

2)
and concentrated polymer brush (CPB) regimes bracket
semidilute polymer brush (SDPB) architectures. Note that Rg
is the radius of gyration of the chain, where Rg ∼ ΛN−1/2 and Λ
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is the chain contour length. The transition between CPB and
SDPB was worked out by Daoud and Cotton16 and extended
for systems with an inorganic core by Ohno et al.9 and depends
on ro

−1, σ, N, and solvent (Table 1, Figure 1). Such a
description provides a framework to discuss and understand the
radial profile of local monomer density and the penetrability of
the corona by the surrounding solvent medium. This
surrounding medium may be a small molecule solvent, a linear
polymer chain, or the swellable corona of an adjacent HNP. For
example, for intermediate and high graft densities where the
majority of the corona is in the CPB region, only minor
interpenetration between adjacent coronas is anticipated. This
is consistent with recent reports by Bockstaller10,19 and
Kumar20 that the nanoparticle dynamics in this regime can be
described as isolated particles suspended in a matrix.
Herein, we report the correlation between the order within

hairy nanoparticle assemblies (aHNPs) and the solution
architecture of the polymeric corona (CPB-to-SDPB regime)
at low to intermediate graft densities where substantial
penetration between adjacent coronas. This corresponds to
HNPs with polymer grafts well above the entanglement
molecular weight. Here the aHNP morphology evolves under
viscoelastic deformation analogous to semicrystalline polymers,
including the ability to undergo shape memory programming.
This implies substantial interpenetration and chain entangle-
ment between coronas of adjacent HNPs. Finally, noncubic
local order, such as particle strings, is observed when the CPB−
SDPB transition is approximately the particle radius and likely
reflects an interplay between brush−brush wettability,

depletion, and incompressibility factors that arise within the
geometric confinement of the packed HNPs.
RAFT polymerization of polystyrene (PS) from 16 nm silica

particles (Nissan) results in clear THF solutions (4 wt %) of
HNPs with 120 kDa PS grafts at low to intermediate density18

(Figure 1) (see Supporting Information for Experimental
Details − SI-A). Small-angle X-ray scattering of dilute solutions
(2 vol %) confirms core size and absence of aggregation (Figure
1B). Low-voltage transmission electron microscopy (TEM) of
solutions dried onto TEM grids reveals spherical, irregular silica
cores with a relatively broad size distribution that are
surrounded by a thin organic shell (inset Figure 1B).
Following the models of Ohno and WZ,9,17 the corona

architecture of a nanoparticle of r0 = 8 nm with grafts of N =
1150 (Mw ∼ 120 kDa, Rg,theta ∼ 9.8 nm21) will be fully in the
SDPB regime for σ < 0.025 chains/nm2 and fully in the CPB
regime for σ > 1 chains/nm2 (Figure 1A−3). At graft densities
between these bounds, the portion of the corona in the CPB
regime, rc, will radially increase from the NP surface with
increasing graft density. Note that for σ < σc ∼ 1/Rg

2 (∼0.01
chains/nm2) there are insufficient chains to surround the
particle, and the corona is sparse and in the mushroom regime.
As such, PS graft densities with σ ∼ σc, r0 ∼ rc, and r0 < rc (0.01,
0.05, and 0.1 chains/nm2, respectively) will be discussed to
understand the impact of corona architecture and its potential
swellability by adjacent coronas on the structure, corona
entanglement, and viscoelastic elongational characteristics of
aHNPs (Table 1).
Removal of THF produces matrix-free aHNP films that are

clear and transparent (Figure 2A). TEM images of the films

Table 1. Morphology of HNPs and aHNPsa

wt/vol fraction SiO2 (TGA) σ chains/nm2 # of chains/NP LTGA/nm LSAX/nm rc/nm Tg/°C

SiPS0p01 0.65/0.47 0.01 8 19.1 18 5.1 80
SiPS0p05 0.32/0.18 0.05 40 26.5 42 11.4 75
SiPS0p1 0.18/0.09 0.1 80 32.1 31 16.1 75

arc = r0σ0*
1/2ν*−1, 9σ* = σl0

2 (l0 = 0.9 nm), v* = (4π)1/2v (v = 0.5 for theta solvent). r0 = 8 nm; v is the excluded volume parameter; v* is the reduced
excluded volume parameter; σ is graft density; σ* is reduced graft density; rc is the radius of transition from the CPB-to-SDPB regime.

