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HIGHLIGHTS

® Large volume reconstruction of the tubular double gyroid block polymer structure.
® Discovery and classification of topological defects in the double gyroid network.
e Impact of defects on physical properties for the double gyroid structure was discussed.
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Materials based on the double gyroid multicontinuous tubular structure can exhibit exotic properties due to the
unique 3D network structure. The nature, frequency and potential influence of topological defects present in the
interpenetrating gyroid networks on various physical properties is an open question. We examined a polystyrene
— polydimethylsiloxane diblock copolymer possessing the double gyroid morphology in order to identify and
classify the types of topological defects present. The large volume reconstructions were made by sequentially ion
beam milling and low voltage electron beam imaging. Different types of local point-like topological defects were

found including node functionality defects, network breaks and network-network joints (bridges) as well as two
types of intra-network loop defects. Such topological defects will influence properties ranging from charge and
mass transport, to wave propagation and band gaps, and battery performance in materials with the gyroid

structure.

1. Introduction

Many self assembled block polymer (BCP) microdomain structures
having highly complex patterns, have been discovered in the past few
decades [1-5]. The normal tools for determination of the 3D structure
of soft materials, small angle X-ray scattering (SAXS) and transmission
electron microscopy (TEM) while able to identify the 3 canonical BCP
structures (spheres, cylinders, lamellae [6]) can be inadequate for
conclusive identification of complex tubular morphologies and espe-
cially for revealing details of the local domain geometry, topology and
defects. Moreover, as block polymer materials take on more roles as key
components in various technological applications, understanding the
nature of defects in these unique structures and their influence on the
corresponding material properties is an important endeavor [7-10].

Materials comprised of tubular networks with double gyroid (DG)
symmetry have many unique and intriguing properties due to the per-
colated nature of the two networks in all 3 directions (i.e. multi-
continuous structures) [2]. Such tubular BCPs possess (nano)composite
functional property attributes stemming from the nature of each
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component block and from their small length scale, mutual arrange-
ment and in particular, the 3D continuity of each type of domain. For
example, a superior membrane material would contain a continuous
glassy network for mechanical stiffness and strength [11-13] in order to
support the applied pressure and a soft rubbery continuous phase for
high selectivity, good solubility and excellent diffusivity of ions/gas(es)
across the membrane [14]. Additionally, researchers have used DG
systems as templates for ordering nanoparticles and for making metallic
or ceramic nanoporous composites [15-17]. Moreover, a number of
researchers have used various methods to remove one of the compo-
nents of a double gyroid structure resulting in periodic porous materials
that can in turn be filled with metals via electroless deposition [18] or
filled with a ceramic by the sol-gel process [19] or even turned into a
“gyroidal battery” by fabricating a high temperature graphitic and li-
thiated (cathode) network followed by creation of a metallic network
(anode) enabling extraordinary fast recharging via exploiting the 3D
multiphase continuity and the nano length scale of the structure [20].
Optical properties of the gyroid phase are also unique. A single gyroid
network possesses a large complete optical band gap [21] and the band
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structure of the double gyroid exhibits Weyl points that enable topo-
logically protected propagation modes [22-24].

