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ABSTRACT: Photonic crystals (PhCs) prepared using the self-assembly of
block copolymers (BCPs) offer the potential for simple and rapid device
fabrication but typically suffer from low refractive index contrast (Δn ≤ 0.1)
between the phase-segregated domains. Here, we report the simple
fabrication of BCP-based photonic nanocomposites with large differences
in refractive index (Δn > 0.27). Zirconium oxide (ZrO2) nanoparticles coated
with gallic acid are used to tune the optical constants of the target domains of
self-assembled (polynorbornene-graf t-poly(tert-butyl acrylate))-block-(poly-
norbornene-graf t-poly(ethylene oxide)) (PtBA-b-PEO) brush block copoly-
mers (BBCPs). Strong hydrogen-bonding interactions between the ligands on
ZrO2 and PEO brushes of the BBCPs enable selective incorporation and high
loading of up to 70 wt % (42 vol %) of the ZrO2 nanoparticles within the PEO
domain, resulting in a significant increase of refractive index from 1.45 to up
to 1.70. Consequently, greatly enhanced reflection at approximately 398 nm
(increases of ∼250%) was observed for the photonic nanocomposites (domain spacing = 137 nm) relative to that of the
unmodified BBCPs, which is consistent with numeric modeling results using transfer matrix methods. This work provides a
simple strategy for a wide range tuning of optical constants of BCP domains, thereby enabling the design and creation of
high-performance photonic coatings for various applications. The large refractive index contrast enables high reflectivity
while simultaneously reducing the coating thickness necessary, compared to pure BCP systems.
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Precise control over the alignment of functional nano-
materials such as semiconductor, plasmonic, and
dielectric nanoparticles (NPs) is highly desirable for a

variety of important applications ranging from sensors, to
energy and memory storage devices, to photovoltaic, nonlinear
optical, plasmonic, and other electronic nanodevices.1−13 The
directed self-assembly of NPs using block copolymer (BCP) as
the template provides a simple strategy for the low-cost
“bottom up” fabrication of the next-generation hybrid materials
that combine the mechanical property and processability of
polymers with the attractive physical properties of well-aligned
NP arrays.11−13

Linear BCPs (LBCPs) have been widely used for NP
patterning in the past two decades, as they can self-assemble
into periodic spherical, cylindrical, bicontinuous, and lamellar
morphologies.14−35 The selective incorporation of NPs within a
specific domain of a microphase-separated LBCP enables the
organization of NP arrays at the nanoscale level, resulting in
periodic hybrid materials with greatly enhanced mechanical,
optical, and electric properties.11−13 The dispersion of NPs in
BCPs is dependent on a balance between the enthalpic

contribution due to NP/BCP interactions and the entropic
penalty arising from polymer chain stretching for incorporation
of NPs. In systems with weak NP/polymer chain inter-
actions,14−23 the chain stretching penalty can dominate,
resulting in barriers to the formation of well-ordered
composites containing significant quantities of NPs. By
contrast, surface modification of NPs using ligands that exhibit
favorable interactions with BCP segments is an effective way to
sequester NPs within the target domains while maintaining
strong phase segregation. Favorable NP/BCP interactions can
be realized via hydrogen bonding (H-bonding)24−31 and via
ionic interactions.32 In addition, the alignment of NPs was also
achieved using small molecules as the intermediates that exhibit
H-bonding with BCP segments and neutral interaction with
NPs.33−35 Here the small-molecule additives serve to mitigate
the entropic penalties of NP addition.
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Photonic structures such as one-dimensional photonic
crystals (1D PhC) have been proposed and successfully created
via the self-assembly of BCPs, opening a simple route to flexible
photonic devices or coatings in an inexpensive and scalable way
but at present subject to several limitations.36−39 The domain
spacing (d-spacing) of a LBCP is typically a few tens of
nanometers, which is not large enough to open a photonic band
gap in the visible light region. Therefore, additives have been
used to swell the target domains such as homopolymers,40

solvents,41 liquid crystals,42 ionic liquid,43 and silica.44 Recently,
1D PhCs were reported through the rapid self-assembly of
brush block copolymers (BBCPs) with high molecular weights
up to 103 kg/mol and large domain spacing over 100 nm.45−52

