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ABSTRACT: Scanning transmission electron tomography was used to determine the three-dimensional structure
of a poly(ethylene-alt-propylene-block-ethylene oxide-block-n-hexyl methacrylate) (PEP-b-PEO-b-PHMA) triblock
copolymer/aluminosilicate material with domain volume fractions offPEP ) 0.19, fPEO+aluminosilicate) 0.32, and
fPHMA ) 0.49. The PEO/aluminosilicate domains formed layers of zigzag-shaped strands (concertinas). Strands
were arranged in a four-layer woodpile structure (Sozuer, H. S.; Dowling, J. P.J. Mod. Opt.1994, 41, 231-
239),1 in which strands in successive layers run in alternate directions (∼75°) and the third and fourth layers are
offset. Modeling suggests the PEP and PHMA domains on the outside of each PEO/aluminosilicate strand may
stabilize this unusual structure. This result suggests that synthetic macromolecules with multidomain architectures,
such as ABC triblock copolymers, can direct the assembly of silica and other ceramic materials into complex
new morphologies.

Introduction

In biosilicification, multidomain proteins direct the assembly
of silica-organic composites2-4 into complex, hierarchical
structures with outstanding materials properties.5,6 Mimicking
aspects of this organic-inorganic self-assembly process is of
great interest for applications including catalysts, selective
membranes, and optical materials.7-13 The length scale of phase
separation in block copolymers is ideal for this purpose, and
synthetic macromolecules with AB or ABA block architectures
have been used to direct silica-type materials into ordered
structures with lamellar, hexagonal, or cubic symmetry.14-17

However, a wide gulf remains between these synthetic com-
posites and the complex structure of biological silica.

Bridging this divide will require the use of structure-directing
organic molecules with more complex interactions and phase
behavior. The introduction of a third block in ABC triblock
copolymers leadstoadiverserangeofcomplexmorphologies.18-20

Using ABC block copolymers as structure-directing agents
promises numerous benefits, including easier access to continu-
ous network structures,21 novel helical22 and noncentrosymmet-
ric23 structures, and the possibility of independently structuring
two or more types of inorganic material. To date, however, using
the rich assembly behavior of ABC block copolymers to
mesostructure silica remains a challenge.

In this report we describe a new amorphous aluminosilicate
mesostructure formed with the amphiphilic ABC triblock

copolymer, poly(ethylene-alt-propylene-block-ethylene oxide-
block-n-hexyl methacrylate) (PEP-b-PEO-b-PHMA).24 The
aluminosilicate precursors partition into the hydrophilic PEO
middle block of the copolymer,25 while the low glass transition
temperature of all three blocks (Tg(PEP)≈ -62 °C, Tg(PEO)
≈ -60 °C, Tg(PHMA) ≈ -5 °C) facilitates the formation of
well-ordered mesostructures. PEO crystallization,Tm(PEO)≈
50 °C, is suppressed in the presence of the nanometer-sized
aluminosilicate particles. While a range of compositions has
been studied,26 here we discuss only results for an ABC
copolymer/aluminosilicate hybrid with domain volume fractions
of fPEP ) 0.19, fPEO+aluminosilicate) 0.32, andfPHMA ) 0.49.

Three-dimensional imaging of the material using scanning
transmission electron tomography27 revealed a complex mor-
phology not previously achieved using AB or ABA block
copolymers. The PEO/aluminosilicate domains formed layers
of zigzag-shaped strands with wiggles like the bellows of a
concertina. Remarkably, strands in successive layers of the
material ran in alternating directions leading to a four-layer
woodpile lattice.1,28 Structural modeling suggests this unusual
stacking may result from the presence of both PEP and PHMA
domains on the outside of each aluminosilicate strand.

