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practical use. While rapid progress has been realized in
achieving the long-range organization of neat BCP thin ﬁlms
using topographical,15 chemical,16 mechanical,17 thermal,18 and
electric-ﬁeld guiding19 and some work has demonstrated the
potential of organizing bulk LBCP ﬁlms using magnetic ﬁelds,20
these external guiding methods generally require sophisticated
precedures or very strong ﬁelds, which are time-consuming and
high-cost when fabricating large areas of well-ordered materials.
To date, no macroscopic ordering of BCPs without external
guiding forces has been reported.
In nature, minor changes in the chemical structures of
biological macromolecules can have a signiﬁcant inﬂuence on
their self-assembled structures and functionalities, such as
protein folding and misfolding.21 For the synthetic macromolecules, BCPs, chemists have made breakthroughs in the
design and synthesis of brush block copolymers (BBCPs).22−24
Beneﬁting from their rigid molecular structure, these BBCPs
exhibit substantially reduced polymer chain entanglements
relative to their linear analogues. We previously conducted
initial feasibility studies using BBCPs as templates for the
controlled self-assembly of NPs.25 However, the potential
beneﬁts of BBCPs for large-volume organization of NPs on a
macroscopic scale were not realized. Further tailoring of the
BBCP molecular structure is of great interest to create
macromolecular building blocks, also known as “molecular
Lego”, that can aﬀord stable supramolecular architectures with
long-range directional order.
Here we demonstrate the long-range order formed through
the self-assembly of rationally designed BBCPs without external
guiding. Two important factors were taken into consideration
for the molecular design of the BBCPs. First, the molecular
backbone is highly stretched by using bulky side chains to
greatly decrease polymer chain entanglements. Second,
amphiphilic side chains with low glass transition temperatures
are employed to enhance the microphase segregation at
relatively low temperatures. Speciﬁcally, the BBCPs are
(polynorbornene-graf t-poly(tert-butyl acrylate))-block-(polynorbornene-graf t-poly(ethylene oxide)) ((PNB−PtBA8.2k)n-b-

ABSTRACT: We report that an exceptionally large
volume of highly ordered arrays (single grains) on the
order of millimeters in scale can be rapidly created through
a unique innate guiding mechanism of brush block
copolymers (BBCPs). The grain volume is over 109
times larger than that of typical self-assembled linear
BCPs (LBCPs). The use of strong interactions between
nanoparticles (NPs) and BBCPs enables high loadings of
functional materials, up to 76 wt % (46 vol %) in the target
domain, while maintaining excellent long-range order.
Overall, this work provides a simple method to precisely
control the spatial orientation of functionalities at
nanometer length scales over macroscopic volumes,
thereby enabling the production of hybrid materials for
many important applications.

