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ABSTRACT: Block copolymer (BCP) self-assembly is a
promising route to manufacture functional nanomaterials for
applications from nanolithography to optical metamaterials.
Self-assembled cubic morphologies cannot, however, be
conveniently optically characterized in the lab due to their
structural isotropy. Here, the aligned crystallization behavior of
a semicrystalline-amorphous polyisoprene-b-polystyrene-b-
poly(ethylene oxide) (ISO) triblock terpolymer was utilized
to visualize the grain structure of the cubic microphase-
separated morphology. Upon quenching from a solvent
swollen state, ISO first self-assembles into an alternating
gyroid morphology, in the confinement of which the PEO crystallizes preferentially along the least tortuous pathways of the
single gyroid morphology with grain sizes of hundreds of micrometers. Strikingly, the resulting anisotropic alignment of PEO
crystallites gives rise to a unique optical birefringence of the alternating gyroid domains, which allows imaging of the self-
assembled grain structure by optical microscopy alone. This study provides insight into polymer crystallization within a tortuous
three-dimensional network and establishes a useful method for the optical visualization of cubic BCP morphologies that serve as
functional nanomaterial templates.

■ INTRODUCTION

Block copolymer (BCP) self-assembly has recently received
renewed attention because of its ability to control the structure
of functional materials from the “bottom up” on the 10 nm
length scale.1,2 Possible applications include nanolithogra-
phy,3−5 antireflective coatings,6,7 optical metamaterials,8,9

photovoltaic10−13 and battery materials.14−18 While many
applications, e.g., energy materials, only require structural
connectivity and high specific surface area of the nano-
structured material, others, e.g., nanolithography, require
detailed control of the self-assembled morphology. Although
structural characterization by near-field optical and electron
microscopy and small-angle scattering techniques is well
established, the facile monitoring of structural evolution by
optical microscopy is often impossible because of the sub-100
nm periodicities and structural isotropy of many self-assembled
morphologies. A far simpler, optical method to characterize
samples during or after processing is highly desirable as it
would significantly speed up the optimization of existing
fabrication procedures. This is already possible for structurally
(and therefore optically) anisotropic one- and two-dimensional
morphologies, e.g., aligned cylinders in solution,19 but not for
structurally isotropic three-dimensional morphologies.20

One way to circumvent the lack of visibility of structurally
isotropic nanostructures is to fabricate them from anisotropic
materials. Aligned liquid crystals and semicrystalline polymers
give rise to optical birefringence that results from subwave-
length molecular arrangement.21 Semicrystalline−amorphous
BCPs, i.e., those possessing both amorphous and semicrystal-
line blocks, provide an extension of this principle to self-
assembled BCP morphologies. The present study concerns the
optical imaging of grains of structurally isotropic morphologies
in semicrystalline−amorphous BCPs.
Semicrystalline−amorphous BCPs also constitute a captivat-

ing class of soft condensed matter in their own right, allowing
for the study of the delicate interplay between crystallization
and microphase separation.22 If the crystallization temperature
Tc of the crystalline block is well below the glass transition
temperature Tg of the amorphous block, the semicrystalline
block undergoes confined crystallization. However, confined
crystallization alone does not ensure a macroscopic alignment
of crystallites within the microphase-separated morphology
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necessary for optical anisotropy. For this, the crystallite
orientation with respect to the interface of the confining
morphology, e.g., lamellae23 or cylinders,24,25 has to be well-
defined. This orientation is a function of Tc: as Tc is increased,
the long axis of the polymer chains, the crystallite c-axis,
transitions from a random orientation to parallel and then
perpendicular with respect to the interface of the polymer
blocks, thereby mirroring the microphase-separated morphol-
ogy.26

Notable by their absence from studies of crystalline
alignment are three-dimensional BCP network morphologies,
e.g., the gyroid. The gyroid is a triply periodic isotropic
structure which possesses a constant mean curvature surface.27

The convoluted gyroid channels form local subhelices of
differing radii and handedness along the ⟨111⟩, ⟨100⟩, and
⟨110⟩ directions which meet at triads throughout the structure.
Although confined crystallization has been observed for gyroid-
forming semicrystalline−amorphous BCPs,28−30 no preferential
orientation or alignment of the confined crystallites has been
reported.
Here, we investigate the optical anisotropy of the structurally

isotropic alternating gyroid morphology in thin films of a
semicrystalline triblock terpolymer. We identify the physical
mechanism underlying this anisotropy as a preferential
alignment of confined polymer crystallites within one single
gyroid network. This enables optical imaging of the gyroid BCP
grain structure, thereby allowing rapid optimization of template
fabrication protocols, used here to create gold gyroid optical
metamaterials with exceptional long-range order.