These results demonstrate that, in analogy to the multidomain
proteins in biosilicification, triblock copolymers can direct the
assembly of silica into complex structures. Furthermore, com-
bining complex ABC copolymer architectures with the physical,
electrical, and optical properties of inorganic materials holds
considerable promise for functional materials.29

Experimental Methods

Materials Synthesis.Poly(ethylene-alt-propylene-block-ethylene
oxide-block-n-hexyl methacrylate) (PEP-b-PEO-b-PHMA) was
synthesized via stepwise anionic polymerization, catalytic hydro-
genation, and atom transfer radical polymerization as described
earlier.24 The molecular weight (Mn ) 25 100 g/mol) and polydis-
persity (Mw/Mn ) 1.08) were determined via NMR and GPC.24

From the room-temperature densities of the corresponding
homopolymers,30-32 block volume fractions for the copolymer were
fPEP) 0.22,fPEO ) 0.20, andfPHMA ) 0.58. To prepare the hybrid
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material, the ABC triblock copolymer was dissolved in a 50-50
mixture (by volume) of tetrahydrofuran and chloroform to form a
2 wt % solution. The tetrahydrofuran/chloroform solvent mixture
was selected because the copolymer and aluminosilicate sol are
both quite soluble in it and because in prior work with PI-b-PEO
diblock copolymer/aluminosilicate materials,17,25 the rate of evapo-
ration of the tetrahydrofuran/chloroform mixture proved suitable
for forming well-ordered copolymer/inorganic structures. In a
second vial, a sol of 3-(glycidyloxypropyl)trimethoxysilane (GLY-
MO) and aluminumsec-butoxide (mole ratio of 8:2) was prepared
following a two-step acid-catalyzed hydrolysis procedure described
previously.17 The aluminosilicate sol was added to the ABC triblock
copolymer solution (copolymer:sol weight ratio of 64:36), and the
resulting solution was stirred for 1 h at atemperature of 25°C.
This solution was then transferred to glass evaporation dishes and
films of the copolymer/alumininosilicate material cast by evapora-
tion on a hot plate at 50°C. The resultant solid, clear film (∼0.5
mm thick) was annealed for 1 h in a vacuum oven (130°C) to
remove residual solvent. After accounting for the evaporation of
volatile hydrolysis products17 and assuming a density of 1.4 g/cm3

for the PEO+ inorganic phase,25 the domain volume fractions of
the hybrid material werefPEP ) 0.19,fPEO+aluminosilicate) 0.32, and
fPHMA ) 0.49.

X-ray Scattering. Small- and wide-angle X-ray scattering data
were gathered using a laboratory source. Briefly, Cu KR X-rays (λ
) 0.154 nm) were generated with a Rigaku RU-3HR generator
(tube voltage) 42 kV, tube current) 56 mA, 2 mm× 0.2 mm
point focus on a copper anode), filtered by a nickel foil (thickness
) 10 µm; Goodfellow, PA), and focused and further monochro-
matized with a pair of Franks mirrors.33 The flux at the sample
was ∼4 × 107 X-ray photons s-1 in a 1 mm× 1 mm diameter
beam. Small-angle X-ray scattering (SAXS) data were gathered
using a 60 or 80 cm flight tube while wide-angle X-ray scattering
(WAXS) was measured using a 1.5 cm flight tube. At the end of
the flight tube, the transmitted X-ray beam was blocked with a
small (typical diameter of 2-3 mm) circle of lead tape while the
scattered X-rays were imaged with a home-built 2-D X-ray area
detector consisting of a phosphor screen, fiber-optic coupler, and
1024× 1024 pixel CCD.34 The distance from the sample to detector
and position of the beam center were determined using silver
behenate (dlamellar) 5.8376 nm)35 and silver stearate (dlamellar) 4.868
nm)36 calibrants. Samples of the ABC copolymer were placed in
glass X-ray capillaries (d ) 1 mm, Charles Supper, MA) and
annealed in a vacuum (150°C for 2 h) before data collection.
Samples of the hybrid material were cut to size (1 mm wide by 5
mm thick) and positioned using a mechanical rotation stage. For
unoriented samples, X-ray scattering was azimuthally averaged
about the incident beam direction and reported as a function of the
magnitude of the scattering vector,s ) 2 sin(θ)/λ, where 2θ is the
angle between incident and scattered radiation.