However, the refractive index contrast (Δn) between phase-
segregated domains of BCPs is typically no more than 0.1 in
both cases, which will limit their utility in future potential
applications such as optical filters, reflectors, sensors, and
optical cavities.
The selective incorporation of metal NPs into certain

domains of self-assembled LBCPs has been used to modify
the optical constants of target domains.53,54 Nevertheless, the
preparation of useful photonic nanocomposites based on BCPs
has remained challenging due to two severe limitations. First,
the domain size of an LBCP is typically less than 50 nm, which
is not large enough to reflect visible light.10−35 Second, the
loading concentration of NPs and the tuning of optical
constants of BCP domains have been limited.53,54 Recently,
we reported photonic nanocomposites containing high
concentrations of gold NPs from the self-assembly of
(polynorbornene-graf t-poly(styrene))-block-(polynorbornene-
graf t-poly(ethylene oxide)) BBCPs ((PNB-PS3.5k)n-b-(PNB-
PEO2k)m).

55 Although the metallodielectric structure showed
interesting photonic behavior, the absorption of the visible light
by the metal component leads to a limited reflection.
Here we address these limitations via the self-assembly of

BBCP-based nanocomposites stabilized by strong enthalpic
interactions between the BBCP matrix and zirconium oxide
(ZrO2) NPs, which are transparent to visible light (see Scheme
1). This approach yields well-ordered photonic nanocompo-
sites (PhCs) with an exceptional high refractive index contrast
(Δn > 0.27). The ZrO2 NPs are coated with gallic acid (GA),
which exhibits strong H-bonding interactions with the PEO
side chains of the BBCPs. As a result, the loading concentration
of NPs in the nanocomposites can be up to 40 wt % (17 vol %)
based on the mass of the composites, corresponding to 70 wt %
(42 vol %) in the target domain without aggregation of the
NPs. The reflection from the highly filled nanocomposites is up
to 250% stronger relative to that measured for the parent
BBCPs. Transfer matrix methods were used to model the
optical characteristics of the composites as a function of
refractive index contrast and showed a good agreement with the
experimental results.

RESULTS AND DISCUSSION
Metal oxide NPs have been used to enhance the refractive
index contrast between the alternating low/high-index materials
in polymer 1D PhCs prepared by sequential spin coating, as
they often have high refractive indices (n > 2) and can be
transparent in visible light.56,57 Our group recently reported the
successful fabrication of strain-tunable 1D PhCs based on slide-
ring elastomer nanocomposites containing commercially
available ZrO2 NPs.

57 However, the fabrication process requires
multiple steps of spin-coating and curing and is time-

consuming when making large-area coatings. In this work, we
aim to create 1D PhCs via self-assembly of BBCP-based
nanocomposites using ZrO2 NPs to tune optical constants of
the target domains over broad ranges. Compared with LBCPs,
there are many advantages of using BBCPs to fabricate
photonic structures such as the large lattice spacing, rapid
self-assembly kinetics,46−52 the enhanced capability for
accommodating high loading of inorganic NPs,55,58 and the
long-range ordering.58 Over 14 years ago, the Thomas group
reported the tuning of the refractive index via the selective
incorporation of gold NPs within the BCP domain.53,54

Nevertheless, the core concentration of the gold NPs was
briefly limited in less than 5 wt %,53 and the tuning of the
refractive index was limited. In addition, metal NPs are not
ideal for photonic crystal fabrication, as the strong absorption
of visible light by the metal component will lead to a great loss
of light. A long annealing process of up to several days was also
required for the LBCP blends to achieve ordered structure,53

which has been a barrier for low-cost and scalable
manufacturing. For comparison, well-ordered structures can
be achieved within a few minutes for the bottle brush systems,
benefiting from the much fewer polymer chain entanglements
relative to that of the linear analogues.46−52,55,58

The BBCPs are well-defined (polynorbornene-graf t-poly-
(tert-butyl acrylate))-block-(polynorbornene-graf t-poly-
(ethylene oxide)) BCPs ((PNB-PtBA8.2k)n-b-(PNB−PEO5k)m)
synthesized by sequential ring-opening metathesis polymer-
ization (ROMP). The detailed synthetic procedures were
reported in our recent publication.58 The chemical structure of
the BBCPs was characterized by FTIR and 1H and 13C NMR
spectra, as shown in Figures S1−S3 (Supporting Information).
Molecular weight information for the polymer series was
obtained by gel permeation chromatography (GPC) and is
summarized in Table 1. GPC IR traces (Figure S4) exhibit
unimodal molecular weight distributions of the obtained