SAXS provides information about structural order via the distribu-
tion of scattered intensity in reciprocal space but cannot yield precise
real space information about the nature of defects. TEM images are
projections of thin specimens along a specific direction and can reveal
the presence of defects such as dislocations and grain boundaries in the
simpler domain packing structures [25-29]. Tilting about an axis and
obtaining multiple TEM images can help decipher the 3D domain
geometry e.g. the packing of spheres onto a bcc lattice via 3 systematic
views of a single grain along the [100], [110], and [111] directions
[30]. A small set of images taken at different degrees of tilt can also
reveal the nature of grain boundaries in 1D periodic lamellar structures
as twist [26] or tilt [25] boundaries. However, to truly characterize the
detailed nature of a complex microdomain structure such as the DG or
the double diamond (DD) and to study defects in such tubular micro-
domain structures with high fidelity, 3D tomography via the back
projection of over one hundred systematic TEM images acquired over a
large range of tilt angles is necessary [31,32]. However, even TEM to-
mography has limitations, arising from missing information due to the
required small sample thickness, the limited possible range of tilt angles
for the set of image projections, or distorted information due to mor-
phological disturbances to the sample occurring from microtomy and
accumulated radiation damage during observation [31]. Moreover,
TEM tomography usually results in rather small total reconstructed
volumes (a few (~10) unit cells) that makes it difficult to properly
identify and characterize defects and lacks the statistics to reliably as-
sess the relative concentration of individual defects in the material.
While 3D TEM tomograms have been constructed in order to examine
the epitaxial relationships during order-order transitions to/from the
DG phase from/to the lamellar, cylindrical and twisted cylinder phases
[33-35], to date, topological defects within network phases are rather
unexplored.

Imperfections in ordered soft matter range from thermal fluctua-
tions to point, line and surface defects that break symmetry at the local
scale [36]. Well below the disordering transition to the isotropic phase,
defects, while even relatively dilute, can play an outsized role in de-
termining the properties of the material. Defect studies of block copo-
lymers with 3D symmetries (i.e. the spherical phases and tubular
phases) are rare. While Hashimoto et al. [37,38] studied defects in bulk
bee spherical phases, Chaikin et al. [39] and Kramer et al. [40] in-
vestigated defects in mono/few layer thin spherical domain films, there
appear to be no studies of defects in the newly found Frank-Kasper and
closely related quasi-crystalline spherical phases [41,42]. The DG, DD,
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and 0° and 07° phases [2], the so called tubular network microdomain
phases, are comprised of one or more 3D continuous tubular networks
embedded in a continuous matrix (hence a structure that is at least
bicontinuous). These networks have novel domain shapes and sym-
metries with various types of network connectivity and therefore are
topologically complex. Topological defects in a material such as the DG
can either create additional phase continuity or break phase continuity
or cross-couple the two otherwise independent (and enantiomorphic)
network domains. Defects produce stress and strain fields that interact
with other stress fields arising from other defects, nanoparticle ad-
ditives as well as internal boundaries/external surfaces.

The occurrence of defects in BCPs can arise due to local errors oc-
curring during self assembly from solvent evaporation at constant
temperature (passing through the disorder-order concentration) or from
cooling the sample from an isotropic high temperature melt state
(passing through the disorder-order temperature). The appearance of
defects happens during such transformations and if samples are an-
nealed well above the Tg of the each block, the defect concentration can
be lowered via their diffusive migration and mutual annihilation. An
additional source of defects can arise from material processing under
the application of a strong field (e.g. flow or electric) that can induce
network domain deformation and overall anisotropy of the sample via
texturing [5,13]. Depending on their energy of formation, some types of
(point) defects may be present at equilibrium and their concentration
would increase with temperature. All types of defects in a sample
having a Tg well above room temperature are essentially trapped.

There have been many 3D TEMT reconstructions of block copoly-
mers, dating from the first effort on hexagonally packed cylinders by
Spontak et al., in 1988 [43]. Researchers occasionally found evidence
for defects but the typical quality of the reconstruction and the small
size of the reconstructed volume limited the ability to elucidate the
details of the defects while the main effort was directed towards ima-
ging the overall domain packing schemes. Recent research has sought to
establish relationships between adjacent BCP phases in order-order
transitions (OOT) [33-35,44-48]. Some TEMT reconstructions show a
few local defects at the boundary between two phases at an OOT
[33-35,47].