T

he organization of functional nanomaterials, such as
semiconductor, plasmonic, and dielectric nanoparticles
(NPs), over macroscopic volumes using low-cost “bottom up”
methods is highly desirable for the development of nextgeneration electric, optical, energy-harvesting, and memory
devices.1,2 However, the lack of suﬃcient long-range order in
self-assembled nanostructures is a bottleneck for many
nanotechnology applications. The rapid fabrication of functional nanocomposites with precise control over the organization of periodic NP arrays has remained a signiﬁcant
challenge.
Conventional self-assembly methods, including the application of linear block copolymers (LBCPs), are limited by the
slow kinetics of the self-assembly process, poor long-range
alignment of nanostructures, and limited loading of NPs.3−14
Kinetically trapped morphologies (i.e., large defects) are often
created in nanocomposites during the self-assembly process,
especially for samples containing high loadings of NPs.11,14
Polymer chain entanglements of LBCPs and entropic penalties
associated with NP incorporation lead to severe barriers to
well-ordered composite materials. As a result, well-aligned NP
arrays are achievable only within very small volume elements on
the order of micrometer scale,4−14 which is a barrier for future
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could contribute to the ordering of the BBCPs. Crystallization
of the PEO block was conﬁned to the PEO domains, as
conﬁrmed by polarized optical microscopy images, in which
large, uniform colored areas were observed under crossed
polarizers (Figure S8). However, anisotropic 2D SAXS patterns
(Figure S9) were also observed at temperatures above the
melting point of PEO (Figure S6), indicating that the
preordered structure with the PEO crystallization can be
persistent over the melting temperature of PEO because of the
interfacial energy of PEO and PtBA but that the eﬀect of the
PEO crystallization can be less signiﬁcant for the long-range
order (see below). Further studies are needed to fully
understand the detailed mechanism of long-range ordering.
To further verify that the highly ordered lamellar structure is
nearly an equilibrium conﬁguration rather than a kinetically
trapped state, we carried out in situ SAXS measurements on a
polymer sample ﬁrst by heating and cooling stepwise and then
by multiple direct heating−cooling cycles. The long-range
order decreased as the temperature was increased to 110 °C but
was regained when temperature was decreased to 25 °C (Figure
S9a). This was further characterized by analyzing the X-ray
scattering intensity as a function of azimuthal angle at various
temperatures (Figure S10). 1D SAXS (Figure S11a) revealed
enhanced phase separation after the stepwise annealing process,
as indicated by the disappearance of the broad peak and the
appearance of higher-order peaks. The highly oriented structure
was very stable during the subsequent multiple heating−cooling
cycles, as shown in Figures S9b and S11b, suggesting that the
morphology approached an equilibrium structure.
We also investigated the layer orientation in diﬀerent regions
of the polymer sample and obtained a map of local orientations
by continuous SAXS scan measurements. Figure 2a shows the
orientation map of a centered large area (3.08 mm × 3.06 mm).
Each arrow or plus mark in the map represents a SAXS
measurement of an area as large as 0.22 mm × 0.18 mm, which
was the area of the X-ray beam. The arrow direction (layer

(PNB−PEO5k)m, denoted as PtBA-b-PEO for brevity) synthesized by sequential ring-opening metathesis polymerization
(ROMP) (see the Supporting Information for details and
Figures S1−S6 and Table S1 for characterization data). In
comparison with the (polynorbornene-graft-polystyrene)-block(polynorbornene-graf t-poly(ethylene oxide)) (PS3.5k-b-PEO2k)
BBCP system used in the previous studies,25 several improvements were made in the molecular design of the side chains,
including more steric hindrance (PtBA > PS), higher molecular
weights (MWs), and a lower glass transition temperature of the
PtBA block (see the molecular structure in Figure 1a). Highly

Figure 1. Macroscopic orientation via rapid self-assembly of PtBA-bPEO BBCPs. (a) Molecular illustration of the BBCPs. (b, c) 2D SAXS
patterns of BBCP-A (Mn = 1850 kg/mol, f PEO = 48.4%) before and
after annealing at 110 °C for 5 min. (d) 1D SAXS proﬁles of BBCP-A
before (disordered) and after annealing (oriented). (e) Proposed
molecular packing of the BBCPs in the highly ordered lamellar
nanostructure.

oriented nanostructures were generated within a few minutes
via self-assembly of PtBA-b-PEO BBCPs upon thermal
annealing, as indicated by two-dimensional small-angle X-ray
scattering (2D SAXS) (Figure 1b vs Figure 1c). For
comparison, no such anisotropic structure was observed for
the PS-b-PEO BBCPs after thermal annealing (Figure S7).25b
The 1D SAXS proﬁle of the sample after annealing (Figure 1d)
shows a primary scattering peak at a scattering vector (q) of
0.065 nm−1, indicating a domain spacing of approximately 97
nm (d = 2π/q). A well-ordered lamellar structure is conﬁrmed
by the higher-order reﬂections located at 3q and 5q.
In comparison with LBCPs, BBCPs have a rigid backbone
along the polymer chain and fewer chain entanglements.
Therefore, the BBCP molecules can self-assemble into the wellordered lamellar structure in a short time scale upon annealing.
The MW of (PNB−PtBA8.2k)116-b-(PNB−PEO5k)179 (BBCPA) is 1850 kg/mol, which is several orders of magnitude larger
than those of the previous LBCP systems that can be aligned
using external guiding methods,15−20 providing accessibility to
large-period composites. Although additional work is required
to fully understand the molecular packing in the well-ordered
lamellar structure and its role in the kinetics of assembly, the
highly elongated nature of the BBCP molecules normal to the
intermaterial dividing surface of PtBA/PEO domains virtually
eliminated entanglements and thus led to the very rapid
ordering kinetics (Figure 1e).24 In addition to the molecular
rigidity, PEO crystallization is another potential factor that