TEM. Thin sections (50-100 nm thickness) of the hybrid
material were cut at 210 K using a Leica Ultracut UCT microtome
and transferred to copper TEM grids. To isolate individual strands,
the hybrid material was dispersed in toluene overnight (1 mg
hybrid/1 g toluene) and the solution then sonicated briefly.
Approximately 10µL of this solution was evaporated onto a holey
carbon film supported on a 200 mesh copper TEM grid. Dark-
field energy-filtered transmission electron microscopy was per-
formed using a LEO 922 Omega EF-TEM (tungsten filament)
microscope at 200 kV and objective aperture angle of 3.6 mrad.
Using a slow-scan CCD (2K× 2K), images were acquired for
inelastic scattering at the silicon L-edge (120-145 eV). These
imaging conditions provided contrast for the aluminosilicate both
through its silicon content and higher average atomic number
relative to the ABC copolymer.

STEM Tomography. All tomography was carried out using an
FEI Tecnai F20-ST field emission gun scanning transmission
electron microscope (FEG-(S)TEM). The STEM probe size, and
nominal resolution, at the used settings is∼1.6 Å. Images were
acquired using a Fischione high-angle annular dark field (HAADF)
detector with the detector inner radius setting of∼30 mrad. By

collecting electrons scattered to high angles in all scattering
directions, HAADF STEM is sensitive to the scattering from the
average atomic number and projected thickness of the specimen.
As the aluminosilicate has a higher average atomic number than
the organic material, it evidences a higher average scattering and
a higher intensity in HAADF STEM images. Tilt series were
acquired automatically using FEI Xplore3D tomography acquisition
software. The tilt series of the isolated strand specimen was acquired
from (72° with a 2° increment, a total of 73 images, at a
magnification of 320 000×, corresponding to a pixel size of 0.35
nm in a 1024× 1024 pixel image. The tilt series of the bulk
specimen was acquired from(72° with a 2° increment, a total of
73 images, at a magnification of 115 000×, corresponding to a pixel
size of 0.99 nm in a 1024× 1024 pixel image. Because of the
limited tilt range, imposed by the need to clamp the specimen in
the holder, the resolution in tomographic reconstructions is inho-
mogeneous: the resolution is highest inx, along the tilt axis,
intermediate alongy, perpendicular to the tilt axis, and lowest inz,
depth direction.

Tomographic Reconstruction. Tomographic data processing
was performed using custom software27 designed in IDL (Interactive
Data Language) V6.0. Alignment of tilt series, to a common tilt
axis, was achieved by sequential cross-correlation and manual
adjustment. Tomographic reconstruction of the bulk series was
carried out byr-weighted back-projection,37 while the strand series
was reconstructed by simultaneous iterative reconstruction38 (SIRT),
in a multiplicative mode with 30 iterations.

Three-Dimensional Visualization.All three-dimensional visu-
alizations of both strand and bulk reconstructions were carried out
using Amira V3. Surface renders were generated using an isosurface
value at the measured surface intensity of the aluminosilicate in
the reconstruction. There is a small error in this value due to the
nonhomogeneity of the reconstruction intensity in the three volume
directions. Voxel projections of the bulk specimens were generated
using modified optical absorption values in order to mask the effect
of the high-intensity contaminants and highlight the aluminosilicate
structure.

Structural Modeling. Block domains were modeled in MAT-
LAB using level set functions39 consistent with the lattice symmetry
and dimensions determined from the STEM tomographic recon-
struction. For the PEO/ aluminosilicate domains, Fourier coefficients
were matched to the volume fraction and structure of the isolated
strand reconstruction. Functions for the distance to the nearest strand
and next nearest strand were used to generate level sets for the
generalized Voronoi cell as well as the PEP and PHMA domains.