The gyroid (G) is a triply periodic minimal surface discovered by
Schoen [49]. The G surface divides space into two regions of 50 vol per
cent. The DG network structure found in block polymers consists of two
independent, opposite handed, interpenetrating (10, 3)-a networks with
3 coordinated nodes embedded in a matrix [50]. These networks are
located on opposite sides of Schoen's G surface. The cubic space group
of the double gyroid is Ia3d. The set of symmetries include inversion

(b)

Fig. 1. (a) Simulated 2 x 2 X 2 unit cell volume of a DG structure using a level set equation showing the two interpenetrating networks: red (right handed) and blue
(left handed); (b) the basic building block is a 3 strut node region with inter strut angle of 120°.
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centers, 2, 3 and 4 fold screw axes as well as glide planes. There are no
mirror planes and the two independent networks are enantiomorphic.
For a diblock DG, the basic building block of the structure is a 3 strut
node region (see Fig. 1). There are 16 such equivalent positions in the
unit cell (Wyckoff site 16b). An inversion point is located between pairs
of nearby nodes, one node from each of the two types of networks. All
struts are of equal length, are oriented along the < 110 > directions
and meet in threes with 120° angles between adjacent pairs of struts.
The dihedral angle between pairs of 3 strut nodes is defined by a set of 5
struts and is = 70.5 CW or CCW depending on the network chirality D
or L [16,51]. Single and double gyroid morphologies have been dis-
covered in a number of biological systems [52] as well as surfactant/
oil/water systems [53] and in numerous block polymers [50,54-56].
The frequent appearance of the DG tubular network structure over all
others is attributed to the low interfacial area and relative homogeneity
of the local packing environments partitioned into domains by the in-
termaterial dividing surface (IMDS). The distances from the skeletal
graph (centerline of a network) to the IMDS as well as the distances
from the IMDS to the infinite periodic minimal surface (Schoen's G
surface) are relatively uniform so as to accommodate the near mono-
disperse nature of each block in the copolymer [57].

The first 3D TEMT reconstruction of the DG structure [58] was
published by Spontak et al. analyzing a blend of two diblocks in 1996,
followed in 1997 [59] by more detailed, better resolution work on a
triblock also with the DG structure. Subsequently, in a collaboration
with the Hashimoto group in 2000, the 1997 structural data was used to
measure the variation of the local surface curvature of the IMDS se-
parating the respective domains [32]. Jinnai et al. [58] then further
identified topological point defects in the form of network nodes with
four (9%) and five (1.3%) functionality present in the 3D TEM tomo-
gram. This relatively high number of node defects was consistent with
their estimates of the rather low average Euler characteristic
(x = -12.1) and genus g = 1 — x/2 (g = 7.1) of the average experi-
mental unit cell compared to the ideal reference values of y = -16 and
g = 9 for the defect free DG network. Studies of BCPs with the DG
structure have occasionally mentioned defects or shown images con-
taining defects without detailed comment. The only other TEMT study
of BCPs that addressed defects was that of a metallic network alter-
nating double gyroid structure made by blending a triblock terpolymer
with metal nanoparticles in order to template the additives into one
specific single gyroid network [16]. The chirality of a grain of the metal
containing network was assessed by measurement of the dihedral angle
between adjacent nodes. Nodes with different functionalities were
mentioned but no concentrations were discussed. The dihedral analysis
pointed to a single network handedness but the extremely wide dis-
tribution of dihedral angles indicated very significant distortions of the
network.

Non-local defects such as grain boundaries are evident in TEM
images of the DG, for example, a PS-PI diblock DG structure [60]. Many
images in the literature purported to be from the DG phase show re-
latively poor long range order and Fast Fourier transforms of such
images show broad and noncircular halos corresponding to the various
Bragg peaks ({211}, {220} etc) indicative of the lack of truly long range
ordering of the microdomains as well as apparent sample anisotropy,
making characterization of defects in such samples problematic. Com-
putational studies of defects in small molecule systems having the DG
phase were conducted by Harting et al. [61]. They used a lattice
Boltzmann method and pattern recognition algorithms to study defects
in a ternary amphiphilic fluid that forms the DG phase. Their work
included a simulation of an edge dislocation dipole (their Fig. 2) with
the dislocation line oriented along the [001] direction with a Burgers’
vector of a/2[100]. Harting et al. also mention topological point defects
without elaboration [61]. The mobility of defects in liquid crystal
versions of the DG will be much higher than in the polymer case due to
the softer molecular potentials.