■ EXPERIMENTAL SECTION
Polymer Thin Films. Polyisoprene-b-polysytrene-b-poly(ethylene

oxide) (ISO) triblock terpolymers were prepared by anionic
polymerization following synthesis procedures reported
elsewhere.31,32 Thin films of an 80 kg/mol ISO with block volume
fractions of f PI = 0.30, f PS = 0.53, and f PEO = 0.17 were prepared atop
either silicon or fluorine-doped tin oxide (FTO)-coated glass
substrates. The FTO-coated glass substrates were cleaned using a
piranha etch and subsequently functionalized by immersion for 15 s in
a 0.2% (v/v) solution of octyltrichlorosilane (Sigma-Aldrich) in
anhydrous cyclohexane (Sigma-Aldrich). The silicon substrates were
cleaned by exposure to an oxygen plasma (Diener MRC 100 at 100%
power) without subsequent functionalization. Thin films were spun
from a 10% (w/w) ISO solution in anhydrous anisole (Sigma-Aldrich)
for 60 s at 1200 rpm with an acceleration of 500 rpm/s.
Solvent Vapor Annealing. ISO thin films were exposed to

controlled solvent vapor atmospheres using a custom-built setup. Dry
nitrogen gas was bubbled through a chloroform (Sigma-Aldrich)
reservoir to take up the highest possible amount of solvent vapor.
While chloroform is a good solvent for all three blocks of ISO,
homopolymer swelling experiments (not shown) determine that the
greatest swelling is observed for PEO, then PI, and finally PS, all with a
molecular weight of 100 kg/mol. The saturated gas was then mixed
with dry nitrogen to adjust the solvent concentration in the resulting
gas mixture. The mixing ratio was controlled by independently varying
the mass flow rate of both lines with two MKS Type 1179A mass flow
controllers (100 sccm flow range; MKS PR4000B). The combined
mass flow rate of nitrogen in the two lines was maintained at 20 sccm.
The mass flow rate of the nitrogen bubbled through the chloroform
reservoir (i.e., the proportion of saturated carrier gas) typically varied
between 70% and 80% of the total mass flow rate. The temperatures of
the solvent reservoir and sample were controlled using a water bath
and Peltier element, respectively. The temperature of the water bath
was held at ≈26 °C and the Peltier element at ≈21 °C (i.e., just below
room temperature). Although possible under some annealing
conditions, condensation of the solvent vapor on the sample substrate

was avoided in this work by keeping the gas lines and solvent reservoir
at the temperature of the bath.

Electrodeposition of Gold. The isoprene block of the micro-
phase-separated ISO film was degraded by exposure to UV light
(VWT International, 254 nm, ≈50 mW/cm2 for 2 h) and subsequently
removed by immersion of the film in ethanol for 10−15 min. The
voided isoprene network was replicated into gold by electrodeposition
using a potentiostat (Autolab PGSTAT302N) and a commercial
plating solution (Metalor ECF60 with 0.5% (v/v) E3 brightener). A
three-electrode cell was employed with the FTO-coated glass substrate
as the working electrode, gold-coated glass as the counter electrode,
and a saturated calomel reference electrode. A nucleation step (a cyclic
voltammetry scan from 0 to −1.2 V and back to 0 V at a rate of
0.05 V/s) was followed by deposition at a constant potential (−0.8 V)
to fill the terpolymer template with gold. After deposition, the
remaining PS and PEO blocks were removed by exposure of the thin
film to an oxygen plasma (Diener MRC 100 at 100% power for ≈10
min).

