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Periodic gyroid network materials have many interesting proper-
ties (band gaps, topologically protected modes, superior charge
and mass transport, and outstanding mechanical properties) due
to the space-group symmetries and their multichannel triply con-
tinuous morphology. The three-dimensional structure of a twin
boundary in a self-assembled polystyrene-b-polydimethylsiloxane
(PS-PDMS) double-gyroid (DG) forming diblock copolymer is di-
rectly visualized using dual-beam scanning microscopy. The recon-
struction clearly shows that the intermaterial dividing surface
(IMDS) is smooth and continuous across the boundary plane as
the pairs of chiral PDMS networks suddenly change their handed-
ness. The boundary plane therefore acts as a topological mirror.
The morphology of the normally chiral nodes and strut loops
within the networks is altered in the twin-boundary plane with
the formation of three new types of achiral nodes and the appear-
ance of two new classes of achiral loops. The boundary region
shares a very similar surface/volume ratio and distribution of the
mean and Gaussian curvatures of the IMDS as the adjacent ordered
DG grain regions, suggesting the twin is a low-energy boundary.
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Supramolecular crystals are hierarchical assemblies possessing
unique combinations of symmetries, feature sizes, and com-

ponent compositions, all of which contribute to the expression of
their unique properties (1, 2). Imperfections of various types can
be introduced during molecular ordering. Investigating defects
appearing within supramolecular crystals is an important endeavor
to enable deeper understanding of their influence on properties
and to improve material performance by eliminating or manipu-
lating defects for beneficial effects (3).
Grain boundaries are the surface regions between ordered

domains having different symmetry and/or orientation (4). Grain
boundaries disrupt the continuous expression of symmetry, and
impact many types of properties. Among the different classes of
grain boundaries, the twin boundary (TB) is special due to its low
energy and therefore wide occurrence. TBs are well studied in
hard crystals and often appear during crystal growth or by the
application of mechanical forces to an untwined crystal. TBs that
form reentrant growth faces are important for accelerating crystal
growth (5) and the presence of twins can strongly influence me-
chanical behavior (6). The unique character of the bonding in the
TBs can also influence for example, electrical (7) and optical (8)
properties. Twin structures can be constructed via the symmetry
operations of reflection, rotation, or inversion (9). For crystals,
where atom positions can be precisely identified using atom-
resolved electron microscopy and computed via first-principles
atomistic calculations, a very large number of detailed investiga-
tions on the precise nature of TBs have been made for various
material classes, including metals (10, 11) and their alloys (12, 13),
ceramics (14), small organic molecules (15), polymer crystals
(16), protein crystals (17), and shell biomineralization (18). For col-
loidal crystalline systems with much larger “atoms” (micrometer-sized
colloidal particles), twinning is also well studied (19, 20). Beyond the
materials community, twining also attracts interest from the fields of
geometric crystallography (9, 21) and statistical analysis (22). How-
ever, to date, the investigation of TBs in soft-matter supramolecular

crystals has been rather limited. Unlike a hard crystal such as
iron, having two atoms per body-centered cubic unit cell with a
lattice parameter of a fraction of 1 nm, the typical unit cell of a
supramolecular crystal would comprise tens of thousands of
molecules and millions of atoms with a unit-cell edge of upwards
of ∼100 nm. The periodicity of such a soft-matter supramolec-
ular crystal arises not from having the various types of atoms
occupy precise positions within the unit cell, but rather allowing
considerable positional freedom of the atoms and indeed of the
molecules by only restricting certain portions of a molecule to lie
within and uniformly fill the continuous periodic partitioning sur-
faces (also called the intermaterial dividing surface––IMDS) (23).
Structures based on Schoen’s gyroid (G) triply periodic mini-

mal surface (TPMS) (24) are widely observed in many different
soft-matter systems, including liquid crystals (25), surfactants (26),
block copolymers (BCP) (27), and even butterfly wings (28, 29).
The skeletal network of the triply periodic tubular network structure
has the same geometry and topology as the (10, 3)-a graph defined
by Wells (30). We employ a similar 10–310 notation to indicate the
smallest closed loop in this network, consisting of 10 nodes with
each node having three neighbors. The double-gyroid (DG) struc-
ture (31) consists of two independent, opposite-handed, inter-
penetrating (10, 3)-a networks. Within each network, every node is
connected to three adjacent nodes. For the BCP DG structure, the
minority block occupies the space surrounding the two network
graphs and the majority block surrounds the minority block, infilling
the region between the G TPMS and the two IMDSs. There are 16
equivalent node positions in the DG unit cell [space group Ia3dwith
nodes at Wyckoff site 16b having site symmetry (32)]. The basic
chiral node motif occupying the Wyckoff site is a tripodal

