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ABSTRACT: Brush block copolymers (BBCPs) exhibit attractive features
for use as templates for functional hybrid nanomaterials including rapid
ordering dynamics and access to broad ranges of domain sizes; however,
there are relatively few studies of the morphology of the BBCPs as a function
of their structural variables and fewer still studies of BBCP composite
systems. Here we report the structural diversity and phase behavior of one
class of BBCP nanocomposites as a function of the volume fractions of their
components and the side chain symmetry of the BBCPs. We conducted a
systematic investigation of gold nanoparticle (NP) (∼2 nm) assembly in a
series of poly(tert-butyl acrylate)-block-poly(ethylene oxide) (PtBA-b-PEO)
BBCPs with a fixed side chain length of PtBA (Mn = 8.2 kg/mol) but with different PEO brush lengths (Mn = 5.0, 2.0, or 0.75 kg/
mol) as well as volume fractions ( f PEO = 0.200−0.484). The gold NPs are selectively incorporated within the PEO domain via
hydrogen bond interactions between the 4-mercaptophenol ligands of the gold NPs and the PEO side chains. A number of
morphological transitions were observed and were dependent on the total volume fraction ( f NP/PEO) of NPs and PEO domain.
Symmetric or asymmetric lamellar morphologies of NP arrays were readily created through simple variation of f NP/PEO.
Interestingly, a lamellar structure was obtained at a small f NP/PEO of only 0.248 for nanocomposites based on BBCPs with
comparable side chain lengths (MWPEO/MWPtBA = 0.63). In contrast, NP morphological transitions from wormlike through
cylindrical to lamellar structures were observed with the increase of f NP/PEO for nanocomposites based on BBCPs with a large
difference in side chain length (MWPEO/MWPtBA = 0.09). Highly deformed cylinders were observed in the cylindrical
morphology as clearly identified by high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM)
tomography. This work represents a starting point for understanding BBCP composite phase behavior, and it provides new
insight toward strategies for control over the microstructure of NP arrays assembled in BBCP templates, which is essential for
functional materials design.

■ INTRODUCTION

Control over the spatial arrangements of functional nano-
particles (NPs) at the nanoscale level is central to the bottom-
up manufacturing of next-generation materials for many
important applications such as optical, electronic, and
optoelectronic nanodevices.1−7 Block copolymers (BCPs)
have been widely used in the directed assembly of NPs via
microphase separation, affording periodically nanostructured
hybrid materials with a combination of the processability and
mechanical properties of polymers with the attractive physical
properties of NP arrays.8−10

Over the past two decades, most of the studies regarding
BCP/NP hybrids have focused on the assembly of NPs using
linear BCPs (LBCPs).11−24 A balance between enthalpic
contribution due to BCP/NP interactions and entropic penalty
arising from polymer chain stretching for NP incorporation is
generally considered as the key factor that determines the
dispersion of NPs.14 Favorable interactions between NPs and
specific domains of LBCPs have been typically required to
achieve selective incorporation and good dispersion of NPs
within the target domains of the resulting nanocomposites.

Neutral or weak BCP/NP interactions, such as van der Waals
interaction, lead to limited loading of NPs in nanocompo-
sites,8−17 while strong interactions, such as hydrogen bonding
and ionic interactions, significantly increase NP loading.18−22 In
addition, small molecules were also employed as the
intermediate agents between BCPs and NPs to enhance the
stability of the resulting nanocomposites.23,24 Macrophase
aggregation of NPs is often observed when the NP loading
increases to a high level due to large entropy loss and NP
jamming effect.21,24 Moreover, there are several other
limitations for LBCPs that greatly affect the utility of BCP/
NP hybrids, including the slow ordering kinetics, small domain
sizes, limited NP sizes, and poor long-range order.
Brush BCPs (BBCPs) represent a major step forward in

BCP-based materials relative to traditional LBCPs. Well-
ordered nanostructures are able to be created in a few minutes
benefiting from substantially reduced polymer chain entangle-
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ments relative to their linear analogues.25−34 Recently, we have
reported several initial studies of NP assembly in BBCPs.35−38