Natural systems having a single gyroid (SG) structure, as occurs for
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example in butterfly wings [62], have also been studied. Ptychographic
imaging using X-rays showed oriented crystal growth and sharp, high
angle grain boundaries as well as low angle boundaries comprised of
edge dislocations. How such defects that form in a growing biological
system relate to a synthetic block copolymer undergoing a phase
transformation to the DG phase either via an order-order or disorder-
order transition is unknown at present. Here in this report, taking ad-
vantage of the newly developed slice and view scanning electron mi-
croscopy (SVSEM) tomography method for high-fidelity 3D re-
construction of complex ordered nano structures [57], a number of
different types of topological defects within a polystyrene-b-poly-
dimethylsiloxane (PS-PDMS) DG network have been examined and
classified.

2. Experimental

The PS-PDMS diblock we study has a PS block of 43.5 kg/mol and
PDMS block of 29 kg/mol for a total number average molecular weight
of 72.5kg/mol and a polydispersity of 1.04. The two PDMS networks
are each approximately 20 vol per cent. The sample was cast from to-
luene and is the same BCP sample studied in Ref. [63]. The spacing of
the ds1; SAXS peak is 54 nm that corresponds to a cubic unit cell lattice
parameter of 132 nm. 3D reconstruction is accomplished with SVSEM
technique [64,65] using a Helios 660 dual beam FIB/SEM. A stack of
secondary electron images is made by a 30 keV Ga + ion beam se-
quentially ion milling away thin (~ 3 nm) slices of the sample. We then
image each newly exposed surface via normal incidence secondary
electron microscopy operating at low voltage (~1 KeV) to restrict the
signal to the near surface region [66,67]. Many hundreds of cycles of
slice and view result in 3D tomographic reconstructions over specimen
volumes containing thousands of unit cells. By employing a BCP with
one block having a different atomic number species (such as silicon in
PS-PDMS), the intrinsic image contrast is sufficiently strong so there is
no need of selective staining that can alter the sample dimensions and
will also be depth dependent. We drill deep holes along the direction
normal to electron beam observing surface using the ion beam to create
local fiducial markers for image registration and Avizo and ImageJ
software for image manipulation such as segmentation and determi-
nation of the skeletal graphs [68] (more experimental details are given
in the SI).

3. Results and discussion

Wells [69] in his book on “Three Dimensional Nets and Polyhedra,”
classified regular 3D networks depending on the number of nodes in the
smallest closed loop and also the node functionality. Thus, the (10, 3)-a
network has as its smallest closed path, a 10 node (and 10 connecting
strut) loop with each node of the loop having a functionality of 3. All
nodes are equivalent and are comprised of 3 coplanar “struts” (aka
graph edges) of equal length. In noncrystalline BCPs, the order is not in
the locations of the atoms or so much the conformations of the mole-
cules but in the nature of the IMDS separating the component blocks. A
thinning algorithm when applied to each IMDS defines the basic ske-
letal graph corresponding to the two enantiomorphic (10-3)-a network
graphs. Simple ball and stick models are shown in Fig. 2a and b for right
and left handed skeletal loops alongside the experimental PS-PDMS
IMDS that surrounds these loops that have been cut out of the slice and
view reconstruction. The match is quite good (see Animations S1 and S2
in the SI).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.polymer.2019.01.085