Significance

The characterization of periodic morphologies in soft-matter
supramolecular crystals has generally relied on X-ray scatter-
ing and transmission electron microscopy techniques. How-
ever, understanding the detailed nature of geometrical and
topological defects in complex supramolecular assemblies re-
quires high-resolution three-dimensional visualization over
large sample volumes. Taking advantage of the recent devel-
opment of slice-and-view scanning electron microscopy to-
mography for block copolymers, we clearly identify a sharp,
coherent grain boundary in a double-gyroid structured polystyrene-
b-polydimethylsiloxane diblock as a (422) twin boundary, likely
formed during self-assembly. Knowledge of the geometric and
topological nature of defects is important for further improv-
ing the performance of supramolecular soft crystals.

Author contributions: X.F., M.Z., and E.L.T. designed research; X.F., M.Z., and H.G. per-
formed research; X.F., H.G., and E.L.T. analyzed data; and X.F. and E.L.T. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).
1To whom correspondence may be addressed. Email: elt@tamu.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2018977118/-/DCSupplemental.

Published March 15, 2021.

PNAS 2021 Vol. 118 No. 12 e2018977118 https://doi.org/10.1073/pnas.2018977118 | 1 of 6

PH
YS

IC
S

https://orcid.org/0000-0001-5911-6524
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2018977118&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:elt@tamu.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018977118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2018977118/-/DCSupplemental
https://doi.org/10.1073/pnas.2018977118
https://doi.org/10.1073/pnas.2018977118


minority component domain, surrounded by the outer majority
component domain. The IMDS separates the two components
and exhibits a shape which can be approximated by constant
mean-curvature variants of the Schoen’s G surface (32, 33). Un-
like traditional atomic crystals where the structure can be de-
scribed by assigning the discrete atoms to specific Wyckoff sites in
the unit cell, the crystalline order of the DG structure lies with the
three-dimensional (3D) shape of the IMDS and the positions of
the interconnected nodes. Along the ideal network graph, the
dihedral angle between planes containing adjacent three coplanar
struts rotates by ±70.5° (“+” for clockwise [CW] and “−” for
counterclockwise [CCW]) defining the network chirality (right-
and left-handed, respectively). The Ia3d space group includes in-
version centers, two- and threefold rotational axes, and two-,
three-, and fourfold screw axes as well as numerous axial and di-
agonal glide planes, but does not have mirror symmetry.
Materials comprising gyroid networks have been demon-

strated to have many unique properties exploiting their partic-
ular symmetries for wave interactions as well as taking advantage
of their triply continuous multichannel morphologies enabling
superior charge or mass transport along with the possibility of
outstanding mechanical properties due to the 3D continuity of a
glassy component block (31). Example properties include a large
complete photonic band gap for the single-gyroid network (34,
35), Weyl points in the band structure (36, 37), strong circular
dichroic optical metamaterials (38), gas separation membranes
(39, 40), advanced energy storage devices (i.e., the “gyroidal
battery”) (41), and optimized ionic conductors (42).
The appearance and detailed structural nature of TBs in soft-

matter supramolecular gyroid crystals and their likely influence
on the geometry, topology, and properties of the networks, has
only recently been addressed. Two experimental studies and one
mathematical modeling study mentioned TBs in DG. Vignolini
et al. (43) briefly noted in 2012 what appeared to be some type of
TB in a two-dimensional (2D) scanning electron microscopy
(SEM) image of a surface region in their study of a metal net-
work optical metamaterial fabricated from a BCP DG precursor
template. In 2019, Chen (44) addressed the mathematical exis-
tence of twins in TPMSs including Schoen’s G surface, and
proposed a near-minimal surface model of the shape of a {211}
G-surface twin. In 2020, Han et al. (45) proposed a (211) +
0.5 G TB [which is equivalent to the (422) twin that we study] for
a mesoporous silica-air sample based on a single transmission
electron microscopy (TEM) image and matching this image to a
series projected models of the twin structure (for more discus-
sion see SI Appendix, Previous Studies). To date, clear 3D visu-
alization of the detailed features of a TB in a chiral DG network
structure has yet to be achieved. Here, we employ slice-and-view
SEM (SVSEM) tomography (46, 47) to study a TB structure in a
self-assembled polystyrene-b-polydimethylsiloxane (PS-PDMS)
soft-matter supramolecular crystal. High-fidelity 3D visualization
of the TB is measured at both the supraunit-cell level and
subunit-cell level. The boundary region shares similar surface/
volume ratio and mean and Gaussian curvatures of the IMDS as
for the adjacent ordered DG grain regions, suggesting the twin is
a low-energy boundary. Furthermore, we clearly characterize the
geometric and topological features of the node positions and
node functionality of the TB and how they interconnect to the
adjacent DG network neighborhood.