Results

ABC Copolymer Structure. The Flory-Huggins interaction
parameters for this PEP-b-PEO-b-PHMA copolymer are ap-
proximately øABN ) 180, øBCN ) 70, and øACN ) 25 as
estimated using the approximation of Hildebrand and Scott40

whereVref is the segment reference volume andδi the Hilde-
brand solubility parameter for polymeri (41δPEP) 16.0 (MPa)1/2,
42δPEO ) 20.2 (MPa)1/2, and 42δPHMA ) 17.6 (MPa)1/2). The
relatively small mixing enthalpy of the A and C blocks (øACN
< øABN, andøBCN) favors optional AC domain interfaces over
the obligatory AB and BC interfaces. Theoretical20 and experi-
mental43 studies in this regime reported structures with a
cylindrical A/B core surrounded by the outer C block for block
volume fractions corresponding to this ABC copolymer (fA ≈
fB ≈ 0.2 < fC ≈ 0.6). Within the cylindrical A/B core, several
B-domain structures have been observed, including a cylindrical
shell, perforated cylinder, cylindrical rods, helical rods, and
cylindrical rings.22,43

øij )
Vref(δi - δj)

2

RT
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Long-range ordering within the parent ABC copolymer is
evident from the SAXS data shown in Figure 1. All but one of
the peaks could be indexed to the first seven reflections of a
hexagonal lattice (repeat spacing of 29.08( 0.15 nm), while
the additional peak ats ) (8.06( 0.05)× 10-2 nm-1 (12.4(
0.1 nm d-spacing) requires the structure to have a third
crystallographic axis. Unfortunately, transmission electron
microscopy of the ABC copolymer was challenging. Because
the glass temperature of all three blocks is below room
temperature, samples must be both microtomed and imaged at
cryogenic temperatures, and a cryo-EM stage was not available.
Furthermore, PEP-b-PEO-b-PHMA cannot readily be stained
with RuO4 or OsO4, and contrast between the unstained blocks
is low. Although the SAXS data are consistent with the
anticipated structure of cylindrical A/B domains arranged in a
hexagonal array, additional information is needed to determine
the actual structure of the ABC copolymer.

Hybrid Structure. Because the aluminosilicate particles are
highly compatible with the PEO block25 and relative incompat-
ible with the PEP and PHMA blocks, the hybrid material should
contain distinct PEO-aluminosilicate domains. These PEO-
aluminosilicate domains have a greater volume fraction (parent
copolymerfPEO ) 0.20 f hybrid materialfPEO+aluminosilicate)
0.32) and incompatibility with the PEP and PHMA blocks than
the PEO block in the parent ABC copolymer. Thus, even though
the ABC copolymer directs the assembly of the aluminosilicate
particles, the morphology of the resulting hybrid material is not
expected to match that of the parent ABC copolymer.67 2-D
SAXS from the hybrid material is shown in Figure 2a. The
sample was oriented so that the normal to the film surface was
directed along the vertical (y-axis). The elongation of the main
diffraction ring along the film normal (vertical) reflects a modest,
unidirectional shrinkage (ε ) 9%( 1.5%) common for solvent-
cast materials.44 Rotating the sample about the film normal
(vertical; y-axis) left the distinct diffraction spots in Figure 2a
unaltered, indicating a partial fiber-type orientation45 of the
structure. The four Bragg spots on the main ring (|sx| ) 0.047
( 0.001 nm-1, |sy| ) 0.020( 0.002 nm-1, 23.0( 2.5° from
horizontal) have the largest integrated scattering intensity when
the fiber alignment is accounted for. Figure 2b shows the
pseudo-fiber average for the sample computed using the
expression

where I(sx,sy) is the 2-D scattering intensity andε is the
unidirectional shrinkage of the sample along the film normal.

The center of the diffraction ring has a repeat spacing of 19.4
( 0.5 nm with shoulders at 22.8( 0.5 and 17.4( 0.5 nm. The
lack of a unique lattice orientation and/or higher-order reflections
prevented a direct determination of the crystal lattice from SAXS
data. However, the SAXS data clearly indicate the structure of
the hybrid material is different from that of the parent ABC
copolymer.