Figure 1. Isolated hairy nanoparticle (HNP) architecture: (A) Schematic of polymer brush morphology on nanoparticle and within a medium as a
function of graft density depicting mushroom (1); semidiluted polymer bush (SDPB) (2); and concentrated polymer brush (CPB) regimes (3);
where nanoparticle radius is r0, HNP radius is r, and the transition radius between CPB and SDPB regions is rc. (B) Small-angle X-ray patterns and
form-factor model of THF solutions of 120 kDa polystyrene (PS)−silica (r0 = 8 nm) HNPs (σ = 0.01 (black), 0.05 (red), 0.1 (blue) chains/nm2).
Dashed line through SiPS0p05 data is sphere form factor for a dilute solution of particles with r = 8 nm and log-normal distribution breadth β = 0.35.
The data, which otherwise overlap perfectly, have been shifted for clarity. Dilution of the solution uniformly decreases the intensity, indicating the
particles are dilute and not interfering. No agglomeration is observed in the data at low q, which is consistent with dynamic light scattering data
obtained from the THF solutions. Inset: low voltage transmission electron microscopy image of a single HNP with a visible silica core and PS
corona.

ACS Macro Letters Letter

dx.doi.org/10.1021/mz4001805 | ACS Macro Lett. 2013, 2, 670−676671



reveal densely packed SiO2 nanoparticles (Figure 2B) with
relatively short-range order. As with mesophase formation of
block copolymers,22 the extent of long-range structural order
will depend on the geometrical dispersity of the building block,
such as for HNP, the corona, and the core. Note that prior
reports of single monolayer assemblies of HNPs with the same
polydisperse silica core revealed long-range hexagonal close-
packed structures,8,10 implying that the relative softness of the
corona and dispersity in grafts may partially compensate the
effects of a broad distribution of core size. At the lowest PS
graft density (0.01 chains/nm2), the films are brittle at room
temperature and very difficult to remove from the mold without
fracturing. For these films (SiPS0p01), the nearest-neighbor
spacing, LSAX, is 18 nm as revealed by the first structure factor
peak from small-angle X-ray scattering (SAX) (Figure 2D,
Table 1). The total SAX scattering curve is also well described
by a single population of particles with hard-sphere interference
and short-range order (particle form factor (Figure 1B) and a
single hard sphere structure factor).8 Furthermore, the average
particle spacing is consistent with a densely packed geometrical
model of silica particles surrounded by dense polystyrene,
where the volume fraction of inorganic is determined from
TGA (LTGA = 19 nm, Table 1, Figure 2D). The highest graft
density (SiPS0p1, σ = 0.1 chains/nm2) exhibits a similar SAXS
pattern with an interference at LSAX = 31 nm (Figure 2D, Table
1). This is also consistent with the experimental silica fraction
and model (LTGA = 32 nm) with short-range order. The few
literature reports of aHNPs discuss systems with σ > 0.2

chains/nm2 and brushes mostly in the CPB regime.8,19,23 These
systems also exhibit isotropic particle arrangement ranging from
disordered with short-range order (as with SiPS0p1) to close-
packed arrangements and follow trends seen for star
colloids.24,25

In contrast to the aHNPs with high and low graft densities,
two incommensurate SAX peaks (42 nm, 17 nm, Figure 2D)
are observed when r0 ∼ rc, and the entire PS corona is in the
SDPB region (SiPS0p05). These values are not consistent with
order reflections of lamella or closed-packed arrangements, nor
do they describe a simple disordered assembly of hard spheres
with short-range order. Also, a hard sphere model with short-
range order anticipates a center−center distance of silica cores
of 26 nm. Alternatively, the SAX pattern could be accounted for
by a phase-separated morphology consisting of two regions of
particles with different separation. Following this hypothesis,
the interference peaks can only be partially described by the
particle form factor and two independent hard sphere structure
factors; however, intermediate and high q deviations from such
a model indicate coupled interference, which is consistent with
a single, locally nonisotropic HNP arrangement (Figure 2D).
Furthermore, no indication of phase-separated regions can be
found in the low voltage TEM or in an increased scattering at
low q that would reflect density differences between the
domains. Rather, TEM images under high magnification reveal
particle string formation (Figure 2B) that is verified by digital
Fourier transform of the TEM image (see SI-B, Supporting
Information). Note that the samples are >10 000 times thicker