In comparison to LBCPs, BBCPs exhibit many advantages for
the directed assembly of NPs, including well-ordered structures
developed under high NP loading, rapid ordering kinetics on
the order of a few minutes, large domain spacing over 100 nm,
enhanced capability for incorporating NPs larger than 10 nm,35

and the observation of long-range order over large volume
elements.37 However, the structural diversity and phase
behavior of BBCP/NP composites in terms of volume fraction
and side chain symmetry of BBCPs remain unclear. A thorough
understanding of the phase behavior will enable full exploration
of the tool box of BBCPs for NP assembly but also provide the
framework for future systematic studies on structure−function
relationships in architected periodic hybrid materials.
We present a systematic investigation of NP assembly in a

series of poly(tert-butyl acrylate)-block-poly(ethylene oxide)
(PtBAn-b-PEOm) BBCPs with a fixed side chain length of PtBA
(n = 8.2K; Mn = 8.2 kg/mol) but different PEO brushes with
precisely controlled molecular weights (MWs) (m = 5.0K, 2.0K,
and 0.75K; Mn = 5.0, 2.0, or 0.75 kg/mol) and volume fractions
( f PEO = 0.200−0.484). Here, the side chain asymmetry
expresses as a ratio of MWs (MWPEO/MWPtBA). A smaller
value indicates more asymmetry in side chain length of the
BBCP. Small gold NPs (∼2 nm) coated with 4-mercaptophenol
are chosen as the model system for the investigation. The NPs
are selectively incorporated within the PEO domain through
hydrogen bonding between NP ligands and PEO block. Briefly,
there are three different groups of samples based on side chain
variation, and each exhibits interesting behavior as summarized
below as subsequently discussed in detail:
Group I (PtBA8.2K-b-PEO5.0K). For relatively symmetric

BBCPs (MWPEO/MWPtBA = 0.63), lamellar morphologies were
obtained in a wide range of the total volume fraction of NPs
and PEO ( f NP/PEO) from approximately 0.248 to 0.634.37 For
comparison, the lamellar window is typically between 0.400 and
0.650 in LBCP/NP composite systems.18,21 Moreover, it was
observed for the first time that a morphological transition from
lamellae to inverse cylinder was induced by increasing f NP/PEO
in BBCP-based nanocomposites.
Group II (PtBA8.2K-b-PEO2.0K). By decreasing the side chain

symmetry (MWPEO/MWPtBA = 0.24), wormlike morphologies
were obtained in the nanocomposites at f NP/PEO ranging from
0.237 to 0.433. Interestingly, a phase transition from wormlike
into a lamellar morphology occurred with a further increase of
fNP/PEO to 0.512.
Group III (PtBA8.2K-b-PEO0.75K). For the significantly

asymmetric BBCPs (MWPEO/MWPtBA = 0.09), NP morpho-
logical transitions from wormlike through cylindrical to lamellar
structures were observed that were dependent on f NP/PEO.
Highly deformed cylinders were observed in the cylindrical
morphology as clearly identified by high angle annular dark
field (HAADF) scanning transmission electron microscopy
(STEM) tomography.

■ EXPERIMENTAL SECTION
General Methods. Small-angle X-ray scattering (SAXS) measure-

ments were performed with a Ganesha SAXS-LAB using 0.154 nm
(Cu K radiation), sample-to-detector distance was 1491 mm, and X-
ray beam area was 0.04 mm2. Ultrasmall-angle X-ray scattering
(USAXS) measurements were performed using a Xeuss USAXS
equipment at the Changchun Institute of Applied Chemistry (CIAC)
in China. The wavelength of X-ray was 0.154 nm, beam area was 0.6 ×

0.6 mm2, and sample-to-detector distance was 6558 mm. Transmission
electron microscopy (TEM) 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. Scanning transmission electron microscopy in
high angle annular dark field imaging mode (STEM-HAADF)
tomography was carried out using a JEOL JEM-2200FS at 200 kV
acceleration voltage and a probe size of 1.5 nm. Image series of 121
images for tomography reconstruction were recorded at 1° steps from
−60° to +60° tilt angles. Three-dimensional reconstructions were
generated using the filtered back projection algorithm in Etomo (part
of the IMOD software package, UC Boulder). Volume and isosurface
rendering were performed using Chimera (UCSF). 1H NMR
spectroscopy was recorded in CDCl3 using a Bruker Avance DPX
500 NMR spectrometer. Gel permeation chromatography (GPC) of
the bottle brush copolymers 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.

