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Defects are symmetry breaking features within a crystal. They can be created during growth as well as 
by applied mechanical forces. We address point, line and surface defects in block copolymer crystals, 
concentrating on the structure of defects in the tubular network double gyroid and double diamond 
phases. Experimental results using 3D slice and view scanning electron microscopic tomographic 
imaging for many types of defects are presented and the nature of the structural details and symmetries 
are described. Often defects are considered detrimental to the properties and performance of the material, 
but if the mesoscale defects in 3D periodic block copolymers can be controlled, they can be utilized to 
achieve various advantageous such as new optical functionalities. 
Introduction 
There are three general defect classifications in crystalline 
materials: point, line and surface types, referring to the 
dimensionality (0, 1 and 2D) of the defect. In atomic crystals, 0D 
point defects can be, for example, vacant sites (vacancy defect) 
within the crystalline unit cell, or the presence of an atom 
in-between normally occupied sites (e.g. an interstitial defect). 
Such defects do not literally occupy a point but nevertheless 
are highly localized and their presence only disturbs the crystal 
symmetry over a very small (a few atoms) region. Line and surface 
defects, such as dislocations and grain boundaries create a more 
extensive disruption of the crystal symmetry and correspondingly 
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produce larger and longer-range stress fields. Interactions amongst 
neighboring defects lead to various lower-energy arrangements 
via reduction of the stress fields from defect movement and 
annihilation. 

Soft matter researchers have long studied various types of 
defects such as dislocations, disclinations and grain boundaries 
in liquid crystalline (LC) materials, including the 2D hexagonally 
packed columnar phase and the 1D periodic smectic A lamellar 
phase [1–4] . Indeed, the early study of defects in LC phases using 
optical microscopy was essential for discovery and classification 
of the structure and symmetries of various possible LC phases via 
the nature of the symmetry breaking in the optically birefringent 
phases caused by the defects. The classic text of Kleman (Points, 
Lines and Walls, [2] ) addresses defects in LC matter in great detail 
and provides important insights into understanding defects, 
especially relevant to the block copolymer (BCP) cylinder and 
lamellar phases. Defects in block copolymers have also been 
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studied using transmission electron microscopy (TEM), scanning 
electron microscopy (SEM) and atomic force microscopy (AFM) 
[5–13] . Recent emphasis addresses defects occurring in ∼ 2D 
thin films due to interest in using BCP for high resolution 
lithographic masks [14–16] . Early work examined various point 
defects in monolayers of spherical domains as well as vertically 
oriented cylindrical domains [ 14 , 15 ]. Defects could be greatly 
reduced by using so called directed self assembly (DSA), whereby 
2D chemical and physical templates are utilized to register and 
control BCP domain patterns [16–19] . Here, the focus is on using 
vertically oriented lamellae for lithography, where the emphasis 
is on generating very fine scale, highly controlled, defect- 
free 2D patterns by eliminating bridging defects, minimizing 
domain misregistration and domain side wall roughness 
[16] . 

In this paper, we study the nature of defects in the double 
gyroid (DG) and double diamond (DD) 3D continuous tubular 
network (TN) BCP crystals. Crystalline order in BCPs is not due 
to symmetrical packing of discrete atoms within a unit cell, 
but rather arises due to the formation of periodic microdomain 
structures created by the self assembly of very large numbers 
of macromolecules. The periodic order arises from the interplay 
of the minimization of the enthalpic repulsion between the 
A and B monomers and maximization of the conformational 
entropy of the respective A and B block chains. For the three 
canonical BCP microdomain structures, namely spheres, cylinders 
and lamellae, the shape and symmetry of the rather simple objects 
that form the periodic arrays are readily identified. However, for 
the TN structures, the microdomains are both 3D periodic and 3D 
continuous. By considering the DG and DD unit cells, it is possible 
to define nonconvex mesoatoms, that occupy specific Wyckoff 
sites and completely fill the unit cell volume [ 20 , 21 ]. For typical 
BCP molecular weights, the mesoatoms contain thousands of 
molecules (each in turn comprised of many thousands of atoms). 
The unit cell scales with increasing BCP molecular weight and is 
generally 2–3 orders of magnitude larger in size than for typical 
atomic crystals. At this much larger 10–100 nanometer scale, 
the long range crystalline order manifests itself via the shape of 
the periodic intermaterial dividing surface (IMDS) that separates 
the microdomains of the BCP [22] . Accordingly, crystallographic 
defects occur at this larger scale with their influence extending 
to scales into the micron and above range. For microdomain 
structures which are continuous, i.e. cylinders, lamellae and 
tubular networks, the geometry and topology of the defects 
occurring within the periodic structure can be very different 
than in atomic crystals due to the one to three dimensional 
continuity of one or both of the domain structures and as we 
will emphasize, the adaptability of the mesoatoms to their local 
environment. 