Optical Microscopy. Birefringence and linear dichroism were
observed in both reflection and transmission with a standard polarizing
optical microscope (Olympus BX-60). A programmable hot stage
(Linkam HFS 91 with TMS 93) was used for the crystal melting
experiments.

Scanning Electron Microscopy. Scanning electron micrographs
were taken on a Carl Zeiss GeminiSEM operating at 5 kV.

Grazing-Incidence Wide-Angle X-ray Scattering. Grazing-
incidence wide-angle X-ray scattering (GIWAXS) measurements
were performed at the D1 beamline of the Cornell High Energy
Synchrotron Source (CHESS), Cornell University, NY, at a constant
X-ray energy of 10.67 keV. A Medoptics CCD detector was used to
record the scattering images at a typical exposure time of 1−2 s per
image. The sample-to-detector distances were calibrated with a silver
behenate standard to be 102 mm. The 2D GIWAXS data were
converted into solid-angle-corrected qz and qr maps,33 where

= +q q qr x y
2 2 , and their intensity profiles were calculated using

the MATLAB-based interface GIXSGUI.34

Small-Angle X-ray Scattering. Small-angle X-ray scattering
(SAXS) measurements were performed at the I22 beamline of the
Diamond Light Source, Didcot, UK, at a constant X-ray energy of
12.4 keV. A Pilatus 2M (Dectris) detector was used to record the
scattering images at an exposure time of 1 s per image. The sample-to-
detector distance was calibrated with a silver behenate standard and
was determined to be 5639 mm. The 2D GISAXS scattering data were
reduced using Nika, an IGOR Pro 6 (WaveMetrics Inc., Portland, OR)
software package.35

Differential Scanning Calorimetry. Thermal characterization of
the ISO triblock terpolymer was carried out using a Mettler Toledo
DSC 2. Bulk ISO samples were loaded into aluminum DSC pans and
sealed with aluminum lids. The samples were initially heated to 125
°C, then cooled to −80 °C, and finally heated again to125 °C, all at a
heating and cooling rate of 10 °C/min. The first heating scan was
ignored when determining the glass transitions temperatures of the
styrene and isoprene blocks and the melting temperature of the PEO
block. The DSC measurement was repeated twice.

■ RESULTS AND DISCUSSION

Thin films of polyisoprene-b-polystyrene-b-poly(ethylene
oxide) (ISO) were exposed to controlled amounts of nitrogen
gas carrying chloroform vapor (see Experimental Section), and
a solvent vapor annealing (SVA) protocol was optimized to
achieve a distinct birefringent texture in the dried films. SVA is
an effective means to lower the Tg of a BCP and thereby both
facilitate rapid relaxation into its equilibrium morphology and
improve long-range order.36−44 The textures observed in the as-
spun and solvent-annealed films, small spherulites and extended
domains of uniform birefringence, are shown in Figure 1.
Whereas the former (Figure 1a) were robust, the latter (Figure
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1b) were highly sensitive to small variations in the annealing
parameters.

Melting of the birefringent textures at Tm
PEO ≈ 55 °C and

subsequent recrystallization corroborate that the birefringence
results from the semicrystalline nature of the poly(ethylene
oxide) (PEO) block (Supporting Information Figure S1). Any
structural anisotropy (see below) from an underlying
morphology should disappear only upon heating above the
Tg of polystyrene (PS), Tg

PS ≈ 90 °C.19 Both Tm
PEO and Tg

PS were
determined by differential scanning calorimetry (DSC) (Figure
S2). Semicrystalline polymers are typically positively birefrin-
gent with the extraordinary optic axis parallel to the stretched
chains. They are therefore only visible under crossed polarizers
when the crystallite c-axes have a nonzero projection onto the
image plane, i.e., when the polymer chains are parallel to or

tilted with respect to the substrate. The birefringent texture
consisting of extended, birefringent domains implies such an
alignment of the PEO crystallites over exceptionally large
length scales (≈100 μm). In an semicrystalline-amorphous
BCP, the crystalline dimensions are limited by the neighboring
amorphous phase of the microphase-separated morphology
(≈0.1 μm). The birefringent domains must therefore consist of
large numbers of similarly aligned PEO crystallites rather than a
single macroscopic crystal. The nature of the birefringence and
its impressive uniformity imply a macroscopic alignment of the
constituent semicrystalline PEO.
This macroscopic alignment of PEO crystallites in the ISO