Scheme 1. (a) Surface modification of ZrO2 NPs via ligand
exchange with gallic acid (GA); (b) BBCP-based photonic
structures (1D PhC) with large differences in refractive
index (Δn > 0.27) fabricated via the co-assembly of
asymmetric PtBA-b-PEO BBCPs (29.0 vol % < f PEO < 32.7
vol %) and the modified ZrO2 NPs (NP/GA). The high
loading concentration of the modified NPs selectively within
the PEO domain greatly enhances the effective refractive
index contrast between PtBA and PEO/NP domains, leading
to significantly enhanced reflection from the lamellar
structures.
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BBCPs, and the polydispersity indices (PDIs) are less than 1.2
(Table 1), indicating a good control over the copolymerization
reactions. The volume fraction of the PEO block ( f PEO) was
controlled from 29.0 to 32.7 vol %, as calculated according to
the 1H NMR spectra. These asymmetric PtBA-b-PEO BBCPs
were designed for the accommodation of high loadings of NPs
within the PEO domains while keeping a volume balance
between PtBA and PEO/NP blocks in order to generate well-
ordered lamellar morphologies in highly filled nanocomposites.
Small-angle X-ray scattering (SAXS) was used to characterize

the bulk morphology and d-spacings of the PtBA-b-PEO
BBCPs. Bulk samples were prepared in stainless steel washers
that were sandwiched between Kapton films and heated at 100
°C under vacuum for 14 h before SAXS measurements were
taken. As shown in Figure 1a, the SAXS profile of BBCP-A

shows a sharp primary order peak at a scattering vector (q) of
0.069 nm−1, indicating a strong phase separation of the BBCP
into a periodic nanostructure with a d-spacing of 91 nm (d =
2π/q). A broad, higher scattering peak centered at 71/2 < q < 3
was also observed, indicative of randomly distributed spheres or
cylinders.59 A cylindrical morphology was confirmed by
transmission electron microscopy (TEM) of the microtomed
sample BBCP-A (Figure S5). For BBCP-B and -C, worm-like
morphologies were observed in the TEM (Figure S5). The d-
spacing of BBCP-B or -C was too large to be detected by
conventional SAXS. Therefore, the d-spacing was obtained
using ultra-small-angle X-ray scattering (USAXS in Figure 1b)
and increased from 91 nm to 196 nm as the molecular weight
increased from 1590 kg/mol to 2760 kg/mol (Table 1). BBCP-
B and -C, with d-spacings greater than 100 nm, were chosen as
the candidates for the fabrication of photonic nanocomposites.
Hydrogen-bonding interactions between NP additives and

the BBCP host were employed to avoid NP self-aggregation
and achieve large NP loadings while maintaining a well-ordered

morphology. Surface modification was carried out on ZrO2 NPs
through ligand exchange with gallic acid. As shown in Scheme
1a, the surface of the modified ZrO2 NPs is mostly covered by
the carboxylic acid groups of GA with the phenol groups
directed toward the periphery. This was confirmed by FTIR
spectra (Figure 2) in which an evident peak shift of the CO

group was observed after the adsorption of the carbonyl group
onto the NP surface.60 The weight percentages of inorganic
components before (86%) and after (82%) surface modification
were determined by thermogravimetric analysis (TGA in Figure
S6). Figure 3 shows the TEM micrograph of the modified ZrO2

NPs with an average core diameter of approximately 6.1 nm, as
indicated by the histogram (inset).