Figure 2. Assemblies of HNPs (aHNPs): (A) Macroscopic films of aHNPs after drying from THF. (B) Transmission electron micrographs of films
from SiPS0p01, SiPS0p05, and SiPS0p1 (Table 1, and SI-B, Supporting Information, for larger images). (C) Schematic of local nanoparticle
arrangement in the aHNP. (D) Small-angle X-ray patterns and (E) experimental structure factor of dried films, aged 1 year (black ○ SiPS0p01, red
○ SiPS0p05, blue ○ SiPS0p1). Lines in D are model scattering curves using the experimental solution form factor and the structure factor from data
fit with a Percus and Yevick32 hard sphere model (see SI-A, Supporting Information, for details). The scattering intensity for SiPS0p01 and SiPS0p1
agrees well with a single isotropic structure factor and the solution form factor (dashed lines). Two interference peaks for SiPS0p05 can be partially
described by two independent structure factors (dotted line); however, intermediate and high q deviations from such a model indicate coupled
interference, implying a single, locally nonisotropic HNP arrangement.
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than an individual HNP. Thus, surface-induced ordering
effects26 are not relevant, nor are they observed at the bulk
interfaces (see SI-B, Figure S1E, F, Supporting Information).
The nonisotropic local order in SiPS0p05 may be understood

from one of two perspectives: solution-assembled, kinetically
trapped structures or as a free energy minimum arrangement of
the aHNP. Numerous experimental and theoretical studies of
nanoparticle assembly have demonstrated symmetry breaking
for sequential nanoparticle assembly, where an assembled NP
dimer in solution displays an orientationally dependent
interaction with a subsequent isotropic NP monomer.27−29 In
the solvent-free bulk state, packing constraints and very long
relaxation times for the extremely large HNP could effectively
hinder these string-like structures from adopting an isotropic
local packing. Alternatively, a manifold of free energy minima
may exist that optimizes the relative conformational freedom of
the end-tethered chains within the intervening volume
occupied by end-tethered chains attached to adjacent NPs. In
other words, the characteristics of the corona (graft density and
chain molecular weight) will determine not only the extent of
interpenetrability between coronas (i.e., dry or wet brush) but
also the distribution of penetrability around the HNP in the
highly nonuniform intervening space of the solvent-free, close
packed nearest neighbors. For example since the volume per

chain increases with distance from the nanoparticle surface, a
nonuniform spherical distribution of chain volume that includes
a small fraction of highly confined regions at the equator (i.e.,
sheets) or poles (i.e., string) compensated by a greater volume
between particles in an orthogonal direction may increase the
total conformation entropy relative to a uniform polymer shell.
For chains on a single particle, some must be stretched more
than others to uniformly occupy the effective interstitial sites
whether the assembly is disordered or ordered. Additional
theory and experiments are definitely necessary to clarify the
predominant kinetic and thermodynamic factors, but some
experimental observations of agglomerates in matrix-rich,
HNP−polymer systems support the observation of non-
isotropic arrangement in aHNPs. Kumar et al. reported a
region within the PS−silica HNP−PS matrix system where
connected sheets and string agglomerates form.7,30,31 When the
molecular weight of the graft and matrix are comparable, these
novel aggregates occur in a narrow graft density region (0.05 ≤
σ ≤ 0.1 chains/nm2) that is bracketed by spherical aggregates
and dispersed silica. The strings and sheets structures are
speculated to form at the boundary of macroscale aggregation
and dispersion due to a balance in matrix penetrability of the
corona and chain depletion effects. Conceptually, similar
physics could underlie the structures when adjacent coronas

Figure 3. Thermomechanical properties of aHNPs: as-cast aHNP films before and after elongation. (A) SiPS0p01, (B) SiPS0p05, and (C) SiPS0p1.
(D) Differential scanning calorimetry (second heating) for SiPS0p01 (black), SiPS0p05 (red), and SiPS0p1 (blue). (E) Shape memory process (5th
cycle) of SiPS0p05. 1: Short piece of sample at room temperature is heated over the hot plate and 2: stretched at ∼100 °C. 3: The deformation is
temporarily fixed by quenching to RT and 4: recovered by reheating to ∼100 °C over the hot plate. (F) Stress−strain curve from dynamic
mechanical analysis for SiPS0p1 (filled circles) and neat PS (open circles) at T = 110 °C. Dashed lines in F are linear fits to data to obtain Young’s
modulus: ESiPS0p1 = 0.05 MPa, EPS = 0.012 MPa.
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penetrate in the aHNP and may explain the string formation in
SiPS0p05 which is in the same graft density regime.
Figure 3 summarizes the thermomechanical characteristics of