Figure 2. Mapping of the layer orientation in BBCP-A (Mn = 1850 kg/
mol, f PEO = 48.4%) using continuous SAXS scan measurements. The
thickness of the sample was approximately 0.66 mm. (a) Orientation
map of an area as large as 3.08 mm × 3.06 mm. (b, c) Representative
2D SAXS patterns with diﬀerent azimuthal angles in grains A and B.
The azimuthal angle of 2D SAXS parallel to the x direction is deﬁned
as 0°. The smaller angle between the layer and the x axis is deﬁned as
the layer orientation in the map.
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orientation) is normal to the 2D SAXS pattern (see the
representative 2D SAXS patterns in Figure 2b,c) and was
determined on the basis of the azimuthal angle. Each plus mark
represents a region where at least two orientations exist. All of
the 2D SAXS patterns corresponding to the data points in the
map can be found in Figure S12. Adjacent data points with a
diﬀerence in azimuthal angle brieﬂy less than 20° are deﬁned to
be in the same grain. As shown in Figure 2a, it is evident that
there are two diﬀerent grains A and B as well as boundaries
(plus marks); grain A shows a layer orientation between 110°
and 150°, corresponding to 2D SAXS patterns with azimuthal
angles between 20° and 60°, while the orientation of layers in
grain B is conﬁned between 10° and 50°, corresponding to
azimuthal angles between 100° and 140°. There are up to 135
data points in grain B, corresponding to an area as large as 5.40
mm2 and a volume of 3.56 mm3, which is over 109 times larger
than the grain sizes of self-assembled LBCPs.3 In addition, 3D
SAXS measurements were further conducted on a piece of
sample from a selected area of a rectangle in grain B and
indicated good alignment of the lamellar structure (see Figure
S13).
The BBCP system was further used as a template to control
the spatial orientation of NP arrays, and gold NPs with a core
diameter of approximately 2 nm and 4-mercaptophenol ligands
were chosen as a model system for the investigation (see the
transmission electron microscopy (TEM) micrograph in Figure
S14). For the BBCP−NP composites, we typically prepared 2%
(w/v) polymer solutions in anhydrous tetrahydrofuran (THF)
admixed with various amounts of gold NPs, resulting in
diﬀerent weight percentages in the solid. 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 thermogravimetric analysis (TGA) data and the
densities of the components (Table S2 and Figure S15). Strong
H-bonding interactions between the ligands on the gold NPs
and the PEO brushes of the PtBA-b-PEO BBCPs enabled
selective incorporation and high loading of the gold NPs into
the PEO domains (see Figure 3a). As shown in Figure 3b, a
symmetric lamellar morphology of BBCP-A was observed, as
conﬁrmed by the higher-order peaks at 3q and 5q, while an
asymmetric lamellar structure was formed in the composite
samples containing over 40 wt % (15 vol %) gold NPs, as
indicated by the peaks at 2q and 4q. The asymmetric lamellar
structure was due to swelling of the PEO domains by the NP
additives. The domain spacing increased from 97 to 125 nm as
the NP loading increased from 0 to 60 wt % (29 vol %). Most
impressively, highly oriented lamellar morphologies of the NP
arrays (Figure 3c) were observed even at an ultrahigh NP
loading of up to 60 wt %, corresponding to 76 wt % (46 vol %)
in the PEO domain, suggesting that the rapid and long-range
ordering of our BCP systems was maintained in the presence of
a large amount of gold NPs. The long-range orientation was
further conﬁrmed by 2D SAXS with the X-ray beam incident to
both the top surface and the side of a blend containing 50 wt %
(22 vol %) gold NPs (Figure S16). Nearly the same orientation
of NP layers was observed when the sample was turned by 90°
along the longitudinal axis of the sample, indicative of good
orientation. Wide-angle X-ray scattering (WAXS) was
employed to investigate the inﬂuence of the NP loading on
the PEO crystallization (Figure S17). No considerable
crystalline PEO was found in the composite samples containing
>50 wt % gold NPs, so the long-range order of these samples