In the simpler lamellar and cylindrical BCP structures, 
defects can be analyzed from 2D TEM projections. However, 
to adequately characterize defects in these 3D periodic TN 
phases requires 3D tomographic structural information. There 
are several experimental tools that can create tomograms: X- 
ray ptychometry (XCT) [23] , TEM [24] , scanning TEM (STEM) 
[16] and slice and view SEM (SVSEM) [ 10 , 25 ]. Each of these 
techniques has advantages and limitations. XCT and SVSEM 

are the best choices for studying line and surface defects 
due to the requirement of needing large specimen volume 
reconstructions to adequately characterize the extended defect 
structures. 
Mesoatoms in tubular network crystals 
Quantitative description of defects in TN crystals, requires 
specification of how the structure is altered from the perfect 
crystal reference state, which in turn, requires a quantitative 
description of the reference crystal structure. Of course, the 
primary distinctive feature of any crystal is the periodic 
translational symmetry of the contents of the basic unit cell. 
Combining electron microscopy and small angle X-ray scattering 
investigations of BCPs [e.g. [ 26 , 27 ]], we know the DG and DD 
structures each consist of two interpenetrating (inter-catenated) 
labyrinthine microdomains residing on opposite sides of a triply 
periodic minimal surface (TPMS). Fig. 1 a and b shows the 
tubular networks surrounded by the colored IMDS within their 
respective unit cells. However, such a depiction does not yet 
identify the mesoatoms within the unit cell, nor does it allow 
for ready assessment of an important characteristic, namely their 
3D topology, which distinguishes these tubular networks from all 
the other BCP phases. To appreciate the topology of the domain 
networks, a thinning algorithm can be applied to each of the 
tubular microdomains to define a skeletal graph or network graph, 
comprised of a set of nodes connected by line segments. Thus, 
the pair of achiral DD networks are 4-connected ( Fig. 1 c), while 
the DG has an enantiomorphic pair of 3-connected networks 
(see Fig. 1 d). The basic 3 and 4 node networks have been 
previously described by Wells in his book, “Three Dimensional 
Nets and Polyhedra,” as the 10,3-a and 6,4 periodic nets [28] . 
Wells mentioned that he knew of no material that exhibited a 
structure based on the racemic mixture of D and L 10,3-a nets, but 
pointed out that Cu2 O was an example of two interpenetrating 
6,4 nets. Wells’ network notation is in reference to the smallest 
fundamental loop in the network. For the DG, this loop consists of 
10 nodes, each node having 3 equal length connecting segments 
meeting at 120 ° (node functionality, f = 3). To describe loops 
more generally, we employ the notation X − Yn where X is the 
number of nodes, Y is the node functionality and n is the number 
of consecutive nodes in the loop. Hence for DG, the fundamental 
loop is 10 − 310 . 

The two enantiomorphic 10,3 graphs in the bcc DG unit 
cell contain a total of 16 nodal positions which are located on 
Wyckoff site 16b with dihedral D3 point group symmetry (3 fold 
axis with perpendicular 2 fold axes) in space group #230, Ia3d. 
The two interpenetrating achiral 6,4 graphs of the DD are in a 
primitive cubic DD unit cell with 2 nodal positions corresponding 
to Wyckoff site 2a with tetrahedral Td point group symmetry (4 
fold roto-inversion axis, 3 fold axis with 2 fold axis and mirrors) 
in space group #224, Pn3m. The smallest fundamental loop in DD 
has 6 nodes, each node having 4 equal length struts meeting at 
109.5 ° ( f = 4, with the fundamental loop denoted as 6 − 46 ). In 
addition to the pair of minority component microdomains, the 
majority component microdomain which surrounds the tubular 
networks is also 3D continuous and can be described as a slab-like 
domain that is in the case of the DG, bisected by Schoen’s triply 
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Fig. 1 
Block copolymer tubular network crystals, their unit cells, skeletal graphs and mesoatoms, intermaterial dividing surfaces and terminal surfaces. (a, c, e) DD (b, d, f ) 
DG. Some images by permission from [42] 
periodic minimal surface (TPMS), called the gyroid (or G surface) 
and for the DD, bisected by Schwarz’s TPMS called the diamond 
(or D surface). 