Defects are regions in the material where the symmetry is broken
and elastic stresses arise due to the disruption of the orderly periodic
packing. In tubular network block copolymer assemblies, topological
defects can disrupt the network continuity by breaking of normally
connected struts or by making additional strut connections within a
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(b)

network or across networks. Due to the fact that in a diblock copolymer,
the PS and PDMS blocks are covalently connected, the sample compo-
sition has to average to the value of the copolymer (i.e. 60/40 vol ratio)
over a unit region (such as a unit cell or small set of cells containing
defect(s)). Thus, the distances between the various domain-domain
interfaces around any defect cannot be too small nor too large, due to
the fixed size of the block polymer molecules, their desire to assume
high entropy conformations while minimizing interfacial area and the
requirement to fill space with a uniform density. Since the composition
is conserved, the PDMS material that would have normally been in the
red or blue strut regions (Fig. 1a, see the simulated red and blue net-
works) that is missing (strut breaks) or any additional extra struts
(bridges) has to be relocated from/to nearby red/blue networks. For
example, at a break, some of the PS matrix domain (shown as trans-
parent) must relocate into what was previously the colored PDMS
network domain and the PDMS blocks that formerly occupied the
connected PDMS strut region have to be incorporated into thickening
and rounding the surrounding, now terminated PDMS struts.

To locate defects, we surveyed SE images of sample regions
searching for local departures from the periodic contrast patterns and
also viewed the skeletal graphs of 3D reconstructions looking for dis-
ruptions from the ideal ordered graphs. A SE image of a region of the
PS-PDMS sample containing a topological defect is shown in Fig. 3,
where there are deviations from the repetitive pattern of domain con-
trast. In order to decipher the nature of such defects, 3D tomograms of
these regions are constructed. Fig. 4a is an example of local break de-
fects in both of the networks. Each location where the connecting strut
would normally reside shows a pair of blunted PDMS struts with the
gap filled with PS. Fig. 4b shows defects where the local node func-
tionality is 4 or 5. In order to better appreciate the 3D nature of these
defects, rotational videos of each of the defects are available in the SI
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Fig. 2. (a) Chemistry models (skeletal graph
loops) of right (black) and left (brown) handed
(10, 3)-a loops, (b) cropped regions from SVSEM
experimental reconstruction: right (red) and left
(blue) handed PS-PDMS DG IMDS structures.
The location of the internal node positions in the
fundamental (10,3)-a topological loops are de-
noted by the numbers.

Fig. 3. 2D SEM image showing a local defect (dashed red circle). The defect
region breaks the symmetry of the surrounding repetitive pattern. The PDMS
domains are bright and the PS matrix is dark.

(Animations S3 & S4). The f ;= 4 node displays some thickness varia-
tion of the individual struts and the angles between adjacent pairs of
struts vary from a high of 123° to a low of 86°. The f = 5 node also
displays struts with varying thicknesses and the angles between ad-
jacent pairs of struts vary from a high of 143° to a low of 77°. The
variation of the angles between pairs of struts on a given defect node
results from the variation of the local environment within the structure
as the various struts distort in order to connect into one of the sur-
rounding gyroid networks.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.polymer.2019.01.085

The f defects lead to defect loops that can form within a single
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(a)

(b) '

f=4 f=5

Fig. 4. (a) Network break defects showing disconnection of the blue network
(orange arrows) and disconnection of red network (light blue arrow); (b) f = 4
node and f = 5 node cropped from the experimental SVSEM reconstruction.

network or across the two networks. We have identified small loops
within a single network having either 5 or 6 nodes that define a smaller
interior hole; we term this type of defect, an intra-net “donut.” Because
the donut loops are small (with typical inner hole diameter ~20 nm),
their interior hole is too tiny to accommodate the threading-through of
the second network and this in turn perturbs the topology of the second
network. Examples of three different “donut” type defects are shown in
Fig. 5 (rotational videos of these “donut” type defects are available in
the SI (Animation S5-7)) We call the 5 node donut loops 5-4,3* and 5-
42 33 defects while the 6 node donut loop is termed a 6-4,3,4,3% defect
to indicate, adapting from Wells, the number of nodes (struts) in the
loop as well as the node functionality and sequence. Thus, a 5 donut has
5 nodes with 1 or 2 adjacent nodes with 4 coordination, while the 6
donut loop has 6 nodes with the two f = 4 nodes separated by a f = 3
node. Due to both network strain and topology, such donuts tend to
appear in a cluster with donut defects in both of the respective net-
works. In Fig. 6, we show a cluster of five donut defects comprised of 2
red donuts and 3 blue donuts and these defects serve to accommodate a
tilt of about 8° across the gyroid grain.