Results and Discussion
During our ongoing investigation of grain boundaries in tubular
BCP network phases, where the boundaries often appear as tran-
sitional aperiodic regions of substantial thickness, on the order of
the length of several crystallographic unit cells, we encountered a
sharp transitional region between adjacent 2D periodic surface
patterns of a PS-PDMS DG sample (Fig. 1A). The PDMS domains
appear bright in the secondary electron SEM image due to the

stronger scattering from the higher atomic number Si atoms and
the darker regions correspond to the majority PS matrix. The
surface image patterns in grain 1 and grain 2 are distinctly dif-
ferent and meet along a well-defined linear boundary (dashed
yellow line), suggesting some type of special grain boundary. A
tomogram from the 3D volume containing both grain 1 and grain
2 was created by obtaining a series of secondary electron images
taken after removing each thin parallel slice by focused ion-beam
(FIB) milling (Fig. 1B) (48). Based on segregation of the 3D SEM
voxel intensity data, the PDMS and PS domains can be easily
identified. The two independent PDMS networks are rendered
in red and blue color for right-handed and left-handed network,
respectively, with the PS matrix transparent (Fig. 1C). The data
analysis software allows new, software-based, slice images of the
3D SEM voxel intensity data to be taken in the direction normal
to the boundary plane. The resultant series of slice images is
remarkedly similar to the series of model images of the surface
after each thin slice along the [211] direction of a DG level-set
model having a minority network volume fraction of 0.40 (SI
Appendix, Fig. S1 and Movie S1). Detailed inspection of indi-
vidual images taken parallel to the sharp boundary plane de-
finitively determines the boundary plane is a DG (422) plane
(Fig. 1D).
Because of the coherence of the unit cells within a particular

grain, the DG unit-cell parameters can be precisely measured
based on 3D fast Fourier transformation (FFT) patterns (SI
Appendix, Fig. S2). The single-grain pattern for each grain is
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Fig. 1. Sharp grain boundary. (A) SEM image showing a region where two
DG grains having distinct 2D intensity patterns (marked as grain 1 and grain
2) merge along a sharp line (yellow dashed line). PDMS domains are bright
and the PS matrix is dark. (B) Perspective view of the 3D data volume with
boundary plane identified. The laboratory coordinate frame is indicated,
where the experimental 2D SEM images collected are parallel with X-Y plane
and the FIB slicing direction is along Z. (C) A 3D experimental reconstruction
of the boundary region volume containing two independent PDMS net-
works (rendered in color) embedded in the PS matrix (transparent). The
sharp grain-boundary plane is highlighted in yellow. (D) Software-based slice
image of the boundary plane from 3D SEM data along with the simulated 2D
DG (422) pattern.
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based on ∼15 unit cells while that for the pattern for TB volume
containing both grain 1 and grain 2 is based on ∼44 unit cells. As
noted in our previous work (46) as well as mentioned in studies
on other solution-cast BCP systems (49–51), due to shrinkage
stresses from solvent evaporation, the cubic unit cell is distorted
into variants of a triclinic cell. The characteristic cell parameters
(a, b, c, α, β, γ) for grain 1 and 2 are given in SI Appendix, Table
S1 with left-handed coordinates for grain 1 and right-handed
coordinates for grain 2. The reconstruction shows that the chi-
ral networks are continuous from grain 1 into grain 2 and sud-
denly change their handedness as they cross the boundary plane
(SI Appendix, Fig. S3). The boundary plane therefore acts as a
topological mirror (that is, the red [right-handed] and blue [left-
handed] networks of grain 1 abruptly and smoothly transform to
the blue [left-handed] and red [right-handed] networks of grain
2. respectively) (for further details see SI Appendix, Network Di-
hedral Angle and Mirror Coherency of Two Grains). Before further
analysis of the TB, we construct a simple TB model based on the
cubic level-set DG model for two minority component networks,
each at 20 vol. %, employing a (422) plane as the TB. To create
the model, a DG structure (volume 1) is made to have a ter-
minating (422) surface plane. Then volume 2 is generated from
volume 1 using the (422) surface plane as a mirror. Subsequent
fusion is done by superposition of the terminating (422) surface
planes of both volumes to yield the (unrelaxed) model twin
structure (see SI Appendix, Level Set (422) DG TB Model for
additional discussion of the construction and limitations of the
level set model).
Side by side [111] and [011] views of the SVSEM reconstruction