The next issue for our perfect crystal reference state is to 
define appropriate finite structural units (the mesoatoms) with the 
required point group symmetries that can occupy the Wyckoff 
sites and can link together to create the 3D continuous DG 
and DD microdomain structures that fill all space. (Details on 
mesoatom construction are given in [ 21 , 29 ]). Each mesoatom is 
divided into its minority and majoring block components by the 
IMDS with the minority block surrounding the skeletal graph 
and the majority block spanning outwards from the IMDS to the 
TPMS. Characterization of mesoatoms also includes defining inner 
and outer terminal surfaces (TS) where the end of the respective 
polymer domain brushes tend to be located. The outer TS is close 
to the TPMS while the inner terminal surface appears as a web 
spanning the skeletal graph (see [21] ). Fig. 1 e and f show the 
nonconvex DD and DG mesoatoms, the IMDS, the skeletal graphs 
and the inner and outer TS. Since a BCP is a one component 
system, the composition (volume fraction) is the same in any 
volume containing all the blocks attached to the portion of the 
IMDS within that volume. 

In addition to the ideal crystal mesoatoms, we can also 
identify various mesoatoms within the core region of defects, 
so called ‘defect mesoatoms’. Generally, near the defect core the 
translational symmetry is broken, and specification of the shape, 
size, numbers and types of such ‘defect mesoatoms’ depends on 
the details of the particular defect. 

Distortions in BCP crystals 
Often the unit cell structure of BCP TN crystals departs 
significantly from cubic, even in the absence of crystallographic 
defects due to strong nonaffine distortions induced during 
self assembly processing (e.g. highly anisotropic shrinkage 
during solvent evaporation) [ 30 , 31 ]. Soft matter unit cells 
also readily deform under applied mechanical forces [32] . 
Processing conditions and applied loads generally create nonaffine 
displacements leading to variations in strut lengths and inter- 
strut angles, resulting in noncubic (triclinic) unit cells with the 
corresponding loss of precise crystallographic point and space 
group symmetries. Due to the malleability of the mesoatom 
networks, such distortions change the local geometry but 
generally take place without network topology changes since 
no struts are broken and no new bridging struts are created. 
We will note these distortions but our main aim is to address 
crystallographic defects. 
Crystallographic defect descriptors in BCP crystals built 
from mesoatoms 
Departures from perfect crystal symmetry in materials range from 
thermal fluctuations, to kinetically trapped non-equilibrium 
structures (e.g. the aforementioned processing-induced 
distortions), to crystallographic defects – it is the latter which 
are our focus. The most common point defects in atomic crystals 
are vacancies and interstitials. These are quite straightforward 
to describe: a vacancy defect occurs when a normally occupied 
Wyckoff site in an atomic crystal is vacant. An interstitial defect is 
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an atom located on a site within the unit cell that is not normally 
occupied. Line defects in crystals are dislocations and are described 
by the dislocation line vector t (a unit vector locally tangent to 
the (generally 3D curved) dislocation line and the dislocation 
Burgers vector b , a vector giving the magnitude and direction 
of the displacement generally corresponding to the magnitude 
of the smallest translational period of the structure. Dislocation 
motion results in plastic deformation due to the motion of the 
line defect over its slip plane (the plane(s) containing both t 
and b ). There are two limiting dislocation types: edge and screw. 
Pure edge dislocations have their Burgers vector everywhere 
perpendicular to the dislocation line vector, while the Burgers 
vector is everywhere parallel to t for pure screw defects. A general 
dislocation (called mixed) will exhibit variable amounts of edge 
and screw character along its curved line vector. Dislocation 
lines must form loops or join into a dislocation network or to a 
grain boundary or external surface. The most common type of 
surface defect is a grain boundary. This defect occurs in the region 
between two impinging crystals having different orientation. The 
structural description of a general grain boundary in a 3D periodic 
crystalline material requires 5 variables: 3 variables to specify the 
relative orientation of the two grains, and two variables to specify 
the normal to their common boundary plane [3] . As we shall 
see, the network topology, the fact that the entire structure must 
be uniformly filled with BCP molecules and the ability of the 
material to form new types of defect mesoatoms, dictates that the 
structural descriptors of the many types of defects in TN phases 
are quite complex. 