Sample Preparation. Stainless steel washers together with Kapton
film were used as the molds for sample preparations. The inside
diameter and the thickness of the washer are 5.0 and 1.0 mm,
respectively. Neat polymer samples were made by filling polymer solid
into the washer following by thermal annealing at 110 °C for about 5
min. In some cases, a cross-linked flat PDMS pad was used to gently
press the samples in the vertical direction to make the top surface flat.
For BCP-NP composite samples, appropriate amounts of BBCPs were
weighed and dissolved in anhydrous tetrahydrofuran (THF) followed
by adding NP solutions in the same solvent to form about 2% (w/v)
stock solutions. The THF solutions were cast through 0.4 μm PTFE
filters onto horizontal glass substrates which were covered immediately
with glass Petri dishes. The evaporation process was carried out for at
least 5 h, during which phase segergation and self-assembly occurred.
After solvent evaporation, the dried films were removed from glass
using a razor blade and filled in a washer at 110 °C. The resulting bulk
samples were subsequently kept at 110 °C for about 5 min, sealed
using Kapton films, and then cooled to room temperature in air before
SAXS measurement. We note that the evaporation of THF solutions
was carried out under a nitrogen atmosphere to control humidity
below 20%.

■ RESULTS AND DISCUSSION

The BBCPs used in this work are well-defined (polynorbor-
nene-graf t-poly(tert-butyl acrylate))-block-(polynorbornene-
graf t-poly(ethylene oxide)) BBCPs synthesized by sequential
ring-opening metathesis polymerization (ROMP). Detailed
information regarding the synthesis and characterizations of the
polymers has been reported previously or shown in the
Supporting Information (Figures S1 and S2).37,38 The
molecular weight information for the PtBA-b-PEO BBCPs is
summarized in Table 1. The grafting-through method not only
enables precise control over the MW of side chain but also
ensures a 100% grafting density of the BBCPs. The BBCP/NP
nanocomposites were prepared through evaporation of the
mixture solutions with anhydrous tetrahydrofuran (THF) as
the solvent (see Experimental Section for details). Herein the
volume fraction ( fNP) of NPs (core + ligand) can be estimated
using the densities of the components (see Supporting
Information).

Group I: Nanocomposites of PtBA8.2K-b-PEO5.0K
(MWPEO/MWPtBA = 0.63). We first investigate the phase
behavior of BBCP/NP nanocomposites based on BBCPs with
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relatively symmetric side chains. Figure 1a shows one-
dimensional small-angle X-ray scattering (1D SAXS) results
for BBCP-A ( f PEO = 0.212) and blends of the polymer with
different volume fractions of NPs ( fNP) corresponding to
different volume fractions of the NPs and PEO domain
( f NP/PEO). A sharp primary peak (q) was observed in 1D SAXS
patterns of the neat polymer, which is indicative of a strong
microphase separation. However, no higher order reflections
can be indentified due to a poor long-range order (Figure 1a).
A higher order peak located at 2q was observed upon adding a
small amount of NPs ( f NP = 0.046), suggesting the probable
formation of a lamellar morphology at an exceptionally small
f NP/PEO of 0.248. The asymmetric lamellar morphology was
further confirmed by higher order peaks at 4q for nano-
composites with higher fNP (0.105 and 0.155) as indicated by
Figure 1a, corresponding to higher f NP/PEO (0.295 and 0.334).
The highly asymmetric lamellar morphology can be attributed
to the rigid molecular backbone of the BBCP which favors flat
domain interfaces of lamellar structures even for samples with
highly asymmetric volume fractions.39−41 For comparison,