and of the model show excellent correspondence between the
network morphology features of the experimental reconstruction
and those of the level-set model (Fig. 2A and SI Appendix, Fig.
S4; also see rotational videos in Movie S2). Due to the different
geometrical distortions of the two grains from cubic symmetry by
solvent shrinkage forces, the exact structural mirror symmetry
between grain 1 and grain 2 is reduced; however, there is still
strong mirror coherency (e.g., the handedness transition of net-
works when each network crosses the boundary plane, and good
alignment between the same symmetry directions of grain 1 and
grain 2) as further discussed in SI Appendix, Mirror Coherency of
Two Grains.
The (422) TB creates changes in the shape of the IMDS and

the interconnections of the nodes within the boundary neigh-
borhood. For reference, in the ideal DG crystal, all nodes have
three struts (f = 3) and are located at Wyckoff site 16b. The (422)
plane has two sets of equivalent locations of f = 3 DG nodes
within both the right-handed and left-handed networks, respec-
tively (marked as i and ii and colored red and blue for nodes in
the right-handed and left-handed networks, respectively; see
model pattern at the top part of Fig. 2D). In the (422) TB region,
three new types of boundary nodes are created which can be
observed in both the SVSEM reconstruction and in the model
(Fig. 2 B–D): type 1 with f = 3 (green), type 2 with f = 3 (yellow),
and type 3 with f = 4 (aqua). By analyzing the model, the origin
of boundary nodes is clear. Type 1 and 2 nodes can be thought of
as being created by fusion of two half in-plane f = 3 DG nodes at
the mirror plane, one-half from the red (right-handed) and one-
half from the blue (left-handed) network, respectively. These
mirror symmetric f = 3 boundary nodes occupy the original po-
sitions of the corresponding in-plane f = 3 DG nodes. The type-3
f = 4 nodes may be envisioned as the inward displacement and
fusion of two out-of-plane f = 3 DG nodes (Fig. 2B and SI Ap-
pendix, Fig. S5). In the regions adjacent to the TB, all nodes are
the regular f = 3 DG nodes. The three types of boundary nodes
introduce new dihedral angles and internode distances as shown
in SI Appendix, Figs. S6 and S7 and discussed in SI Appendix,
Network Dihedral Angle and Length of TB Struts. The CW and

CCW dihedral angles always appear in pairs, consistent with the
intrinsic achiral nature of the TB.
The morphology of the basic loops within the networks near

the boundary is also altered. Recall the shortest closed path in a
gyroid network is the 10–310 loop (a path of 10 equal size steps
between adjacent f = 3 nodes; such loops can be either right- or
left-handed) (47). The occurrence of a TB enriches the set of loops,
which can be grouped into two classes (Fig. 3). In one class, the
boundary plane bisects the loop leading to three types of mirror
symmetric loops. One is a new type of 10–310 loop different from
the basic asymmetric 10–310 loop. Another type, named 10-4, 39 has
a single f = 4 node and nine f = 3 nodes, and the third loop type is
named 8-4, 37 comprising an f = 4 node and seven f = 3 nodes. The
second class of loops consists of mirror-symmetric, fused loop pairs
with the TB plane bisecting the fused struts common to both loops.
There are six members in this class indexed as: U2-9-4,3,4,36; U2-9-
4,38; U2-10-4,39; U2-9-4,3,4,36; U2-10-4,39; and U2-9-4,38 (here, U2
means the union of two loops).
Close inspection of the experimental data shows some de-