A simple way to anticipate the nature of some types of 
defects in periodic TN crystals is to reference the many known 
types of defects in diamond networks (space group #227, Fd3m), 
where the sp3 bonding results in single diamond network 
crystals. Because carbon, silicon and germanium are important 
materials and defects strongly influence their electronic as well as 
mechanical properties, a huge amount of defect characterization 
and modeling research has been done on these materials. 
With continued advances in high resolution 3D imaging, many 
examples of atomic level resolution of defects, including many 
types of dislocations and grain boundaries have been revealed 
[ 33 , 34 ]. Moreover, interactions between various defects will occur 
such that each defect type can modify the other, resulting in new 
atomic configurations for various defect–defect reactions [35] . 

In general, symmetry breaking defects in TN crystals involve 
topological changes to the network(s) along with strong 
alterations to the mesoatoms situated near the core region 
of the defect. Mesoatoms are therefore highly malleable- 
adaptable and can readily alter their volume and shape by 
(partial) merging/separation via exchange of molecules with their 
connected neighbors, leading to variable node–node separation 
distances as well entirely new mesoatom symmetries. These 
mesoatom adaptations create variable strut (bond) lengths, inter- 
strut (bond) angles, and importantly, new node functionalities. 
There is essentially a continuum of degrees of freedom in terms of 
the deformation possibilities of mesoatoms, which results in a very 
wide spectrum of possible defect morphologies. This morphing 
ability is a direct consequence of the mesoatoms being comprised 
of huge numbers of highly flexible polymer molecules allowing 

cooperative rearrangements as facilitated by the motion of the A- 
B covalent junctions over the 3D continuous IMDS. These facile 
molecular movements generally do not require an A block to 
unfavorably transit through a B block domain (or vice versa). 

The distances between the IMDS and inner and outer TS 
interfaces in and around any defect cannot deviate much from 
the preferred spacing of the respective block trajectories. The 
optimum distances are a tradeoff between the desire of the BCP 
molecules to assume high entropy conformations and the need 
to minimize interfacial area while uniformly filling space. The 
core region of defects is an attractive location for impurities. For 
BCPs, these would likely arise from nonidealities in the synthesis: 
homopolymers as well as blocks with different compositions 
and molecular weights. 3D reconstructions of specific defects 
should be able to help characterize the amounts and type 
of impurities present in the defect core region, especially by 
purposeful blending of a known molecular weight and amount 
of the additive. The presence of defects alters not only the 
minority A domain shape and, ofttimes, the node connectivity 
but also modifies the outer majority B mesoatom shape since the 
B regions on neighboring mesoatoms must provide compatible, 
complementary terminal surface shapes in order to fit smoothly 
together to create a 3D continuous B matrix that uniformly fills 
and separates the A networks [ 20 , 21 ]. Overall, defect mesoatoms 
exhibit sizes and shapes that are dictated by their surroundings, 
an often highly variable environment. 
Point defects in TN phases 
Two of the simplest point defect types are the minority network 
break defect and minority network – network bridge fusion defect. 
Respectively, these defects decrease or increase network domain 
continuity and thus alter the network topology. Fig. 2 a shows 
a pair of DD network break defects which might have formed 
due to local excess extension of the network struts that then 
lead to local strut thinning with increase in the IMDS area 
and unfavorable majority and minority block conformations. 
Such strain-induced distortions could be subsequently relieved 
by introducing network breaks with modification of the IMDS 
and repositioning of the block junctions and A and B chains, 
resulting in the observed tapered, smooth cone-shaped struts 
( Fig. 2 a). Inspection of the surrounding neighborhood of these 
break defects shows that the structure rapidly relaxes into the 
long range ordered crystalline state. Bridge defects occur whenever 
the node functionality increases above f = 3 for DG or above 
f = 4 for DD. Such defects might occur during growth when 
a mesoatom located in a position near two growing networks, 
reconfigures to its surroundings and links the networks, resulting 
in a new type of mesoatom with increased node functionality and 
mesoatom volume. For example, the DG bridge f = 4 defect in 
Fig. 2 b connects the red (RH) network to the blue (LH) network 
via the green bridges [10] . 