thin films was further corroborated by grazing-incidence wide-
angle X-ray scattering (GIWAXS) measurements. Recorded
scattering patterns for as-spun samples (Figure 1c) and solvent-
annealed samples (Figure 1d) both exhibit strong peaks
corresponding to the characteristic (120) and (032) reflections
of PEO (Figure 1e). Note that the q values of the (120)
reflections of both films are 3−5% smaller than values reported
for uniaxially oriented homopolymer PEO after stretching and
melt quenching.45 The slightly larger PEO unit cell sizes are
probably due to complexation of PEO with residual solvent
molecules, and a closer inspection of the (120) reflections
reveals a bimodal crystal structure, indicating the coexistence of
neat and solvent-complexed PEO crystallites (Figure S3).46 To
determine the apparent crystallite size Lc in the solvent-
annealed films, the full width at half-maximum (fwhm) of the
(120) reflection was calculated in a sector of the azimuthal
angle between 40° and 50°. Applying the Scherrer equation
gives Lc ≈ 3.4 nm in the ⟨120⟩ direction.47 The azimuthal
distributions of the (120) reflections, measured from the
substrate normal, show significant anisotropy (Figure 1f). For
the as-spun sample, a peak at 0° is clearly visible, implying a
predominant substrate-parallel orientation of the PEO crystal-
lite c-axes.23 For the solvent-annealed sample, the peak at 42.3
± 0.1° (fwhm = 23.9°) indicates a different preferential
alignment of the semicrystalline PEO. The GIWAXS results
therefore further corroborate the hypothesis that solvent-
annealed samples consist of macroscopically aligned PEO
crystallites.
As the polyisoprene (PI) phase of the microphase-separated

morphology is continuous and makes contact with the
conductive substrate, it may be selectively removed and
replicated into metal by electrodeposition.8,9,48,49 The far
greater contrast between the resulting gold network and its
surrounding environment allows, after removal of the polymeric
template, additional characterization of the microphase-
separated morphology by both scanning electron microscopy
(SEM) and small-angle X-ray scattering (SAXS).
The morphologies of both as-spun and solvent-annealed

samples on fluorine-doped tin oxide (FTO)-coated glass
substrates were therefore investigated by SEM after replication
of the PI phase into gold and removal of the remaining BCP
(Figure 2a,b). While the as-spun sample exhibited a disordered
continuous structure (Figure 2a), the solvent-annealed sample
showed two differently oriented continuous ordered grains
(Figure 2b). Previously, it was shown that a 53 kg/mol ISO
with similar block volume fractions formed an oriented
alternating gyroid phase with the ⟨110⟩ direction perpendicular
to the substrate.50 The ⟨111⟩ and ⟨100⟩ directions are then
inclined by 35° and 45° with respect to the substrate normal,
respectively. The highly uniform 6-fold (top right) and 4-fold
(bottom left) pore symmetries of the two different grains in

Figure 1. Optical visualization of birefringent textures of as-spun and
solvent-annealed ISO thin films and their associated GIWAXS
patterns. Crossed-polarization optical micrographs show (a) small
spherulites in as-spun samples and (b) extended domains of uniform
birefringence in solvent-annealed samples. The crossed arrows indicate
the orientation of the polarizers. Scale bar: 500 μm (same for a,b). (c,
d) GIWAXS scattering patterns. (e) Characteristic (120) and (032)
PEO reflection peaks are clearly visible in the azimuthally-averaged
data for both samples. (f) The azimuthal-angle-dependent intensity
distribution of the (120) signal implies an anisotropic alignment of
PEO crystallites.
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Figure 2b are both consistent with a single gyroid network,
similarly oriented with the ⟨110⟩ direction perpendicular to the
substrate.27