Thin sections (∼60 nm) of the bulk material were examined
via dark-field energy-filtered transmission electron microscopy.
TEM micrographs were prepared from several different pieces
of the hybrid material, and representative images are shown in
Figure 3a,b. Figure 3a confirms the periodic character of the
aluminosilicate (bright) structure but differs from projections
of hexagonally packed cylinders. However, individual alumi-
nosilicate domains isolated by solvent dispersal and sonication
are clearly one-dimensional strands (Figure 3b) with a curious
“zigzag” character. The projection in Figure 3a gives the
appearance of layers of strands running in two almost perpen-
dicular directions, but the detailed structure of the strands and
their arrangement within the bulk material remain unclear from
these TEM micrographs.

Figure 1. SAXS from the parent ABC block copolymer at 100°C.
The vertical dotted lines indicate the allowed reflections for a hexagonal
unit cell (repeat spacing 29.08( 0.15 nm). The peak ats ) (8.06(
0.05) × 10-2 nm-1 (arrow) does not index to this hexagonal lattice.

IAVG(s) ) ∫æ)0

æ)2π
I (s sin æ,

s cosæ
1 - ε ) |sin æ| dæ

4

Figure 2. 2-D SAXS pattern (logarithmic scale) from the hybrid
material (a). The sample was oriented so the normal to the film surface
was directed vertically (y-axis). The majority of scattering is unoriented
although the Bragg spots indicate some fiber-type alignment along the
normal to the film surface (vertical). The main ring has a repeat spacing
of 19.4 ( 0.5 nm and is slightly elliptical (9%( 1.5%) because of
anisotropic shrinkage along the surface normal. Fiber-averaged inte-
grated scattering intensity SAXS pattern from the hybrid material (b).
In addition to the main peak at 19.4( 0.5 nm (s ) (5.15( 0.13)×
10-2 nm-1), arrows mark the shoulders evident at repeat spacings of
22.8( 0.5 nm (s ) (4.39( 0.09)× 10-2 nm-1) and 17.4( 0.5 nm
(s ) (5.75 ( 0.16)× 10-2 nm-1).
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To resolve the ambiguity of SAXS and TEM micrographs,
we applied electron tomography46 in which a real-space three-
dimensional reconstruction is determined using a tilt series of
electron micrographs. While conventional bright field electron
tomography is classically used for the examination of biological
macromolecules, it has also been successfully applied to analyze
the 3D morphology of block copolymer systems47,48and porous
inorganic materials.49 Recent adaptation of the technique to work
with STEM imaging27 has made it ideal for studying materials
with differing atomic numbers and densities.

The tomographic reconstruction of an isolated strand (Figure
3c,d and Supporting Information movie) revealed a complex
structure. In one direction, the individual aluminosilicate strands
show a “zigzag” shape with a wiggle period ofdw ≈ 24 nm
and peak-to-peak wiggle amplitude of∼5 nm. In the perpen-
dicular direction, the strands are almost flat, leading to an overall
structure of a stretched “concertina”. The cross section of the
concertina is∼5 nm wide by 10 nm thick although variations
are evident along its length.

The resolution of the reconstruction is also sufficient to
resolve the internal structure of the concertina. Sections through
the reconstruction shown in Figure 3d reveal a distinctly bimodal
distribution of intensity with bright and dark regions ap-
proximately 1-3 nm in size. The bright regions correspond to
aluminosilicate particles (high atomic number, e.g., highZ) while
the polymer-rich regions (lowZ) are darker. This internal
structure within the PEO-aluminosilicate domains is also
evident in the wide-angle X-ray scattering data shown in Figure
4. WAXS from the parent ABC copolymer has two distinct
peaks corresponding to the alkyl chain-chain distance (dCC )
0.48 ( 0.01 nm) and mean spacing between methacrylate
backbones (dBB ) 1.35( 0.03 nm) within the PHMA block.50,51

For the hybrid material, a third peak is present arising from
correlations between the densely packed aluminosilicate par-
ticles25 within the PEO-aluminosilicate domain (dSOL ) 2.5
( 0.3 nm).