Interestingly, a bridge defect results in new types of loop 
defects due to the alternation of the number and nature of the 
set of mesoatoms in a closed network loop from the normal 
fundamental network loop. For example, as is evident from 
Fig. 2 b, the networks are altered from the normal 10 − 310 DG 
loops as the f = 4 bridge defect creates a 9 node red loop (9- 
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Fig. 2 
Point defects in tubular networks (a) SVSEM reconstruction of a pair of DD strut break point defects, one in the blue network and one in the red network (see green 
arrows). The strain field of these break defects is quite local as evident from the approximate retention of the 4 fold roto-inversion symmetry of the skeletal graph 
as viewed along the [001] direction. (b, c) DG point defects. Bridging point defect joining two loops in DG. (d) Donut defect in DG. Images in (b–d) by permission 
from [10] . 
4,3,4,3,4,33 ,4) and an 8 node blue loop (8-4,37 ), where the first 
number indicates the number of nodes in the loop and the 
subsequent numbers indicate the sequence of node functionalities 
around the loop. The f = 4 node is included in both loops. The 
remainder of the blue loop is comprised of normal DG LH f = 3 
mesoatoms, whereas the red loop contains 3 additional f = 4 
mesoatoms which in turn strongly alters the surrounding network 
topology and node chirality. 

Node functionality f = 5 defects are also found in DG networks 
[10] . These higher functionality nodes have even larger volumes 
and create many more bridges between more loops. Such a large 
f = 5 mesoatom tends to shrink the size of adjacent mesoatoms 
and their loops. For example, Fig. 2 c shows a f = 5 node in a 7- 
5,3,4,34 loop, demonstrating that node functionality and loop size 
are interdependent. 

The presence of point defects also affects network inter- 
catenation since a loop with a smaller number of nodes leads to a 
smaller central opening which if too small, cannot be threaded 
by the second network. This in turn forces alteration of the 
normal structure in the adjacent regions leading to additional 
defects. Fig. 2 d shows a small, non-catenated 5-42 ,33 loop. Such 
non-catenated loops have been termed “donuts”. This coupling 
of node functionality defects and network topology necessitates 
the occurrence of additional defects and extends the symmetry 
breaking outwards over a larger region. Thus, while break point 
defects create only a rather local structural perturbation, on the 
other hand, bridge defects extend their influence over a significant 

volume of material and necessitate creation of multiple types 
of additional defects. Overall, point defect descriptors in TN 
structures must therefore be more extensive to fully describe 
the more numerous degrees of freedom available to altering the 
mesoatoms and their loops from those in the equilibrium defect- 
free reference crystal. 
Line defects in TN phases 
To identify and understand the structure of a dislocation 
defect, one needs to be able to view a much larger 3D region 
than for point defects. Characterizing the dislocation requires 
distinguishing both the line vector and the Burgers vector. Once 
the defect core region is identified, then a Burgers circuit that 
starts on a normal lattice point or on a mesoatom node (Wyckoff 
site) and passes completely around the defect line using steps 
with translational symmetry from point to equivalent point or 
node to equivalent node is constructed (for double networks, 
there would be two Burgers circuits, one for each network). For 
a circuit constructed in a region in a perfect crystal, the closure 
failure of the circuit will be zero, while the circuit enclosing the 
defect line will have a closure failure corresponding to the Burgers 
vector of the defect. Since the dislocation line energy scales as 
the square of the Burgers vector, the most favorable line defects 
will be those with the smallest Burgers vector. If the defect is a so- 
called perfect dislocation, the motion of the dislocation displaces 
the structure by some (normally smallest possible) lattice vector, 
so as such defects move over their slip plane, the crystal is simply 
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Dislocation line defect in DG. (a) View along the dislocation line for the left handed gyroid network. (b) View transverse to the dislocation line showing the mixed 
Burgers vector components b1 and b2 . The small green regions in 4a are locations where there are bridge defects between the two DG networks. Reprinted with 
permission from [11] . 