A gold replica of the solvent-annealed sample was also
characterized by SAXS (Figure 2c) to further corroborate its
alternating gyroid morphology. Noting that the corresponding
SEM micrograph is consistent with a single gyroid morphology,
the observed peaks in the line integrations of the scattering
patterns may confidently be indexed and assigned to the I4132
(i.e., the single gyroid) symmetry, which corresponds to the
alternating gyroid morphology of the ISO terpolymer template.
Missing peaks are anticipated to result from minima in the form
factor of the single gyroid (e.g., those at *q10 and *q14 ).51

Gold replication of the alternating gyroid morphology creates
an optical metamaterial that gives rise to linear dichroism of the
sample caused by the polarization-dependent in-coupling and
propagation of plasmonic modes in the subwavelength periodic
metal lattice.8,9,49 Note that the polymer gyroid before metal
deposition is not an optical metamaterial and its optical
response is determined entirely by the nonplasmonic properties
of the constituent PEO crystallites. The comparison of optical
micrographs taken before and after gold replication of solvent-

annealed samples and subsequent polymer removal reveals
nearly identical grain patterns (Figure 3). While similar in

appearance, the birefringence (terpolymer) and linear dichro-
ism (gold replica) of the domains have fundamentally different
physical origins. In the terpolymer film (Figure 3a),
birefringence arises from the preferential alignment of PEO
crystallites. In contrast, the optical metamaterial (Figure 3b)
shows linear dichroism due to polarization-dependent light in-
coupling into the gyroid morphology.8,27 To confirm that the
dichroism in the replica is indeed plasmonic, the heating
experiments of Figure S1 were repeated, and no change in
dichroism was detected for temperatures up to 120 °C.
Similarly, no traces of PEO were found by GIWAXS,
confirming the lack of semicrystalline PEO (not shown). The
optical microscopy results before and after gold replication of
solvent-annealed samples imply that the extended domains of
uniform birefringence coincide precisely with individual grains
of the alternating gyroid morphology. Similarly, the exceptional
long-range order of the terpolymer template, used here to
fabricate the gyroid optical metamaterial, bears testament to
rapid and facile optimization of the template fabrication
protocol based only upon optical imaging. Note that the linear
dichroism of the metamaterial is indicative of the gyroid grain
orientation, while the birefringence of the polymer template is
determined by the local crystallite orientations.
Solvent-annealed ISO films exhibit extended birefringent

domains consisting of macroscopically aligned PEO crystallites
(Figure 1). The films also possess an alternating gyroid
morphology with exceptional long-range order (Figure 2).
There is a striking correlation between the birefringent domains
formed by preferentially aligned PEO crystallites and the grains
of the gyroid morphology (Figure 3). We therefore determine
that PEO is both confined to and aligned by the single gyroid
morphology. In this context, it is useful to distinguish between

Figure 2. Scanning electron microscope (SEM) micrographs and
small-angle X-ray scattering (SAXS) profile of as-spun and solvent-
annealed ISO networks replicated into gold. (a) The gold replica of an
as-spun sample exhibits a disordered continuous structure while (b)
the replica of a solvent-annealed sample exhibits a regular and highly
uniform array of pores, imaged under an angle of 45°. Two grains with
different orientations are visible. The flakes on the film surface are
residues from the electrodeposition procedure. Scale bar: 500 nm. (c)
Azimuthally-averaged SAXS data for a solvent-annealed film with
extended birefringent domains after replication into gold indexed with
the single gyroid symmetry (I4132). Peaks are labeled with respect to
the fundamental wave vector q*.

Figure 3. Birefringence and linear dichroism of a solvent-annealed ISO
thin film (a) and its gold optical metamaterial replica (b). Nearly
identical domain patterns are observed, indicating a correlation
between the crystalline superstructure and the terpolymer morphol-
ogy. Optical micrographs were taken under crossed polarizers. The
crossed arrows indicate the orientation of the polarizers. Scale bar: 200
μm (same for a,b).