lamellar morphologies have been typically obtained at volume
fractions of the NP incorporated domain between 0.480 and
0.650 for LBCP/NP composites.21 Figure 2a shows TEM
micrographs of microtomed samples. For the neat polymer
(BBCP-A), a poorly ordered state is shown in the TEM
( f NP/PEO = 0.212) consistent with the SAXS result (Figure 1a).
For composite samples, we note that since PtBA and PEO
domains of the unstained composite samples have similar
electron densities, the contrast observed in the TEM images is
evidently due to the gold NPs residing exclusively in PEO
domains. As shown in Figure 2a, asymmetric lamellar
morphologies are confirmed in nanocomposites with small
f NP/PEO (0.248 and 0.334). Wormlike morphologies can also be
seen in the TEM micrographs, suggesting the influence of
morphology by volume fraction may be non-negligible (see
discussions below). Further increasing NP loading results in
more symmetric lamellar structures as indicated by the
appearance of higher order peaks at 3q in SAXS (Figure 1a)
at higher f NP/PEO (0.382 and 0.442). The multiple higher order
peaks in 1D SAXS (Figure 1a) are missing with a further
increased fNP to 0.390 ( fNP/PEO = 0.519) corresponding to an
ultrahigh volume fraction (0.751) of NPs in the PEO domain.
Despite the losing of long-range order, strong phase separation
of the highly loaded sample was maintained as indicated by the
strong primary peak in the 1D SAXS results ( f NP/PEO = 0.519).
The domain spacing gradually increased from 51 to 68 nm with
the increased f NP from 0 to 0.390, or f NP/PEO from 0.212 to
0.519, due to the swelling of PEO domain by the NPs
incorporated.
Figure 1b shows the 1D SAXS of composite samples using

BBCP-B ( f PEO = 0.323). A morphological transition from
disordered cylinder to a lamellar structure was observed at
f NP/PEO values of up to 0.394 ( fNP = 0.105) as confirmed by the
higher order peak at 3q. Symmetric lamellar morphologies were
obtained in nanocomposites with f NP/PEO increasing from 0.469
to 0.520 ( fNP from 0.215 to 0.291) as indicated by the higher
order reflections at 3q and 5q in SAXS (Figure 1b). The
morphological transition and the symmetric lamellar structure
were further confirmed by TEM in Figure 2b. Morover, inverse
asymmetric lamellar structures were developed in the
composite samples containing BBCP-D ( f PEO = 0.484) and

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

BBCP Mn
a (kg/mol) PDIa DPb PSMM DPb PEOMM f PEO

c

group I (PtBA8.2K-b-PEO5.0K)
A 504.9 1.15 48 21 0.212
B 1590 1.15 128 108 0.323
C 2694 1.08 261 169 0.484
D 1850 1.12 179 116 0.484

group II (PtBA8.2K-b-PEO2.0K)
E 1810 1.31 177 181 0.200
F 347.9 1.27 23 80 0.462

group III (PtBA8.2K-b-PEO0.75K)
G 361.5 1.25 32 134 0.278
H 1130 1.12 72 714 0.474

aMolecular weight and polydispersity index as measured by GPC-
MALLS. bApproximation of the size of each block as calculated using
NMR and GPC results. cThe volume fraction of PEO block ( f PEO) as
determined by NMR data.

Figure 1. (a, b) 1D SAXS profiles of blends of BBCP-A ( f PEO = 0.212) and BBCP-B ( f PEO = 0.323) with gold NPs at different volume fractions of
NPs ( fNP), showing asymmetric and symmetric lamellar morphologies formed that are dependent on total volume fraction ( f NP/PEO) of the NP
incorporated PEO domain. (c) 1D USAXS profiles of blends of BBCP-C ( f PEO = 0.484) with the indicated f NP and fNP/PEO.
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gold NPs at a fNP value over 0.215 ( f NP/PEO = 0.595) (see our
previous publication for details).37 In addition, Figure 1c shows
one-dimensional ultrasmall-angle X-ray scattering (1D USAXS)
profiles of blends of BBCP-C ( f PEO = 0.484) with different
loadings of NPs. Lamellar morphologies were verified at
fNP/PEO values of 0.538 and 0.595 ( f NP = 0.105 and 0.215) by
the presence of multiple order peaks at 1q, 2q, and 3q in
USAXS (Figure 1c). The well-ordered lamellar morphologies of
the NP arrays were further confirmed by TEM in Figure 2c.
Interestingly, a morphological transition from lamellae to
inverse cylinder or wormlike structures was observed at a high

f NP/PEO (0.685) as indicated by both USAXS and TEM
(Figures 1c and 2c). The domain spacing increases from 157 to
224 nm with the increased f NP from 0.215 to 0.390
corresponding to f NP/PEO from 0.595 to 0.685 (Figure 1c).
The lamellar nanocomposites of large lattice spacing can reflect
visible light, and the reflection maximum increases with the
increase of lattice spacing.36,38 Here, an abnormal blue-shift of
the reflection maximum as well as a broadened reflection peak
was observed with an increase of the fNP from 0.215 to 0.390
( f NP/PEO from 0.595 to 0.685) (Figure S3) due to the
morphology-transition-induced vibrations in lattice parameters

Figure 2. Cross-sectional TEM micrographs of blends of (a) BBCP-A, (b) -B, and (c) -C with gold NPs at the indicated volume fractions. The inset
numbers refer to the total volume fractions ( f NP/PEO) of the NP incorporated PEO domain. Neat polymers (left-hand column) were stained with
RuO4 vapor, resulting in PEO domain appearing as the dark regions. No staining was applied to the composite samples.