Figure 3. Nanocomposites based on PtBA-b-PEO BBCPs containing
highly oriented gold NP arrays. (a) Illustration of the highly ordered
NP arrays selectively incorporated into the PEO domains via Hbonding interactions. (b) 1D SAXS proﬁles of blends of BBCP-A with
diﬀerent loadings of gold NPs, including 15 wt % (4.6 vol %), 30 wt %
(11 vol %), 40 wt % (15 vol %), 50 wt % (22 vol %), and 60 wt % (29
vol %). (c) Anisotropic 2D SAXS patterns corresponding to the 1D
SAXS proﬁles in (b). (d) 1D and 2D SAXS data for a blend of BBCPB (Mn = 2694 kg/mol, f PEO = 48.4%) with 50 wt % gold NPs,
indicating a domain spacing of up to 188 nm. (e, f) Cross-sectional (e)
FESEM and (f) TEM micrographs of the composite sample based on
BBCP-B.

suggests that the molecular rigidity and the strong phase
segregation (rather than PEO crystallization) are possibly the
dominant internal driving forces for the orientation.
The highly oriented NP arrays were also observed in a blend
of BBCP-B with a higher MW (Mn = 2694 kg/mol) (Figure
3d). As shown in Figure 3e,f, the well-ordered lamellar
morphology was conﬁrmed by ﬁeld-emission scanning electron
microscopy (FESEM) and TEM. The high loading of the gold
NPs selectively within PEO domains and the wide lattice
spacing (188 nm) provided a good contrast for cross-sectional
imaging of the composite samples without staining. Figure 3e
shows a representative cross-sectional FESEM micrograph of
the blend of BBCP-B with 50 wt % (22 vol %) gold NPs. A
highly oriented lamellar morphology was observed, consistent
with the SAXS results (Figure 3d). Figure 3f shows a TEM
micrograph of the microtomed sample indicating an asymmetric lamellar morphology with the gold NPs appearing as the
dark regions, consistent with the FESEM and SAXS results. We
note that since PtBA and PEO of the unstained samples have
similar electron densities, the contrast observed in the TEM
image is evidently due to the gold NPs residing exclusively in
PEO domains, as illustrated by Figure 3a. TEM micrographs of
blends containing diﬀerent loadings of gold NPs can be found
in Figure S18, and FESEM micrographs of a larger
cryofractured surface are shown in Figure S19. The domain
spacing of the aligned NP arrays was widely tunable from 110
to 188 nm simply by changing the loading of the NPs or the
MW of the BBCP (Figure 3). The innate guiding mechanism of
the BBCP system enables the fabrication of novel hybrid
nanomaterials with the long-range order of functional building
blocks within large volume elements, providing a material
platform for the investigation of integrated plasmonic, nonlinear optical, and electric properties arising from the longrange arrangements.
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In summary, many applications in nanotechnology will
require the precise alignment of functional nanomaterials on a
macroscopic scale. In this work, we have shown that
macroscopic ordering can be readily achieved through the
innate guiding of self-assembly of BBCPs with large steric
hindrance and a low glass transition temperature of the side
chains. More importantly, the long-range order was maintained
in the presence of high loadings of functional additives such as
gold NPs, providing a simple strategy for the long-range
alignment of a wide range of potential functional additives such
as small molecules, quantum dots, anisotropic NPs, magnetic
NPs, etc. The well-aligned NP arrays may serve as novel
materials for the fabrication of high-performance polarizing
ﬁlters and plasmonic or nonlinear optical devices. The ultrafast
kinetics of ordering oﬀers new opportunities for rapid, low-cost,
and scalable manufacturing.
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