For the BBCP-NP composites, we typically prepared a 1.5%
(w/v) polymer solution in anhydrous tetrahydrofuran (THF)
admixed with ZrO2 NPs in the desired proportions. Herein the
weight percentage (wt %) of NPs in the composites is based on
the mass of the NP core and ligand shell, while the volume
percentage (vol %) of NPs (core + ligand) can be estimated
using the TGA data and the densities of the components and is
provided in parentheses following the NP wt % for each
composite (see details in the Supporting Information). The
morphologies of the BBCP-NP composites were determined by
USAXS and TEM. As shown in Figure 4a, no peaks indicative
of an ordered morphology were observed in the 1D USAXS

Table 1. Molecular Weight Information for the
(Polynorbornene-graf t-poly(tert-butyl acrylate))-block-
(polynorbornene-graf t-poly(ethylene oxide)) Copolymers

sample
Mn

a

(kg/mol) PDIa
DPb

PtBAMM
DPb

PEOMM f PEO
c

d-spacingd

(nm)

BBCP-A 1590 1.15 128 108 32.3 91
BBCP-B 2150 1.08 172 148 32.7 133
BBCP-C 2760 1.05 233 169 29.0 196

aMolecular weight and polydispersity index as measured by GPC-
MALLS. bApproximation of the size of each block as calculated using
NMR and GPC results. cVolume fraction of PEO as calculated
according to 1H NMR. dThe domain spacing (d-spacing) as
determined by SAXS and USAXS data in Figure 1.

Figure 1. (a) SAXS profiles of BBCP-A, -B, and -C showing the
increased d-spacing with the increased molecular weight of BBCP.
(b) USAXS profiles of BBCP-B and -C showing the primary order
peaks at small q values.

Figure 2. FTIR spectra of GA and modified ZrO2 NPs (ZrO2/GA)
showing different peak positions of the CO groups.

Figure 3. TEM micrograph of ZrO2 NPs and the size distribution
(inset). The average core diameter is 6.1 ± 1.5 nm, obtained by
image analysis using ImageJ.
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profile of the composite sample containing unmodified ZrO2
NPs (NP/original ligand (OL)). In contrast, 1D SAXS of the
composites containing the same loading concentration of the
modified NPs (NP/GA) shows two well-defined peaks
centered at 1q and 2q, indicating a well-ordered lamellar
morphology (see Scheme 1b). Moreover, a long-range
directional order was observed in the lamellar morphology as
indicated by the anisotropic 2D USAXS pattern (Figure 4a).
The significant difference between the two samples was
confirmed by TEM (Figure 4b vs c). The NPs are severely
aggregated in the composite sample containing NP/OL, and
large NP clusters of over 200 nm in diameter were observed
(Figure 4b). The dispersion of NPs was dramatically improved
by introducing strong H-bonding interactions between NPs and
BBCPs. As shown Figure 4c, no NP aggregation was observed
in the composite sample containing NP/GA, suggesting that
the strong H-bonding interactions between GA on NPs and
PEO side chains of the PtBA-b-PEO BBCPs can efficiently
stabilize the highly filled composites. This is consistent with the
previous studies of NP addition in LBCP systems.27−31 Figure
4d shows that the composite film with a good dispersion of
NPs is highly transparent in visible light (T% > 90%), while the
sample containing aggregated NP clusters is subjected to
scattering losses of light and shows a much lower transmittance.
The refractive index of the NP/PEO domain in BBCP

composites at various loadings of ZrO2 NPs was measured
using variable-angle spectroscopic ellipsometry (VASE) for
blends of homopolymer PEO containing the same amounts of
NPs (Figure 5). Figure 5a shows the refractive indices of PEO/
NP blends over a wavelength range from 300 to 1690 nm. It is
evident that the refractive index of the PEO layer can be
increased by incorporating ZrO2 NPs, resulting in an enhanced
refractive index contrast between the alternating PtBA and
PEO/NP layers in the composites. As shown in Figure 5b, the
refractive index of PEO/NP (nPEO/NP) increased linearly (R2 =
0.986) with the increasing NP volume fraction ( f NP) according
to eq 1:

= +n f0.58 1.45.PEO/NP NP (1)

This is consistent with our previous observation of a linear
relationship between NP loading and the refractive index of the
resulting blends.57 A refractive index of up to 1.70 was observed
at 400 nm for a PEO/NP blend containing 70 wt % (42 vol %)
NPs. In addition, the refractive index of the PtBA domain was
determined via VASE measurements on homopolymer PtBA.
Figure 5c shows the refractive indices at different wavelengths
from UV to IR. The refractive index contrast between PtBA and
PEO/NP (70 wt %) layers is demonstrated in Figure 5d, and a
value of up to 0.30 was obtained at 400 nm. The large
difference (Δn > 0.27) between two alternating layers of 1D
PhCs will greatly improve the performance of BCP-based
photonic coatings.
Photonic composite films prepared by the self-assembly of