partures from the model structure primarily from geometrical
distortions of the networks from solvent shrinkage forces.
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Fig. 2. The (422) TB structure. (A) SVSEM experimental reconstruction of
the interpenetrating PDMS networks near the TB (Top) and level-set model
(Bottom) viewed along the [111] direction showing good correspondence
with mirror symmetry across the boundary. The highlighted partial recon-
struction and model are both embedded within surrounding translucent
networks. (B and C) SVSEM reconstruction (Left) and model (Right) of partial
networks viewed along the [011] and [422] directions showing different
types of boundary nodes. Only one of the two networks is shown in B for
clearer visualization of the nodes. The locations of different types of nodes
are labeled with colored dots: gray for regular f = 3 DG nodes, green for
type 1 f = 3 boundary nodes, yellow for type 2 f = 3 boundary nodes, and
aqua for type 3 f = 4 boundary nodes. (D) The (422) plane from level-set
model with different node-type positions labeled. At the top part, the DG
(422) plane with regular DG nodes (gray) are indicated. Two sets of equiv-
alent locations of f = 3 DG nodes within both right-handed (red) and left-
handed (blue) networks are labeled as “i” and “ii.” At the bottom part, the
pattern shows three types of nodes for the (422) TB plane. One TB 2D unit
cell within the boundary plane is indicated by purple rectangle having the
length (L) of

ffiffiffi

2
√

a and width (W) of
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√
2 a, where a is the cubic DG unit cell

length. This 2D unit cell is bounded by two (111) planes and two (022) planes.
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However, specific characteristic geometrical and topological fea-
tures (such as boundary nodes, boundary loops) correspond quite
well between experimental reconstruction and TBmodel as shown
in Figs. 2 and 3 and SI Appendix, Fig. S5. The introduction of new
types and sizes of loops along with new types of nodes in the TB
changes the local topology which can influence properties (52, 53).
One approach to quantify the topology is to evaluate the Euler
characteristic of the IMDS within a volume containing the TB and
comparing to an identical volume in the ordered DG. However,
due to the occasional presence of network break defects, as well as
the influence of the particular choices of faces of the cutting planes

defining each volume (54), along with small shifts in the relative
locations of the planar cuts with respect to the nodes due to the
variable shrinkage distortions, such evaluation is beyond the scope
of the current paper.
The detailed shape of the IMDS reflects the molecular packing

within the self-assembled phase. The mean (H) and Gaussian (K)
curvature distributions of the reconstructed IMDS were mea-
sured for the TB neighborhood volume as well as corresponding
ordered DG volumes in the adjacent grains (the three volumes
are shown in SI Appendix, Fig. S8 A–C and see SI Appendix,
Cropped Volume for IMDS Analysis). The distribution of the di-
mensionless H and K values over the IMDS of the three volumes,
normalized by <D> = 130 nm (the average lattice parameter cell
dimension measured by small angle X-ray scattering [SAXS]),
are plotted in Fig. 4 A–C. The curvatures of two limiting theo-
retical IMDS shapes, the constant matrix thickness (CMT) sur-
face and the constant mean curvature (CMC) surface, are also
plotted for reference (diagonal line for CMT and vertical line for
CMC). The CMT surface, which is a parallel surface, displaced a
constant distance along the local normal from the G minimal
surface, can minimize the entropic penalty of variable stretching
of the majority component chains at the expense of slight increase
in interfacial area of the IMDS, while a CMC surface minimizes
the area of the IMDS at a fixed volume fraction (46). As shown in
Fig. 4 A–C, the curvature probability distributions of the BCP
IMDS for the TB volume and corresponding DG volumes are very
similar. Also, the surface/volume ratios of the PDMS networks in
the three volumes are quite similar, varying from 0.115 to 0.116 nm−1.
The strong resemblance of these various IMDS features suggest
the (422) TB is a relatively low-energy grain boundary.
There are three modes for twin formation: growth twins, phase