as-cast aHNPs films. DSC (Figure 3D) and DMA (not shown)
reveal a thermally broad glass transition (Tg) and accompany-
ing softening around ∼80 °C. This relatively low Tg with
respect to bulk PS (110 °C) has been observed in other PS-
based aHNPs; for example, Tchoul et al. reported a PS−TiO2

aHNP (100 kDa PS at σ ∼ 0.03 nm−2) with a comparable Tg,
whereas the same system with chains untethered regained the
Tg of the matrix polymer.11 The broadness and reduced Tg
likely reflect the frustrated packing and increased local free
volume of the tethered polymer within the nanoscopic spaces
between the nanoparticle cores (L − 2r0 ∼ Rg).
The qualitative deformability above Tg of the as-cast aHNP

films is shown in Figure 3A−C. The sparse PS corona at σ ∼ σc
(SiPS0p01) results in low tenacity and immediate beading of
the material into droplets. This implies weak entanglement
between NP coronas. In contrast, the thicker PS corona of
SiPS0p05 and SiPS0p1 enables elongation to several times the
original length. This implies relatively strong entanglement
between adjacent HNP coronas. This behavior is qualitatively
similar to neat 100 kDa polystyrene under a comparable
elongation rate (aHNP λmax ∼ 5, PS λmax ∼ 3). However, both
the modulus and stress level in the plastic regime at 110 °C for
SiPS0p1 are twice that of neat PS (Figure 3F). This is
consistent with prior reports of mechanical property enhance-
ment of conventional nanocomposite elastomers with spherical
nanoparticle inclusions at comparable inorganic loadings (∼10
vol %).33,34 Interestingly, at deformation rates of 0.25 cm/s, the
majority of the mechanical energy can be stored in the aHNP
by rapidly quenching through Tg. The result is that SiPS0p1
and SiPS0p05 exhibit reasonable shape memory behavior
(Figure 3E, recovery ratio 95%, SI-F, Supporting Information).
In contrast un-cross-linked PS dissipates mechanical energy at
comparable deformation rates and thus does not exhibit as

much shape recovery (recovery ratio 85%). The extent of
mechanical energy storage in viscoelastic un-cross-linked
systems is inversely proportional to the rate of chain relaxation
(i.e., stress relaxation and creep) at the shape setting
temperature (T > Tg). Thus, the difference in shape memory
behavior emphasizes the substantially lower cooperative
relaxation rates of the entangled chain decorating the NP
relative to the entangled untethered chain. This is even more
impressive noting that for the same shape setting temperature
(100 °C) the deformation of aHNP was carried out at
temperatures deeper in the melt region than PS (PS T/Tg ∼ 1,
aHNP T/Tg ∼ 0.8).
Although SiPS0p05 and SiPS0p1 behave mechanically

similar, their morphology development during uniaxial
elongation is very different (Figure 4). The initial films are
homogeneous, consisting of a random distribution of the locally
structured domains as revealed by the uniform azimuthal
intensity distribution in two-dimensional SAX (Figure 4A, D).
Upon stretching SiPS0p05 to λ = 3, a featureless equatorial
streak develops (Figure 4B). This implies that while
mesoscopic features align the interparticle distance of the
initial string-like assemblies is disrupted, and coherence is lost.
The general mesoscale alignment is reminiscent of polymer
nanocomposites containing anisotropic fillers (e.g., carbon
nanotubes35 or magnetically aligned silica nanoparticles36)
where the extended structures rotate parallel to the deformation
direction. Upon recovery, the 2D SAX pattern exhibits a two-
point pattern (Figure 4C), indicating the reorganization of the
laterally uncoordinated strings into domains with coherence
similar to the initial state (42 nm), however, now preferentially
aligned along the deformation direction. In contrast, SiPS0p1
forms a broad diffuse lobe on the meridian when stretched to λ
= 3 (Figure 4E), reflecting the alignment of larger scatterers
orthogonal to the elongation direction. A possible real-space
morphology that agrees with SAX consists of domains that are
aligned perpendicular to the deformation direction that