PtBA-b-PEO BBCP-B and the modified ZrO2 NPs were
prepared through a simple solution cast on glass substrates
followed by thermal annealing at 100 °C for about 14 h (Figure
6). A neat polymer film was also prepared as a control sample
using the same fabrication procedure. The photographs of these
photonic films (Figure 6a) show a significant difference
between the neat polymer film and the composites. There is
only a light blue color observed in the neat polymer film, while
the composite films exhibited strong reflected light. The
reflection measurements were performed on a UV/vis/NIR
spectrometer equipped with an “integrating sphere” diffuse
reflectance accessory at an incident angle of 8°. The reflectance
obtained is a sum of reflected light from an area as large as 15 ×
7 mm2, which is the incident beam area. Reflection spectra
(Figure 6b) confirmed the substantially increased reflectance
(250% improvement) from 12% to 42% in the composite
sample containing 30 wt % (12 vol %) of the ZrO2 NPs,
corresponding to 56 wt % (29 vol %) in the PEO domain. The
refractive index of the PEO/NP domain was 1.62, as calculated
using eq 1, while the refractive index of the PtBA domain was
1.41, as measured by VASE, resulting in a refractive index
contrast up to 0.21 for the composites containing 30 wt % of

Figure 4. Significantly improved dispersion of ZrO2 NPs in BBCP-
C via strong H-bonding interactions. The composite films contain
the same concentration (20 wt %) of ZrO2 NPs before (NP/OL)
and after (NP/GA) surface modification: (a) 1D USAXS profiles
and the corresponding 2D scattering patterns; (b, c) TEM
micrographs without staining; (d) transmission spectra using a
glass substrate as the reference.

Figure 5. (a) Effective refractive index of blends of homopolymer
PEO with different loading percentages of modified NPs including
42 wt % (19 vol %), 51 wt % (25 vol %), 63 wt % (35 vol %), and 70
wt % (42 vol %). (b) Effective refractive index as a function of NP
concentration at 400 nm. (c) Refractive index of homopolymer
PtBA as a function of wavelength. (d) Refractive index contrast
(Δn) between PtBA and PEO/NP at an NP concentration of 70 wt
%.
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ZrO2 NPs. Numerical modeling using transfer matrix methods
was employed to describe the influence of refractive index
contrast on reflectance assuming that all the samples have the
same number of bilayers (see details in the Supporting
Information). The simulated results (Figure 6c) indicate a
greatly enhanced reflectivity (260%) upon adding 30 wt % of
the ZrO2 NPs to the BBCP, which show a good agreement with
the experimental results (Figure 6b).
The d-spacing and morphology of the photonic films based

on BBCP-B were characterized by SAXS and USAXS. As
shown in Figure 7a, there is a broad peak centered at q = 1.04

in the 1D SAXS profiles of the composite samples, indicating an
average NP size of approximately 6.0 nm, which is very close to
the value obtained from TEM image analysis (Figure 3). The d-
spacing of these samples was too large, and the primary
ordering peak was overlapping with the beamstop of SAXS.
Therefore, USAXS was used to verify the d-spacing. Figure 7b
shows the evident primary order peaks, and a slight increase of
the d-spacing from 133 to 137 nm was observed when
increasing the NP concentration from 0 to 30 wt %. There are
also higher order peaks at 2q, which can be seen in the 1D
USAXS profiles of the composite samples, indicating a lamellar
morphology. Moreover, a long-range directional order was

observed as indicated by the anisotropic 2D USAXS patterns in
Figure 7c. The well-ordered lamellar morphology was further
confirmed by TEM and cross-sectional FESEM (Figure 8).