To determine the arrangement of individual concertinas, a
tomographic reconstruction was performed upon a thin section
of the bulk material, as shown in Figure 5. Strikingly, the unit
cell consists of a four-layer woodpile1,28 (Figure 6) in which
the direction of concertinas in successive layers alternates. The
first and third layers of concertinas are directed along the [110]
diagonal while the second and fourth layers are run along the
[110] diagonal. Furthermore, layers are staggered with the third
and fourth layers offset by (a + c)/2.

For a projection along the [110] direction (Figures 5a and
6e), concertinas in the even layers are end on and appear as
staggered rows of dots, while concertinas in the odd layers run
horizontally across the projection. Rotating by∼75° to the [110]
direction (Figures 5b and 6f), the odd layers of the lattice are
now end on and form a staggered dot pattern. The lack of
homogeneity in the reconstruction resolution (Experimental
Methods) may account for why the side-on layers are clearer
in Figure 5a than Figure 5b. The alternating direction of
concertinas is most evident in slices taken through consecutive
layers in the sequence. In Figure 5c the strands run in alternate
directions (a + b, a - b, a + b, ...) in successive layers. Within
each layer the average distance between strands isdip ≈ 23.3
nm while the distance between layers is∼11 nm. Because
strands in successive layers cross atφ ≈ 75°, the maximum
possible symmetry of the unit cell is the orthorhombicFddd
space group52 (No. 70, IUCr) with lattice constants|a| ) 29.4
( 0.8 nm,|b| ) 38.3 ( 1.0 nm, and|c| ) 42.8 ( 1.5 nm.

Comparison of this structure to the SAXS data shows a
number of similarities. For the level-set model shown in Figure
6c-f, the {111} reflections have the largest structure factor,
and their repeat spacing (20.5( 0.4 nm) is similar to that of

Figure 3. Electron microscopy of strand structure. Dark-field EF-TEM
images of a thin section of the bulk material (aluminosilicate bright)
(a, scale bar 100 nm) and individual aluminosilicate strands (b, scale
bar 200 nm). A tomographic reconstruction of an individual hybrid
strand was obtained from a tilt series of HAADF-STEM images.
Isosurface renders showing the surface of the aluminosilicate strand
viewed from the top and side exhibit a clear “concertina” structure
(c and Supporting Information movie). The thickness of strands
is ∼10 nm, while the wiggles along each strand have a period ofdw ∼
24 nm and a peak-to-peak amplitude of∼5 nm (c). Corresponding
slices through the center of the reconstruction shows individual
aluminosilicate particles (diameter∼ 2 nm) within the body of the
concertina (d).

Figure 4. Wide-angle X-ray scattering data from the parent ABC
copolymer (squares) and hybrid material (circles) show correlations
between the aluminosilicate particles in the PEO-aluminosilicate
domains (dSOL ) 2.5 ( 0.3 nm), the polymer backbones within the
PHMA domains (dBB ) 1.35( 0.03 nm), and the alkyl chains (dCC )
0.48 ( 0.01 nm) in all three domains.
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the main ring in the SAXS data (19.4( 0.5 nm). Given the
bending and twisting of concertinas evident even within the
small field of view of the tomographic reconstruction, the
absence of higher-order reflections in the SAXS pattern is not
surprising. It is difficult to predict the preferred alignment of
the structure, but orienting the layers of strands parallel to the
film surface (c-axis along film normal) is likely to be favorable.
For this orientation, the intense{111} reflections should appear
at (|sx| ) 0.043 ( 0.002 nm-1, |sy| ) 0.023 ( 0.001 nm-1,
28.6( 1.4° from horizontal) which is close to the position of
the four bright Bragg spots on the main SAXS ring (Figure
2a). Finally, it should be noted that the scattering features at
22.8( 0.5 nm and 17.4( 0.5 nm are not consistent withFddd
symmetry. The present data are insufficient to determine whether
this is because the structure has a lower symmetry, the lattice
is skewed, or a small fraction of strands in the sample are packed
with a different symmetry.