Macromolecules Article

DOI: 10.1021/acs.macromol.7b01528
Macromolecules XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01528/suppl_file/ma7b01528_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.7b01528


structural and molecular birefringence of a polymeric
morphology. Structural birefringence arises from an anisotropic
alignment of amorphous structural elements within a
morphology, while molecular birefringence arises from the
inherent molecular anisotropy of the molecules. Since cubic
symmetries (such as that of the gyroid) are structurally
isotropic, the optical anisotropy of the polymeric gyroid grains
observed in Figure 1b must arise from the molecular
birefringence of PEO crystallites.
There is significant evidence to support the conclusion that

the PEO undergoes confined crystallization during the SVA
protocols used here. SEM (Figure 2b) and SAXS (Figure 2c)
both provide strong evidence for the single gyroid morphology
of the replicated PI network. In contrast, breakout crystal-
lization would strongly favor a lamellar morphology, which is
inconsistent with the observed results.52

For TC
PEO > 0°, PEO crystallization under cylindrical

confinement proceeds along the axis of the cylindrical channels,
which corresponds to a perpendicular orientation of the
crystallite c-axes with respect to the cylinder axis.25 Unlike
perfectly cylindrical channels, the channel segments of a single
gyroid are not straight, and their tortuosity imposes an
additional constraint upon the PEO crystallization. As shown
previously, the tortuosity of a pathway through the gyroid
network depends on direction.53 Figure 4 illustrates the two

least tortuous pathways through the single gyroid morphology,
those along the ⟨111⟩ and ⟨100⟩ directions, both of which form
helical paths of locally cylindrical channel segments with a
constant radius and which intersect with neighboring channels
at 120° and 90°, respectively. The straightness of the channels
along these directions depends on the volume fill fraction of the
gyroid: the larger the fill fraction, the straighter the channels.
For gyroids with a fill fraction of ≈17%, the volume fraction of
the PEO block investigated here, the ⟨111⟩ direction contains
the straightest channels (Figure 4a); the channels along the
⟨100⟩ directions are 7.5% longer and therefore slightly more
tortuous (Figure 4b).53 We therefore postulate that these two
directions minimize the overall free energy of the PEO
crystallites or, alternatively, facilitate the kinetics of PEO
crystallization. According to this hypothesis, the PEO

crystallites grow preferentially along the ⟨111⟩ and ⟨100⟩
directions of the gyroid, with a slight preference for the shorter
⟨111⟩ direction.
The macroscopic alignment of polymer crystallites within a

microphase-separated morphology, observed indirectly by
optical microscopy and directly by GIWAXS (Figure 1), is
influenced by both the macroscopic orientation of the
morphology and the microscopic orientation of the crystallites
with respect to the semicrystalline-amorphous interface.
Despite the remarkable long-range order of the gyroid grains
presented here, they cannot be individually probed by X-ray
scattering techniques, which would allow direct correlation of
the alignment of the morphology with the crystallite
orientation. Instead, comparisons can be made with how
PEO crystallite orientations vary in other morphologies.
Previous results showed that PEO in a PS-b-PEO BCP
(8.8 kg/mol PEO and 24.5 kg/mol PS; f PEO = 26%) crystallizes
with the c-axes aligned perpendicular to the long cylinder axes
when the crystallization temperature TC

PEO is larger than 0 °C.25

Given the morphological similarity of straight cylinders and
gyroid channels, and the small degree of supercooling imposed
here (TC

PEO ≈ 21 °C), it is likely that the gyroid channels dictate
the alignment of PEO c-axes in a similar manner, i.e.,
perpendicular to the axis of the cylinder segments that make
up the gyroid channels.
The ISO gyroid grains exhibit an out-of-plane ⟨110⟩