TEM characterization was carried out on the composite
samples prepared by microtoming without staining. The
contrast observed in the TEM images is due to the selective
incorporation of ZrO2 NPs within PEO domains, and the
PEO/NP domains appear as the dark regions (Figure 8a and
b). TEM showing a larger area of the composite sample
containing 30 wt % NPs can be found in Figure S7, indicating a
well-ordered lamellar morphology. Figure 8c shows the
representative cross-sectional field emission scanning electron
microscopy (FESEM) image of the composite film containing
30 wt % of ZrO2 NPs. A well-ordered lamellar morphology was
observed in a large area consistent with the USAXS results
(Figure 7). The selective incorporation of NPs into BCP
domains enabled the wide tuning of optical constants of target
domains, providing a simple strategy for the design and
fabrication of photonic composite materials or coatings.
Figure 9 shows the reflection spectra of the composite films

prepared from self-assembly of BBCP-C and the modified ZrO2
NPs. Similar to the composite films based on BBCP-B, a
significant increase of reflectance was achieved in composites
containing ZrO2 NPs. A high loading concentration of up to 40
wt % (17 vol %) NPs in the composites was achieved without
NP aggregation, corresponding to 70 wt % (42 vol %) within
the PEO domain (see calculation details in the Supporting
Information). The refractive index of the PEO/NP domain was
1.70, as calculated using eq 1, resulting in a large refractive
index contrast up to 0.29 between PtBA and PEO/NP
domains. In comparison with the composites containing 30
wt % NPs, no further increase of reflectance and a blue shift of
the reflection peak from 390 nm to 348 nm were observed
when increasing the NP concentration to 40 wt %, suggesting a
possible morphology change in the composites. TEM micro-
graphs of the composite samples containing various loading
concentrations of NPs can be found in Figure S8 and confirmed
the good dispersion of NPs in the highly filled nanocomposites

Figure 6. (a) Photographs of photonic films prepared via the self-
assembly of BBCP-B and the modified NPs at different
concentrations of 20 wt % (7.2 vol %) and 30 wt % (12 vol %).
The photographs were taken on a black background under
fluorescent light. (b, c) Measured and simulated reflection as a
function of wavelength showing greatly enhanced reflectance via
adding modified ZrO2 NPs.

Figure 7. (a) SAXS, (b) USAXS profiles, and (c) 2D USAXS
patterns of the photonic films obtained via the self-assembly of
BBCP-B and modified NPs, corresponding to the samples in Figure
6.

Figure 8. Structural characterization of the photonic films obtained
from the self-assembly of BBCP-B and modified NPs (Figure 6).
TEM micrographs of the photonic composite films containing
different concentrations of NPs: (a) 20 wt % (7.2 vol %); (b) 30 wt
% (12 vol %). (c) Cross-sectional FESEM micrograph of the
composite sample containing 30 wt % NPs.
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and an irregular distorted morphology observed in some areas
of the sample containing 40 wt % of NPs. It may be possible to
preserve strong order in the composite at NP loadings greater
than 30 wt % by adjusting the volume fraction of PEO in the
host BBCP.

CONCLUSION
A high refractive index contrast between different BCP domains
is highly desirable for the low-cost “bottom up” fabrication of
high-performance photonic materials. In this work, we
demonstrated the fabrication of BCP-based photonic nano-
composites with large differences in refractive index (Δn >
0.27). Metal oxide NPs with high refractive indices were
selectively incorporated within BCP domains under high
loading concentrations without aggregation while maintaining
a well-ordered morphology, resulting in BCP domains with
widely tunable refractive indices from 1.45 to over 1.70. The
composite films with a high refractive index contrast exhibited
greatly enhanced reflection of up to 250% larger relative to that
of the parent BBCP films, which has been well explained by
transfer matrix simulations. This work provides a simple route
to achieve homogeneous distribution and high loading of metal
oxide nanocrystals within BCP domains via strong NP/BCP
enthalpic interactions and to tune the optical constant of BCP
domains for flexible photonic coatings or devices. In addition,
the multilayered arrangement of the nanocrystals with high
dielectric constants may be useful as next-generation materials
for the fabrication of energy storage devices such as high-
performance capacitors.

EXPERIMENTAL SECTION
Surface Modification of ZrO2 NPs. Zirconium oxide nanocrystals

dispersed in toluene were purchased from Pixelligent. The toluene
solution was evaporated under nitrogen flow, and the dried NP solid
was redispersed in THF, affording a clear solution. The concentration
of the solution is 20 mg/mL. The surface modification was carried out
simply by adding 5 wt % of gallic acid relative to the mass of all the
components in the solution (see Scheme 1a). The resulting mixture
was stirred for about 30 min, and the replacement of the original
ligands by gallic acid was rapid and efficient (see details in the
discussion part). The resulting solution was used for sample
preparation without further purifications.
Preparation of NP/BCP Blends. Appropriate amounts of BBCPs