Fig. 4 
Computed atomistic dislocation core structures in a single diamond network viewed along the dislocation line. (111) Planes are horizontal. Figure used with 
permission from [33] . 
shifted across the slip plane and maintains its regular periodic 
state. However, in some situations, the strain energy of the defect 
can be lowered by dissociation of the perfect dislocation into a 
pair of partial (imperfect) dislocations connected by a few unit 
cells wide stacking fault [34] . Since the DG has a bcc unit cell, 
the lowest energy dislocation defect would have the shortest 
translation vector: b = aDG ( < 111 > )/2, while for the DD, with 
a primitive cubic cell, the lowest energy dislocation would have 
b = aDD < 100 > . 

Only a single paper has thus far addressed dislocation defects 
in BCP TNs [11] . Because the investigation employed TEM 
analysis of a thin microtomed section of a DG BCP, just a 
short length of dislocation could be analyzed (see Fig. 3 a). 
The dislocation line was along the [111] direction with mixed 
character, b = aDG < 012 > , which would indicate a more than 
600 % increase in the dislocation line energy compared to the 
expected b = aDG ( < 111 > /2). Surprisingly, the neighborhood 
surrounding the defect also contained a region exhibiting a 2D 
periodic array of f = 4 network bridge defects (indicated by the 
green regions in Fig. 3 a). 

Some insight on other types of line defects that will likely 
be encountered in DD crystals can be gained from inspection of 
defect core configurations in atomic diamond network materials 

determined by high resolution TEM and atomic modeling [33] . 
Fig. 4 taken from [33] shows views along the dislocation core 
(the [110] direction normal to the plane of the figure) for three 
different dislocation types in silicon. As is evident, the basic 6-4 
diamond loops are altered in the core region to a pair of 7 node 
and 5 node loops or a single 8 node loop or a triplet pairing of 
a 7, a 5 and a 4 node loops. The structure reverts to the normal 
diamond network within a few unit cells of the dislocation core. 
In addition, some work on dislocation structures in Cu2 O which 
has the double diamond network structure has been done. 
Surface defects in TN phases 
As with dislocation structures, the structural details of the 
enormous variety of types of grain boundaries in tubular 
networks have only begun to be investigated. Indeed, sometimes 
to understand a complex family of structures, working to 
identify and analyze a few specialized, simple structures affords 
recognition of key aspects of the structures and a good pathway 
forward. One of the simplest grain boundary types is a twin. 
In a twin boundary (TB), the boundary plane is a mirror plane 
between the adjacent grains. Such TBs are quite numerous in all 
crystalline materials since they have a relatively low energy defect 
core structure. Twins can be either formed during growth or by 
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Fig. 5 
Twin boundaries (a) SEM slice image of 6 parallel twin boundaries in a PS-PDMS sample. The bright regions are the PDMS minority network domains and the PS 
matrix is dark. (b) 3D SVSEM reconstruction. This volume containing about 5400 unit cells is readily segmented into three 3D continuous networks: two PMDS and 
one PS, indicating the absence of any network bridge type defects. 

Fig. 6 
A twin boundary defect (mirror plane indicated by the vertical dashed orange line) visualized by 3D SVSEM tomography creates two new types of DD mesoatoms. 
(a) The (222) twin boundary in the DD phase as viewed along [112]. (b, c) Two new types of mesoatoms having f = 3 and f = 5 are formed on the TB, both with D3h 
point group symmetry instead of the Td tetrahedral symmetry of normal DD mesoatoms. Permission from [12] . 
mechanical deformation. Twin boundaries often appear as parallel 
boundaries in elongated grains, as for example, in the SVSEM 
image in Fig. 5 which shows a set of 6 parallel twin boundaries 
in a PS-PDMS DD TN sample. 