Donut 5-4,34

Donut 5-42,33
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Supplementary video related to this article can be found at https://
doi.org/10.1016/j.polymer.2019.01.085

Defects with f = 4 or f = 5 node functionality can also participate
in larger intra-net loop defects (with typical inner hole diameter
~75nm) containing 7, 8 or 9 nodes. The interiors of these loops are
sufficiently large to allow threading-through of the second network.
Fig. 7 shows a region within a grain with f = 4 and f; = 5 defects and 3
examples of associated intra-net defect loops of 7-5,3,4,3% 8-4,32,4,3*
and 9-4, 3% (Animations $8—S10). This cluster of defects leads to an
approximate 5° tilt of the two portions of the grain on either side of the
defect array. The spatial distribution of the 25 total f = 4 nodes and the
single f = 5 node defect are best shown in the skeletal graphs in Fig. 7b.
Examining the surrounding ~ 100 unit cells (1722 nodes), we find there
are 98.49% f = 3 nodes and only 1.45% f = 4 nodes and a single f = 5
node.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.polymer.2019.01.085

A bridge defect connecting the two otherwise independent networks
is shown in Fig. 8 (see Animation S11, SI). Here a single strut from a red
loop (9-4,3,4,3,4,3%,4) merges with the surrounding blue network to
form a smaller loop (8-4, 37). Such bridging defects are obviously cri-
tical in applications such as the 3D gyroidal battery, where one network
is employed as the cathode and the other the anode such that a bridging
defect could short a portion of the battery (see Fig. 9).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.polymer.2019.01.085

The relatively localized region of distortion/elastic stress around all
the various observed defects suggests that their energies of formation
are not overly large. Rapid formation of the DG phase by either fast
solvent evaporation (along with shrinkage stresses) or by deep thermal
quenching will increase defect content. Systematic observation of the
number and nature of the defects as a function of solvent evaporation
rate, quench depth and degree of segregation, sample temperature re-
lative to Ty and Topr, and any imposed flow during the processing will
be revealing concerning defect formation energies, and their mutual
interactions. It will be fascinating to follow the 3D detailed mechanisms
of defect annihilation and/or defect assembly (such as to form low
angle grain boundaries) during various types of annealing conditions as
well as under the influence of applied external fields (e.g. electric, os-
cillating shear etc.), although since SVSEM is a destructive technique,
sets of similar defects will need to be monitored over the annealing
procedure.

It is obviously important for applications of DG and other tubular
networks to both control and minimize the number of the various kinds
of defects. As mentioned previously, using a TEMT 3D reconstruction,
Jinnai et al. found a surprisingly high value of over 1 functionality
defect per average unit cell [70]. In the present PS-PDMS material, the
defect concentration is much lower. Indeed, Fig. 9 shows a 3D SVSEMT
reconstruction of a 5x5X5 wunit cell volume containing

1(4) ol
3(4)

6(3)
5(3) 4(3)

Donut 6-4,3,4,33

Fig. 5. (a) Three intra-donut loop defects with 5-4,3* loop, 5-42,3° loop and 6-4,3,4,3° loop. The two yellow numbers at each node in the figures represent the node
number and node functionality. Thus, a 3(4), indicates that node number 3 has functionality of 4 (f = 4).
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defect cluster
Rotate 8°
Red Net 2 donuts
iy
Blue Net 3 donutsE I | i i

Fig. 6. A defect cluster comprised of a group of 5 total donut loops. Topological defects occur in both the red and in the blue networks and lead to an approximate 8°
of tilt of the two portions of the DG grain.