transformation twins, and deformation twins. For this BCP DG
sample cast from toluene solution at room temperature, modest
deformation forces only appear toward the latter drying stages of
solution casting, where the concentration of sample solution becomes
higher than the vitrification concentration of the PS domain (55).
This rules out any abrupt, coherent local change of chirality of
the PDMS networks within PS matrix at room temperature by
mechanical force. Also, SAXS observations following the con-
centration dependence of structural order in the PS-PDMS tol-
uene solution at room temperature prove no order–order phase
transition occurs (55) [e.g., hexagonally perforated layers to DG
transition, which has been suggested to be likely related to the
gyroidal TB (45)]. Instead, it is most likely that the (422) BCP
DG twin is a growth twin, where nucleation can take place more
easily at the concave reentrant grooves formed by low-energy
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Fig. 3. Classifying loops within the TB neighborhood. Images of experi-
mental SVSEM loops (rows 1 and 3) and their corresponding level-set models
(rows 2 and 4). The loops can be placed into two classes: one class contains
three members (upper-left set) with the TB plane bisecting each loop; the
second class (denoted as U2, meaning union of two loops) contains six
members with pairs of loops fusing together at the twin plane. Node
functionality and type is delineated by colored numbers. Gray for the regular
f = 3 DG nodes, green for type-1 f = 3 boundary nodes, yellow for type-2 f =
3 boundary nodes, and aqua for type-3 f = 4 boundary nodes. The experi-
mental loops show some distortions, but all experimental loops match up
well with their corresponding model. The notation X-Yn is used to describe
the various loops, where X = total number of nodes in the loop with func-
tionality Y, repeated n times.
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growth faces of a twinned crystal (5). A more detailed under-
standing of the structural evolution of twin formation in self-
assembled BCPs requires further in situ experiments.

Concluding Remarks
A sharp, coherent grain boundary in a PS-PDMS diblock with
the DG phase has been shown to be a (422) TB, likely formed
during self-assembly of the growing crystal. The twin creates a
mirror relationship between neighboring DG grains, resulting in
a smooth but abrupt topological mirror transformation of the two
enantiomorphic pairs of gyroid networks across the boundary.
Three new types of network nodes along with nine new network
loops and their corresponding dihedral angles are identified and
described. The surface/volume ratio and mean and Gaussian cur-
vatures of the IMDS in the boundary region volume are all very
similar to the same morphological characteristics measured in the
adjacent DG grains, suggesting that the TB is of low energy. This
clear elucidation of the 3D detailed structure of a twin in a BCPDG
structure has important implications for the occurrence of crystal-
lographic internal surface defects in tubular phases and their in-
fluence on the properties of soft-matter phases where, despite the
complex topology of the network domain and interpenetration of
multiple networks, low-energy planar defects can occur.

Materials and Methods
Material and Sample Preparation. The PS-PDMS diblock copolymer was syn-
thesized by sequential anionic polymerization of styrene and hexamethylcy-
clotrisiloxane as reported in ref. 55. The number average molecular weights of
the PS block and the PDMS block are 43.5 and 29.0 kg/mol, respectively. The
volume fraction of PDMS block is ∼40% and dispersity for the whole PS-PDMS
polymer is 1.04. The sample studied was slowly cast over 1 wk from a 10 wt. %
solution (2 mL) in toluene. After drying, the sample was heated to 60° C for 3 d
with vacuum in order to remove any residual solvent. The sample was char-
acterized by synchrotron X-ray at Sector 12-ID-B of Advanced Photon Source in
Argonne National Laboratory before study by SVSEM. Based on the SAXS
pattern, the structure can be nominally associated with a DG morphology,
with an average cubic repeat of <D> = 130 nm (46). Forbidden reflections for

the cubic Ia3d space group are observed, suggesting nonaffine deformation of
DG unit cells. Before SVSEM imaging, the sample was attached to a 45° SEM
stub with double-sided conductive carbon tape; and the outer surface was
then coated with a 50-nm layer of platinum.

SVSEMData. The acquisition of SVSEM data follows the procedure reported in
ref. 46. A Thermo Fisher Helios NanoLab 660 SEM-FIB DualBeam system us-
ing a gallium ion beam (Ga+) having an energy of 30 keV with a current of
80 pA was used to mill the sample surface. A 2-keV electron beam with beam
current of 50 pA was used to image the sample surface with a Through Lens
(TLD) secondary electron (SE) detector. Notably, the stronger scattering from
the higher atomic number of Si atoms in the PDMS and the resulting addi-
tional SE emission is sufficient to provide excellent intrinsic contrast between
the PS and PDMS domains without staining. Fiducials were used to register
the FIB and SE images during the automatic SV process. The pixel resolution
for each 2D SEM image collected is 1.37 nm per pixel. The actual FIB slice
thicknesses during the image acquisition process were monitored based on
FIB images as 4.61 ±0.04 nm per slice (for details see SI Appendix, Fig. S9).