Figure 4. aHNP morphology evolution during deformation. Deformation direction is vertical (arrow, λ). Left: SiPS0p05. Right: SiPS0p1. Three
columns are presented for each sample. Column 1 contains a schematic representation of possible morphology; column 2 contains a digital Fourier
transform of the schematic in column 1; and column 3 contains the experimental 2D SAX pattern. Rows A (SiPS0p05) and D (SiPS0p1) show
unstretched data; rows B and E show data for λ = 3; and rows C and F show data for λ = 1.5 (recovered). Note that deformed polystyrene of
molecular weight comparable to the grafted chains does not exhibit similar features (see SI-C, Supporting Information).
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resembles rafts of nanoparticles formed in stretched filled
elastomers due to affine deformation.37 Upon recovery,
SiPS0p1 shows the formation of a four-point pattern, indicating
the uniaxial contraction of scattering features from the
deformed sample into a chevron-type morphology (Figure
4F). Overall this morphology evolution is similar to
observations made for thermoplastic polymers in which
crystalline domains form tilted arrangements depending on
the extent of deformation.38 Schematics, and associated digital
Fourier transform (DFT), of the proposed morphology
evolution of SiPS0p05 and SiPS0p1 are compared in Figure 4
with the experimental scattering patterns (see SI-D, Supporting
Information).
The stark difference in the morphological evolution of these

two aHNPs upon deformation must reflect a difference in strain
distribution in the initial local NP arrangement. Viscoelastic
deformation occurs in the PS-rich regions. For SiPS0p05, the
nonisotropic NP arrangement likely results in a nonuniform
local strain distribution producing shear that aligns the domains
along the deformation direction. Concurrently, the inter-
penetrability of the corona with adjacent coronas may be
nonuniform, reflecting the two different particle−particle
spacings. Therefore, local deformation will occur along the
weakest direction. On the other hand, SiPS0p1 is locally
isotropic. The formation of domains perpendicular to the
deformation agrees with results from a conventional nano-
composite system involving silica particles37 and must be a
result of extension of entangled corona chains parallel to the
deformation direction. Affine deformation implies a lateral
compression which drives the system into a layered
morphology.
In conclusion, it is shown that the structure and viscoelastic

elongational characteristics of aHNPs depend on architectural
details of the polymeric corona of the individual HNP.
Nanoparticles with highly penetrable coronas (rc ∼ ro)
assemble into locally anisotropic structures, a phenomenon
that has previously only been observed for HNPs in the
presence of polymer matrices of varying molecular weight.5,6

The anisotropy (habit) of the HNP-rich phase in prior studies
of these blends could arise from processing, matrix effects, or
underlying HNP−HNP interactions. Since neat aHNP is a bulk
version of the aggregated phase in these binary blends, the
results presented herein indicate that HNP−HNP interactions
are crucial to this morphology control. As such, we suspect the
underlying energetics and mechanism of aHNP structure
formation are analogous to these blends, where conceptually
matrix−brush penetrability is replaced by brush−brush
penetrability.13 Specifically, intermediate graft density
(SiPS0p05) leads to the formation of strings which optimize
configurational freedom of the tethered chains within the
confining volume of the surrounding nanoparticles. Viscoelastic
behavior implies these chains are entangled, and the coronas
are mutually swollen. The NP arrangement within this aHNP
responds to elongation similar to a rigid body and displays
characteristics qualitatively similar to semiflexible rods dis-
persed in the amorphous polymer matrix.35 Alternatively, a
locally isotropic, mutually entangled HNP assembly deforms
uniaxially in a manner similar to strain-induced crystallites in a
semicrystalline polymer.38 This implies a hierarchy of relaxation
times between cooperative chain motion within the corona and
collective motion within and of the local NP architecture.
Overall these findings indicate intriguing parallels between
aHNP and other mesoscale ordered polymeric systems

including hard−soft block copolymers and semicrystalline
polymers. To address the fundamental thermodynamic and
kinetic factors, however, HNP systems with higher purity and
lower dispersity of core, corona size, and architecture are
required. In parallel, technological relevance requires a more
detailed understanding of the relaxation and aging processes
and their impact on physical properties. Nevertheless, with the
appropriate corona architecture, aHNPs afford opportunities to
design high inorganic fraction hybrids that retain processability
to create thin films or fibers for next-generation dielectrics or
gradient refraction index materials for optoelectronic applica-
tions.
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