orientation (Figure 4).8,50 The least tortuous ⟨100⟩ and
⟨111⟩ directions are correspondingly either in the plane of
the substrate or angled at 45° and 35° with respect to the
substrate normal. The helical nature of the channels in these
directions will induce a significant variation of the local PEO
crystallite c-axes perpendicular to the ⟨111⟩ and ⟨100⟩
directions. These variations are indicated by the small red
and blue arrows in Figure 4, which follow the cylinder segments
of the gyroid channels. The PEO crystallite alignment
perpendicular to the channel axes with approximately equal
likelihood in both the ⟨111⟩ and ⟨100⟩ directions should lead
to broad GIWAXS peaks at azimuthal angles of 35° and 45°.
Instead, only one peak at ≈40° is observed (Figure 1f). This
single peak could arise from preferential PEO crystallization
along the ⟨111⟩ channels, corresponding to a 35° GIWAXS
peak. Alternatively, crystallization along both the ⟨111⟩ and
⟨100⟩ channels could lead to an overlap of two 35° and 45°
GIWAXS peaks. The observed peak value of 42.3 ± 0.1° may
indicate, in both cases, a compression of the gyroid morphology
in the terpolymer film after SVA, resulting in increased out-of-
plane angles.12

The macroscopic PEO crystallite alignment is also indirectly
observed by optical microscopy. Individual PEO crystallites are
positively birefringent and possess an extraordinary optic axis
oriented along the crystallite c-axes. The random orientation of
these positively birefringent crystallite c-axes within the planes
perpendicular to the local helical path of the gyroid channel is
optically equivalent to negatively birefringent crystallites with
their c-axes aligned along the same helical path. Although the
orientation of these optically equivalent crystallite c-axes varies
around the ⟨111⟩ and ⟨100⟩ directions, when averaged over the
period of the subwavelength gyroidal spirals, any radial
components of the oscillating optical axes sum to zero. The
resulting effective optical axis of the crystalline superstructure is
therefore aligned along the net tangential orientation of the
optically equivalent crystallite c-axes, i.e., along the ⟨111⟩ and

Figure 4. Proposed alignment mechanism of PEO crystallites in a
single gyroid network. Details of the gyroid channels in the (a) ⟨111⟩
(large red arrow) and (b) ⟨100⟩ (large blue arrow) directions. The
small red and blue arrows, which indicate the orientation
perpendicular to the local PEO crystallite c-axes, follow the axis of
the gyroid channels. Insets are projections of the complete gyroid
network.
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⟨100⟩ directions. This results in a birefringence that varies with
the in-plane orientation of the gyroid domain (Figure 1b).
The behavior of as-spun samples is entirely different than

that of solvent-annealed samples. The GIWAXS pattern
resulting from an as-spun sample possesses a peak at 0°
azimuthal angle (Figures 1a and 1f), consistent with the
substrate-parallel c-axis orientation reported for spherulites in
thin films of semicrystalline homopolymers.54,55 The disordered
morphology of the as-spun samples (Figure 2a) seems to fail to
impose a preferred PEO crystallization direction, resulting in
small spherulites, similar to unconfined PEO films. This
reinforces the crucial contribution of the gyroid morphology
to the aligned crystallization observed in the solvent-annealed
films.

■ CONCLUSION
We have studied confined PEO crystallization within a single
gyroid network of a triblock terpolymer film. Our results
demonstrate a preferential PEO crystallite alignment along the
⟨111⟩ and ⟨100⟩ directions of the single gyroid network. These
directions are preferred due to the minimum tortuosity of the
network in these directions, minimizing the frustration induced
by the directional change of crystallization and enhancing
crystallization kinetics. While observable by GIWAXS, the
surprising consequence is the optical visibility of self-assembled
gyroid grains which, unlike aligned cylinders or lamellae,19,56

are structurally isotropic. This visibility is unambiguously
assigned to the molecular birefringence of confined and aligned
PEO crystallites and is expected to be transferable to other
semicrystalline copolymers that can undergo confined crystal-
lization.52 As a result, this study not only contributes to the
fundamental understanding of polymer crystallization under
nanoscale confinement but also demonstrates a new tool for the
study of structurally isotropic BCP morphologies that are useful
templates for functional materials. Imaging of self-assembled
materials typically requires either near-field optical methods or
electron microscopy. Indirect methods, such as scattering
techniques, may average over large sample volumes and are
often cumbersome. Making use of aligned polymer crystal-
lization therefore allows the direct, nondestructive imaging of
grains in self-assembled semicrystalline−amorphous BCP films.
In doing so, the fabrication of polymer templates may be
rapidly optimized, as demonstrated here with the fabrication of
well-ordered gold gyroid optical metamaterials.
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