For the DD TB, one could anticipate based on the cubic 
diamond-tetrahedral symmetry, that the structure might mimic 
aspects of the (111) TB in (single) diamond crystals like silicon. 
Indeed, viewing the DD TB along the parallel and normal 
directions, one of the two diamond networks (colored red in 
Fig. 6 ) in a DD BCP crystal containing a TB has precisely the same 

network structure as the single network twin in silicon [12] . The 
mirror plane coincides with the (111) plane and bisects the BCP 
struts (corresponding to the Si bonds) with all nodes/mesoatoms 
retaining their Td point group symmetry. In the BCP defect, the 
nodes of the second BCP diamond network (blue color) lie on 
the TB (222) plane. The malleable Td mesoatoms morph their 
symmetry and link up into planar hexagonal 6-(5,3)3 loops. 
Because a twin boundary is a highly symmetrical defect, it is 
straightforward to identify two new types of defect mesoatoms, 
a f = 5 and a f = 3, each having D3h symmetry. 
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Fig. 7 
New DG mesoatoms types with a new DG loop due to a TB. Level set model 
showing the 5 types of struts on the (422) TB. The strut lengths are given as 
fractions of the unit cell parameter a of the DG. The mirror boundary plane 
(gold interface between red and blue networks) separates a right (red) network 
from a left (blue) network. 5 types of boundary struts are identified. Grey 
colored nodes for the normal f = 3 DG nodes, green indicates new f = 3′ 
boundary nodes, yellow indicates another type of new f = 3”boundary nodes, 
and aqua indicates a new f = 4′ boundary node. The skeletal graph of the TB 
loop is 9-4′ ,3′ ,3”,34 ,3”,3′ . 

Remarkably, the DG phase with Ia3d cubic symmetry does 
not contain any mirror symmetry elements, but twins do indeed 
appear in the DG and are located on (422) planes [36] . Such defects 
act as topological mirrors since the two interpenetrating networks in 
the DG are enantiomorphic, so the respective network chiralities 
switch as the networks cross the TB. Three new types of defect 
mesoatoms are formed as these reside on the boundary and must 
have mirror symmetry, unlike the D3 point group of the normal 
DG mesoatoms. The TB creates a new type of loop comprised 
of 9 nodes: 9-4′ ,3′ ,3”,34 ,3“,3′ (see Fig. 7 ). This new type of loop 
contains 4 normal DG mesoatoms that are positioned off the 
boundary and coherently join to the normal DG 10-310 network. 
There are 5 mesoatoms located on the mirror boundary and these 
must adjust to become mirror-symmetric: one is a new type of 
f = 4′ and two are new types of f = 3’ and 3” mesoatoms (where 
the prime symbol denotes a mesoatom with different shape and 
strut lengths and inter-strut angles than the normal DD f = 4 
and DG f = 3 mesoatoms). Thus, malleable mesoatoms are key 
to forming twin boundaries in both DD and DG. Twins feature a 
smooth, continuous IMDS without any network bridge or break 
point defects as well as allowing networking inter-catenation. 

General grain boundaries involve both tilt and twist of the 
relative orientation of the unit cells in the adjoining grains. In 
hard matter systems, the coincident site lattice (CSL) concept is 
used to search for special low energy boundaries where for certain 
geometrical relations, there is commensuration of a 2D array of 
normal lattice sites in both grains. One anticipates that for TN 
BCPs, low energy coincidence boundaries will also likely appear 
for certain special values of tilt and twist that result in coherent 
matching of a 2D array of the outer faces of mesoatoms across 
the grain boundary likely accompanied by some relaxation of 
the mesoatoms between these sites. Possible candidate boundary 
planes for such coincident site boundaries can be estimated from 
comparison of superposed low index slices using level set models. 