Figure 3. 1D SAXS profiles of blends of (a) BBCP-E ( f PEO = 0.200) and (b) BBCP-F ( f PEO = 0.462) with gold NPs at the indicated loading volume
fractions, showing morphological transitions that are dependent on volume fractions ( f NP/PEO) of the NP incorporated PEO domains.
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of the photonic crystal structure.36,38 To our knowledge, it is
for the first time that a morphology transition was achieved by
increasing the volume fraction of the NP domain in BBCP
composite systems. This is different from our previous
observation of a phase transition induced by variations in side
chain symmetry through the addition of large NPs into
BBCPs.35

Group II: Nanocomposites of PtBA8.2K-b-PEO2.0K
(MWPEO/MWPtBA = 0.24). We next investigate the phase
behavior of composites based on asymmetric BBCPs with the
molecular weight of PEO brush much smaller than that of PtBA
(MWPEO/MWPtBA = 0.24). Figure 3a shows the 1D SAXS
profiles of BBCP-E ( f PEO = 0.200) and a series of composite
samples containing different concentrations of NPs. A gradual
shift of the primary peak to smaller q regions was observed
when increasing f NP from 0 to 0.390 or f NP/PEO from 0.200 to
0.512. The domain spacing increased from 97 to 161 nm,
suggesting the confinement of NPs exclusively within the PEO
domain. Nevertheless, no higher order reflections can be
verified in 1D SAXS of either the neat polymer or composite
samples with f NP ranging from 0.046 to 0.291, corresponding to
fNP/PEO from 0.237 to 0.433 (Figure 3a). Interestingly, a
morphological transition from the poorly ordered state to a
well-ordered lamellar structure was verified at fNP of 0.390
( f NP/PEO = 0.512) as confirmed by the appearance of higher
ordered peaks at 3q and 5q in SAXS (Figure 3a). The
morphological evolution was further confirmed by TEM. As
shown in Figure 4a, a wormlike structure was observed in the
neat polymer ( f NP/PEO = 0.200) consistent the SAXS result
(Figure 3a). For the composite samples, an interesting network
structure of NP worms was formed at f NP ∼ 0.046 ( f NP/PEO =
0.237). Further increasing NP loading lead to mixed

morphologies with both wormlike and spherical features as
evident in TEM micrographs at f NP/PEO ranging from 0.324 to
0.433 (see Figure 4a). This is generally different from the
lamellar morphologies obtained in nanocomposites based on
symmetric BBCP-A (see Figure 1a), suggesting that the
decrease in side chain symmetry can generate a significantly
affect the molecular chain packing of the supramolecular
composites. Surprisingly, a morphological transition from the
wormlike into a symmetric lamellar structure occurred at f NP ∼
0.390 ( f NP/PEO = 0.512) consistent with the SAXS results
(Figure 3a vs 4a). All the results indicate that volume fraction of
the NP incorporated PEO domain ( f NP/PEO) is a very
important factor that can greatly influence the morphology of
nanocomposites based on BBCPs with asymmetric side chain
lengths.
Figure 3b shows the 1D SAXS data of a series of composite

samples based on BBCP-F ( f PEO = 0.462). A lamellar
morphology was formed in the neat polymer sample as
indicated by the X-ray scattering peaks at 1q and 2q. Similar
lamellar morphologies were also observed in the composite
samples at fNP from 0.046 to 0.215, corresponding to f NP/PEO
from 0.487 to 0.578 (see Figure 3b and TEM 0.578 in Figure
4b). The lamellar structure was greatly improved in terms of
long-range order at an increased f NP of 0.291 ( f NP/PEO = 0.619)
as indicated by the multiple higher order peaks at 2q, 3q, 4q,
and 5q (see Figure 3b). The improvement of ordering was
further confirmed by TEM shown in Figure 4b (see TEM
0.619). The highly ordered lamellar structure of NP arrays was
maintained at a higher NP concentration ( fNP = 0.390, f NP/PEO
= 0.672) as confirmed by both SAXS and TEM results (Figures
3b and 4b). Briefly, the lamellar morphology was developed
with f NP/PEO ranging from 0.487 to 0.672, which is close to the