were weighed and dissolved in anhydrous THF followed by adding NP
solutions in the same solvent to form about 1.5% (wt/v) stock
solutions. The THF solutions were cast through 0.45 μm PTFE filters

onto horizontal glass substrates, which were covered immediately with
glass Petri dishes. After solvent evaporation, the dried films were
annealed at 100 °C under vacuum for 14 h. We note that the
evaporation of THF solutions was carried out under a nitrogen
atmosphere to control humidity below 20%. For SAXS sample
preparation, the composite films were removed from glass substrates
using a razor blade and filled in a washer at 110 °C. The resulting bulk
samples were subsequently sealed using Kapton films and then cooled
to room temperature in air before SAXS measurement. The sample
thickness was approximately 0.60 mm. The anisotropic 2D SAXS
patterns (Figure 4a and 7c) correspond to the bulk sample in washer,
indicating a long-range order of the nanocomposites.

Preparation of NP/PEO Homopolymer Blends. PEO (2 kg/
mol) from Sigma was blended with the modified ZrO2 NPs in THF at
different loading concentrations. The concentration of the resulting
solution was around 10 mg/mL. Thin films on a silicon substrate for
variable-angle spectroscopic ellipsometry measurements were prepared
by spin coating at 3000 rpm, affording film thicknesses ranging from
73 to 83 nm. The thin films were subsequently put on a hot plate at 80
°C for about 5 min before VASE measurements.

Characterization. 1H NMR spectroscopy was recorded in CDCl3
using a Bruker Avance DPX 500 NMR spectrometer. Gel permeation
chromatography of the brush BCPs was carried out in THF on two
PLgel 10 μm mixed-B LS columns (Polymer Laboratories) connected
in series with a DAWN EOS multiangle laser light scattering (MALLS)
detector and an RI detector. No calibration standards were used for
the bottle brush copolymers, and dn/dc values were obtained for each
injection by assuming 100% mass elution from the columns.
Thermogravimetric analysis experiments were performed on a
TGA2950 thermogravimetric analyzer with a heating rate of 10 °C/
min under air. Fourier transform infrared spectroscopy (FTIR)
measurements were performed using a PerkinElmer FTIR spectrom-
eter with an ATR crystal window. Small-angle X-ray scattering
measurements were performed with a Ganesha SAXS-LAB using a
0.154 nm (Cu K radiation) X-ray, a sample-to-detector distance of
1491 mm, and an X-ray beam size of 0.04 mm2. Ultra-small-angle X-
ray scattering measurements were performed using a Xeuss USAXS
equipment at the Changchun Institute of Applied Chemistry (CIAC)
in China. The wavelength of the X-ray was 0.154 nm, the beam area
was 0.6 × 0.6 mm2, and the sample-to-detector distance was 6558 mm.
Transmission electron microscopy measurements were conducted
with a JEOL 2000FX TEM operated at an accelerating voltage of 200
kV. Composite samples were embedded in epoxy and cured at room
temperature overnight. Thin sections of approximately 50 nm in
thickness for microscopy were prepared using a Leica Ultracut UCT
microtome equipped with a Leica EM FCS cryogenic sample chamber
operated at −80 °C. FESEM measurements were carried out on a FEI
Magellan 400 FESEM. The composite sample was cryofractured in
liquid nitrogen to afford the cross sections for SEM. VASE
measurements were performed on a J. A. Woollam RC2-DI
ellipsometry with variable angles at 55°, 60°, 65°, and 70°. The
refractive index was obtained by using a Cauchy model for data fitting
in the wavelength range from 300 to 1690 nm. Reflection and
transmission measurements on the samples were performed on a
PerkinElmer LAMBDA 1050 UV/vis/NIR spectrometer, equipped
with a 150 mm integrating sphere diffuse reflectance accessory. All
reflection measurements were referenced to a Spectralon reflectance
standard with a reflectance of over 99%. The light beam area was 7
mm in width and 15 mm in height.
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Figure 9. Reflection as a function of wavelength for blends of
BBCP-C with different concentrations of modified NPs such as 20
wt % (7.2 vol %), 30 wt % (12 vol %), and 40 wt % (17 vol %),
corresponding to 45 wt % (21 vol %), 58 wt % (32 vol %), and 70
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