C)

9 (3)
8 (3) 1(4)

7.(3)
7.3
) 5 (3)
6(3) — 4()3(3)

5 (3)

6 (3) 2(3)

5(3) 4(3) 3(4)

Loop 7-5,3,4,34 Loop 8-4,32,4,34 Loop 9-4,38

(b)

Rotation 5°

Skeleton 6f-réd network

Skeleténi'éf‘ blue network

Fig. 7. (a) Loop defects have larger holes and allow threading of the 2nd gyroid network. Three examples are shown: 9-4,3% loop, 8-4,3%4,3* loop and a 7-5,3,4,3%
loop. (b) A group of node defects cause an approximate 5° of tilt of the two portions of the grain. The skeletal graphs of the red and blue networks are also shown. The
small grey balls represent the normal f = 3 nodes, the red balls represent f = 4 nodes while the larger orange ball in the red network represents the single f = 5 node.
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(a)

<111> direction
of DG unit cell
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Fig. 8. Bridge defect connecting the red and
blue networks at a f = 4 node. The positions
where the two nets fuse are marked as green
regions between the blue and red PDMS net-
works. The two related bridge loops are desig-
nated as 9-4,3,4,3,4,3,3%4 and 8-4,37; node
1(4) in the red bridge loop is also node 1(4) in
the blue network.

(b)

Fig. 9. (a) A defect-free volume box cropped from experimental SVSEM reconstruction with ~2000 nodes; (b) The IMDS of the blue and red PDMS networks from
reconstruction viewed along the < 111 > direction of DG unit cell. The p6mm symmetry of the projection indicates very good long range order.

approximately ~ 2000 nodes without a single topological defect. Clearly,
while TEMT and SVSEMT are different techniques and the tomograms
of the DG samples examined are from different copolymers and asso-
ciated sample processing/annealing, the dramatically higher number
density of f defects found for the DG phase using TEM points to the
limitations of the sample preparation via microtomy and the mea-
surement technique in TEM as likely influential on the final apparent
high defect content and suggests SVSEM can be a superior tool for to-
mographic reconstructions for BCPs.

50

Network defects will influence material performance and while bulk
BCP self assembly has not yet reached the control afforded by 2D di-
rected assembly [71], considering the potential exciting applications of
near defect-free 3D multicontinuous materials, further efforts into the
growth of large single crystals are certainly alluring. For example, the
low observed value of the critical current density (J.) of the NbN su-
perconductor formed using a porous gyroid template may be in part due
to cracks or grains of poor connectivity through the film thickness [72]
and the lower maximum specific capacity of the gyroid battery



X. Feng, et al.

compared with its theoretical capacity could also be due to defects [20].
As has been pointed out by Wiesner et al. [73], the gyroid can exhibit
negative refractive index due to the polarized plasmonic spin waves
that spiral down the various helical paths in the structure. Even if large
single grains of the DG phase could be grown, the spin waves would be
disrupted by network breaks and joints as well as influenced by both the
intra network loops and especially bridging network loops and their
associated local lattice rotations. Clearly future progress in exploiting
the DG structure in order to access its striking range of properties will
require improved growth of more perfect self assembled materials with
characterization and careful control of the various topological defects
that may be present.

4. Conclusions

Topological defects in the DG network morphology were char-
acterized by slice and view SEM to create high fidelity 3D reconstruc-
tions of a PS-PDMS diblock copolymer. We found node functionality “f
defects” where the normal node functionality of 3 rose to 4 and to 5,
broken network struts, bridging network struts linking the two different
networks as well donut loops and defect loops comprised of 5 or 6 node
rings in the former instance and 7, 8 or 9 node rings in the latter in-
stance, instead of the characteristic 10 node ring of the ideal (10, 3)-a
gyroid network. The impact of the presence of defects in the DG
structure on physical properties such as electron magnetic, electron and
ion transport and plasmonic spin wave propagation was discussed.
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