Figure 4. Cross-sectional TEM micrographs of blends of (a) BBCP-E ( f PEO = 0.200) and (b) BBCP-F ( f PEO = 0.462) with gold NPs at the indicated
loading volume fractions. The inset numbers refer to volume fractions ( f NP/PEO) of the NP incorporated PEO domain. Neat polymers (left-hand
column) were stained with RuO4 vapor with PEO domain appearing as the dark regions. No staining was applied on composite samples.
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lamellar window (0.480−0.650) for nanocomposites based on
LBCP systems such as poly(styrene-block-2-vinylpyrindine)
(PS-b-P2VP).21

Group III: Nanocomposites of PtBA8.2K-b-PEO0.75K
(MWPEO/MWPtBA = 0.09).We further study the phase behavior
of BBCP/NP nanocomposites using extremely asymmetric
PtBA-b-PEO BBCPs. The MW of the PEO side chain is only
0.75 kg/mol, which is about 9% of the MW of PtBA side chain
(8.2 kg/mol). As a result, the molecular backbone of the PEO
block is expected to be much more flexible relative to the PtBA
block. Figure 5a shows the 1D SAXS of the neat polymer
sample as well as composite samples based on BBCP-G ( f PEO =
0.278). As shown in the figure, the neat polymer exhibited
strong phase segregation but was relatively disordered as
indicated by the only sharp primary order peak observed in
SAXS. Similar morphologies were also observed in the
composite samples at f NP of 0.046 and 0.105, corresponding
to fNP/PEO of 0.311 and 0.354 (see Figure 5a). A TEM
micrograph ( fNP/PEO = 0.311) in Figure 6 indicates a randomly
distributed wormlike structure, consistent with the SAXS data
(Figure 5a). Interestingly, higher order scattering peaks located
at 2q are observed in SAXS at f NP/PEO ranging from 0.389 to
0.488, indicating a relatively ordered state in the structure. A
cylindrical morphology was shown in TEM micrographs of the
samples (see TEM 0.389 and 0.433 in Figure 6). Moreover, the
cylinder morphology was also confirmed by a good fitting of
the form factor peaks observed in SAXS ( f NP/PEO = 0.433)
using a cylinder model (see Figure S4).
The interesting structures were further characterized by

scanning TEM (STEM) using a high-angle annular dark-field
(HAADF) detector. As shown in Figures 7a and 7b, the bright
regions are gold NPs selectively sequestered within the PEO
domain. Highly deformed cylinders with a relative constant
spacing were observed in Figure 7a. HAADF-STEM tomog-
raphy was employed to further characterize the morphology.
Impressively, highly distorted cylinders, some NP belt-like
features, were clearly shown in the reconstructed three-
dimensional (3D) structures at different viewing angles (Figure
7c−e). The NP incorporated PEO domain is embedded in the
PtBA matrix as indicated by Figure 7f. These cylinders of NPs
(Figure 7e) have enough packing coherence to produce a

strong second-order Bragg peak in SAXS ( fNP/PEO = 0.433 in
Figure 5a). The domain spacing is approximately 74 nm as
calculated using the primary order peak located at q = 0.085.
The highly distorted cylinders are likely a result of packing
frustrations in a disordered arrangement of cylinders and may
be enabled by both the Au NP incorporation and the
asymmetric molecular structure of BBCP-G with a large
difference in side chain lengths. Interestingly, further increasing
the f NP to 0.390 ( f NP/PEO = 0.560) results in a morphological
transition from the cylinders into a lamellar structure as
indicated by SAXS in Figure 5a as well as the TEM micrograph
(TEM 0.560) in Figure 6. The domain spacing increased from
57 to 82 nm with NP loading fNP increased from 0 to 0.291 as
indicated by SAXS shown in Figure 5a. However, a further
increase of fNP to 0.390 resulted in a decrease of domain
spacing from 82 to 65 nm (Figure 5a). At this particular

Figure 5. 1D SAXS profiles of blends of (a) BBCP-G ( f PEO = 0.278) and (b) BBCP-H ( f PEO = 0.474) with gold NPs at different volume fractions,
showing morphological transitions dependent on volume fractions ( f NP/PEO) of the NP incorporated PEO domain.