Data Processing and Analysis. ImageJ (https://imagej.nih.gov/ij/) was used to
binarize the grayscale image stack data to identify the tubular networks
formed by the minority domains and separated them from the majority
block-filled matrix by using a threshold such that the volume fractions of the
two binary components matched with the experimentally reported block
volume fraction (∼40%). Reconstructions and morphological analysis were

done with Avizo software from Thermo Fisher and Supporting Software
reported in ref. 46. The supporting software can be found on the online data
repository at https://scholarworks.umass.edu/data/88/.
Three-dimensional FFT analysis of grains. The coherence of the unit cells within a
DG grain enables high-resolution analysis of 3D SVSEM data set in reciprocal
space, extracting the unit-cell vector information. Before transforming the
real-space volume data into Fourier space, a Hanning window was applied
on the raw SEM data volume in order to reduce artifacts in the FFT associ-
ated with sample boundary discontinuities. The unit-cell vectors of the DG
structure can be obtained from the indexed 3D FFT pattern.
Three-dimensional reconstruction. Based on the binarized images, a 3D volume
can be reconstructed as colored PDMS networks within a transparent PS
matrix using Avizo software from Thermo Fisher. Subvolumes of regions of
interest can be further cropped out for local analysis. The area of PDMS
network surface (i.e., IMDS) and the volume of PDMS networks can be
measured with the integrated function in Avizo for the calculation of surface/
volume ratio of PDMS networks.
Dihedral angle analysis of networks. Dihedral angle analysis is based on the
skeletal graph of PDMS networks. We extracted the skeleton directly from
the binarized 3D volume with the skeletonization feature in ImageJ (https://
imagej.nih.gov/ij/). The skeleton data were imported into the Supporting
Information software for the measurement of dihedral angles (Supporting
Information software can be found on the online data repository at https://
scholarworks.umass.edu/data/88/). For a given triplet of consecutive struts
within the skeleton, we defined the two planes and their normal as

n̂αβ = (r̂α × r̂β)=
⃒
⃒(r̂α × r̂β)

⃒
⃒ and n̂βγ = (r̂β × r̂γ)=

⃒
⃒(r̂β × r̂γ)

⃒

,⃒ where r̂α, r̂β, and r̂γ are

the unit vectors along the struts. The dihedral angle is defined as the angle
between these plane normals, with sinθ = (  n̂αβ × n̂βγ ) · r̂β, cosθ = n̂αβ · n̂βγ.
Curvature calculation. The curvature measurement of IMDS was done by
supporting information software for the measurement of IMDS curvature
(supporting information software can be found on the online data repository
at https://scholarworks.umass.edu/data/88/). The IMDS is represented as a
triangulated mesh which was identified by finding a surface of the linear
interpolation of the 3D Gaussian-filtered binarized volume data at ϕ40 which
separated the 3D volume into PDMS domains (40% volume) and PS domains
(60% volume). We further employed two-step conditioning to this mesh by
1) applying an edge-length regularization, and 2) constraining the mesh
vertices to lie on the isosurface of a third-order interpolation of the density
to ensure mesh vertices represent a surface that is at least second-order
differentiable. The principal curvatures κ1and κ2 associated with each tri-
angulated vertex can be calculated by fitting a paraboloid to that vertex and
its nearest neighbors, with the paraboloid axis constrained along the vertex

normal. From the principal curvatures, the mean curvature H = (κ1+κ2)
2 and

Gaussian curvature K = κ1κ2 are calculated for each vertex.
Level-set model. The model of the DG (422) twin TB was made using a level-set
representation of the DG (56). The level-set equation used is

F(x,y,z) = sin(2πx) × cos(2πy) + sin(2πy) × cos(2πz) + sin(2πz) × cos(2πx) = t.

By setting t to 0.91, the volume fraction of the minority networks is ∼40%.
The surface file written by the level-set equation was introduced into Avizo
software and the surface was converted into solid network volume and
further sliced into 2D image stack for the construction of TB model.

Data Availability. The SVSEM data and image files have been deposited in
Texas Data Repository and are available at https://dataverse.tdl.org/dataset.
xhtml?persistentId=doi:10.18738/T8/TIO8WJ. All other study data are in-
cluded in the article and/or supporting information.
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