The woodpile structure is also consistent with TEM images
of the isolated domains and bulk material. The process of solvent
dispersal used to isolate individual aluminosilicate domains
effectively samples a large volume of the material. Examination
of a large number of TEM grids of individual aluminosilicate
domains showed almost exclusively zigzag, concertina-shaped
strands (such as Figure 3b), suggesting this is the predominant
domain structure within the material. Furthermore, EF-TEM
images of thin sections of the bulk material prepared from
different parts of the material all showed the “crossed-strand”
motif evident in Figure 3a. This “crossed-strand” motif is
inconsistent with parallel strands arranged in a hexagonal or
square lattice but is consistent with the woodpile lattice in which
strands run in two different directions. Thus, SAXS and TEM
microscopy from different regions of the sample are largely
consistent with the woodpile structure, although it is important
to note that the volume of the tomographic reconstruction shown
in Figure 5 is quite small in comparison to the volume of the
sample.

Discussion

Two striking features of this material are the zigzag, con-
certina shape of the aluminosilicate strands and the alternating
direction of strands within the woodpile lattice. Rods formed
in AB/ABA block copolymers19 and copolymer/silica materials53

have a uniform cross section and pack into a parallel, hexagonal
array. Thus, the more complicated self-assembly behavior of
ABC triblock copolymers is probably responsible for the
structure of this material. Previous studies of ABC copolymer
systems have reported both strands with nonuniform cross
sections22,43 and strands packed in nonhexagonal (but parallel)
arrays.54,55 However, although examples of the woodpile
structure are known at the molecular scale,28,56,57it has not been
observed in ABC block copolymers.

To better understand this structure, it is important to consider
the PEP and PHMA domains surrounding the PEO/alumino-
silicate core of each concertina. Because chain stretching is
energetically costly,58 PEP and PHMA chains tend to stretch
to the nearest PEO/aluminosilicate domain. Thus, the shape of
the polymer sheath is approximately the region of space closest
to the core of the concertina58,59 (a generalized Voronoi cell).
Figure 7 shows the generalized Voronoi cell for straight rods
arranged in a four-layer woodpile lattice. The region of space
closest to the central rod wiggles under the rods in the layer
above and over the rods in the layer below, leading to an overall
concertina shape. The shape of the Voronoi cell accounts for
several aspects of the material’s structure.

First, the wiggling of the PEO/aluminosilicate core probably
reflects the concertina shape of Voronoi cell. The effect of
Voronoi cell shape on inner domain shape has previously been
observed in an ABC block copolymer core-shell hexagonal
morphology.60 For straight rods arranged in a woodpile lattice,
the surrounding sheath (Figure 7a) is thinnest where rods cross
and thickest between rods. These variations in thickness increase
the chain stretching energy of the outer PEP and PHMA

Figure 5. STEM tomographic reconstruction of the bulk specimen (aluminosilicate bright). Voxel projections through volume separated by 75
degrees (a, b). Scale bar is 120 nm in both cases. Inset in (b) shows the 2-D Fourier transform of the density projection. Both projections show
layers of strands end-on in a staggered configuration and in addition, strands running across each projection are also just visible. Sections taken
through the strand layers at depths of 0, 11, 22, and 33 nm show successive layers of strands running in alternate directions (c). The spacing
between strands within each layer isdip ≈ 23.3 nm while the angle between the direction of strands in successive layers isφ ≈ 75°.
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domains. The thickness of the outer sheath becomes more
uniform if the core wiggles under the strands in the layer above
and over the strands in the layer beneath it, as shown in Figure
8a. Thus, wiggling of the inner domain can lower the chain-
stretching energy of the outer domains at the cost of a larger
interfacial area. If this mechanism caused the wiggling of the
strands, the “zigzag” period of isolated concertinas (dw ≈ 24
nm) should match the distance between strand crossings within
the woodpile lattice (dip/sin(φ) ≈ 24 nm), as is indeed the case.
Unfortunately, though, the orientation of wiggles along each
concertina is not resolved in the tomographic reconstruction.