Figure 6. Cross-sectional TEM micrographs of blends of BBCP-G
( f PEO = 0.278) with gold NPs at different volume fractions. The inset
numbers refer to volume fractions ( f NP/PEO) of the NP incorporated
PEO domain. No staining was applied on composite samples.
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composition the lamellar morphology leads to a more efficient
molecular packing.
Figure 5b shows the SAXS profiles of a series of samples

based on BBCP-H ( f PEO = 0.474). Despite the large difference
in side chain lengths, well-ordered lamellar morphologies were
developed in both the neat polymer and composite samples as
indicated by SAXS (Figure 5b), indicating that the morphology
of BBCP or BBCP/NP composites is not only dependent on
the difference in side chains but also determined by volume
fraction. The lamellar structure of NP arrays changed from
relatively symmetric into asymmetric with the increased f NP at
0.291 ( f NP/PEO = 0.627 in Figure 5b). The well-ordered lamellar
morphologies were further confirmed by TEM of the
microtomed samples. As shown in Figure 8, symmetric lamellar
structures were observed in the nanocomposites with moderate
NP loadings ( f NP/PEO = 0.498 and 0.555), while an asymmetric
lamellar structure was obtained in the highly filled nano-
composites (see TEM 0.679 in Figure 8) consistent with the
SAXS results (Figure 5b).

■ CONCLUSIONS
Small NP (∼2 nm) assembly in PtBA-b-PEO BBCPs via
hydrogen bonding was systematically investigated by taking
into consideration both volume fraction of all components and
side chain symmetry of the BBCPs (see Figure 9). The total
volume fraction ( f NP/PEO) of the NP incorporated PEO domain
strongly influenced the final morphologies of the resulting
hybrids. For nanocomposites based on symmetric BBCPs
(PtBA8.2K-b-PEO5.0K), lamellar morphologies were obtained at
an exceptionally small f NP/PEO of only 0.248 possibly due to the

rigid molecular backbone of the BBCPs which favors the flat
domain interface of the lamellar morphology. Symmetric and
asymmetric lamellar NP arrays are available simply by changing
volume fraction ( f NP/PEO). For nanocomposites based on
asymmetric BBCPs (PtBA8.2K-b-PEO2.0K or PtBA8.2K-b-
PEO0.75K), various wormlike and cylindrical morphologies
were developed at f NP/PEO approximately less than 0.488. A
cylindrical morphology with highly deformed cylinders was
observed in nanocomposites based on BBCPs with short PEO
side chains (PtBA8.2K-b-PEO0.75K), which may impart additional
flexibility to the PEO block reducing steric repulsion associated
with the packing of longer side chains. Despite the highly
asymmetric BBCPs in side chain, well-ordered lamellar
structures were obtained by increasing the f NP/PEO to up to
approximately 0.498. This work provides new insight into the
phase behavior of BBCP/NP nanocomposites and indicates

Figure 7. (a) HAADF-STEM micrograph of a blend of BBCP-G ( f PEO
= 0.278) with gold NPs at fNP = 0.215 ( f NP/PEO = 0.433). (b)
HAADF-STEM micrograph at a higher magnfication. (c, d, e) 3D
reconstruction at different viewing angles generated by HAADF-
STEM tomography. (f) Illustration of highly deformed cylinders of NP
arrays with PtBA as the matrix.

Figure 8. Cross-sectional TEM micrographs of blends of BBCP-H
( f PEO = 0.474) with gold NPs at different volume fractions. The inset
numbers refer to volume fractions ( f NP/PEO) of the NP incorporated
PEO domain. No staining was applied on composite samples.

Figure 9. Summary of the morphologies of BBCP/NP composites
obtained through the variation of volume fraction and side chain
symmety of the BBCPs.
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that the morphology of NP arrays can be easily tuned through
the variations of both volume fraction and side chain symmetry
of BBCPs. The development of strategies for control over the
microstructure of NP arrays assembled in BBCP templates is
essential for future functional materials design.
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