A second feature of the woodpile lattice is the relative offset
of the layers above and below any given layer (Figures 5a,b
and 6e,f). Even though these layers are not in direct contact,
their relative position affects the shape of the Voronoi cell of
the layer of strands sandwiched between them. When the strands
in the layers above and below a layer are offset, as in the four-
layer woodpile lattice, the variations in Voronoi cell cross
section (and chain-stretching energy) are smallest.

Despite the zigzag shape of the PEO/aluminosilicate core,
the thickness of the outer polymer layer still varies along its

length. If the outer layer consisted of a single component, these
variations in chain stretching would be prohibitive when

Figure 6. Four-layer woodpile structure. In the face-centered orthor-
hombic unit cell (side view a, top view b), strands in odd/even layers
(red/yellow) are directed along the (a + b)/(a - b) diagonals while
the third and fourth layers are offset by (a + c)/2. The angle between
the two strand directions (φ ≈ 75°), spacing between strands within
each plane (dip), and period of wiggles along each strand (dw) are
indicated in the overhead view (b). Models of the undulating
structure viewed from the front (c), overhead (d), and both strand
directions (e, f).

Figure 7. Generalized Voronoi cell for the four-layer woodpile
structure. The region of space closest to the central rod is marked in
gray in both the two-dimensional section (a) and 3-D view (b). The
Voronoi cell wiggles under the rods in the layer above and over the
rods in the layer below, leading to a zigzag, concertina shape. The
distance from the rod to the cell surface is smallest where strands cross
and largest between crossings.

Figure 8. Model distribution of PHMA (green) and PEP domains
(blue) surrounding the central PEO/aluminosilicate (red) core of the
concertina. The smaller PEP domains are positioned where concertinas
cross as shown in both the cutaway view of a single strand (a) and for
the full structure (b).
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compared to those in the traditional (parallel) hexagonal lattice.
However, the optimal thickness of the PEP and PHMA domains
on the outside of the concertinas may be different, and the best
arrangement of strands should accommodate these differences
while also ensuring the PEP and PHMA domains align with
those of neighboring strands. Figure 8 shows a plausible
arrangement of the PEP (blue) and PHMA (green) domains
consistent with the block volume fractions and Voronoi cell
shape. The smaller PEP block forms micellar domains bridging
the short gaps where concertinas cross. For this model, the
optimum distance between concertinas in each layer (dip) and
distance between PEP domains along the top or bottom of the
concertina (dw) determine the angle at which the layers of
concertinas cross (φ, Figure 6b). This may account for the
observed crossing angle ofφ ∼ 75° although shrinkage during
solvent casting and distortion during microtoming must also be
considered.

In structures with a nonparallel packing of rods, the individual
rods frequently have a commensurate periodic structure. For
example, the helical backbone ofγ-isotactic polypropylene56

is accommodated by an orthorhombic woodpile structure (φ ≈
81°). Similarly, the double-twist tubes in cholesteric blue
phases61,62 cannot pack closely when they are parallel. This
general mechanism could also stabilize nonparallel rod mor-
phologies in ABC triblock copolymers, as indicated by the
model in Figure 8.

The present work confirms that the complex phase behavior
of ABC copolymers provides access to new organic/inorganic
material structures. These new structures may be important for
applications such as self-assembled photonic band gap materi-
als.6,63 Although the lattice of the present material is too small
for optical wavelengths, the incorporation of inorganic material
allows high dielectric contrast within the material63 and the four-
layer woodpile structure has a full three-dimensional photonic
band gap,1,64,65 unlike existing diblock copolymer morpholo-
gies.66

Conclusion

The morphology of a PEP-b-PEO-b-PHMA triblock copolymer/
aluminosilicate material was determined by scanning transmis-
sion electron tomography. In the bulk material, PEO/alumino-
silicate strands were arranged in layers with strands in successive
layers alternating in direction. This unusual woodpile stacking
may be stabilized by a periodic arrangement of PEP and PHMA
domains along the outside of each PEO/aluminosilicate strand.
The zigzag, concertina shape of the individual strands resembled
the shape of the generalized Voronoi cell of the woodpile lattice.
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