An interesting aspect of grain boundary surface defects is that 
when three grains meet, they create a type of line defect termed 
a triple junction line (TJL) defect (see Fig. 8 a). Yet another type of 
point defect occurs when a set of 4 triple junction lines merge to 
form a quadruple point ( Fig. 8 b). An SEM image of a region with a 
triple junction in a DD sample is shown in Fig. 8 c. Thus, 2D defects 
(grain boundaries) can interact to create a network of 1D defects 
(TJL) having a set of 0D defects at their vertices. The grain structure 
itself creates a type of 3D network structure, somewhat akin to 
a 3D collection of soap bubbles, consisting of grain boundaries, 
triple junction lines and quadruple points. The mechanical and 
thermodynamic stability of TJL networks have been studied for 
metallic systems and the geometry of some TJLs has been modeled 
by using the coincidence site lattice approach [37] . The structural 
details of the grain boundaries in TN BCPs and especially that of 
the triple line are under study using SVSEM. 

Another type of defect often encountered in hard matter 
is a thin noncrystalline region located between crystalline 
grains. Such regions can be due to incomplete crystallization 
between adjacent grains or can occur due to segregation of 
noncrystallizable impurities to the GBs. Fig. 9 a shows a thin 
disordered, microphase separated region between DG grains. The 
disordered region is not a homogeneous mix of the two blocks 
but is microphase separated into a type of continuous random 
network (CRN). The 3D reconstruction shows that the disordered 
region is a single continuous 3D network comprised of linked 
variations of the basic f = 3 DG mesoatom. Importantly, SVSEM 
enables measurement of a very large specimen volume allowing 
statistical distributions of structural features, e.g. histograms of 
strut lengths. Details of the interface region between the ordered 
grain and the disordered region are shown in Fig. 9 b. The viewing 
direction of the ordered DG grain is [111] as evident from the 3 
fold rotational symmetry in the skeletal graph. The skeletal graph 
of the disordered region reveals that about 90 % of the nodes 
(845 independent measurements) have f = 3, with a range of strut 
lengths, strut directions, and dihedral angles, mesoatom volumes, 
IMDS curvatures and surface areas as a consequence of the lack of 
crystalline order. Moreover, there is only one network constituting 
the disordered phase and there are no unconnected portions of 
the network. The single CRN resembles the atomic structure of 
amorphous arsenic with f = 3. A similar type of disordered phase 
occurs in surfactant-water systems and is termed the sponge phase 
[38] . Future work following how the sponge phase transforms into 
the DG phase (and similarly, how a sponge phase with f = 4 
transforms into the DD phase) may reveal the mechanism(s) 
of how primordial mesoatoms might reorganize into crystalline 
tubular networks [21] . In this instance, particular local mesoatom 
arrangements may serve as nuclei for growth of the crystal with 
the introduction of small crystalline regions acting as symmetry 
establishing “perfect defects” in the amorphous CRN which 
requires splitting the single sponge network into the two inter- 
catenated ordered networks. 
Defec t–defec t interac tions 
As with other crystalline materials, the various types of defects 
present in a BCP TN sample will interact when there are adequate 
driving forces. For example, an interesting variation in the 
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Fig. 8 
(a) Schematic of triple junction line (red) formed at the intersection of 3 grains. (b) Quadruple point (Q) at the convergence of 4 triple lines (c) End-on view of a TJL 
formed at the intersection of 3 DD grains in a PS-PDMS diblock. 

Fig. 9 
(a) Noncrystalline continuous random network sponge-like phase located at the boundaries of three DG grains. (b) Skeletal graph of a portion of the DG sponge 
phase showing that most nodes are f = 3. 
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Fig. 10 
Defect–defect interactions. (a) Pair of skeletal graphs from a SVSEM 3D reconstruction of a region containing a (222) TB (green vertical line) in a DD grain. (b, c) 
Red/blue skeletal networks showing the TB and the (111) slip planes (black lines) and the displacement direction (purple arrows) of the boundary due to the 
passage of a dislocation. 
structure of a TB is shown in Fig. 10 . Instead of a planar structure, 
the edge-on view of this DD (222) twin boundary as visualized 
by the skeletal graphs, shows a kink-like step (orange arrow in 
figure 10a). One possible explanation for this compound defect 
is that the TB was deformed by the passage of a dislocation that 
displaced the TB over a particular slip plane by an amount equal 
to the Burgers vector. The dislocation is not in the field of view, 
but we can see the effect of the passage of the dislocation over the 
slip plane and across the TB. The black line denotes the (111) slip 
plane that undergoes reorientation on crossing the TB. The purple 
arrow indicates the direction and amount of the displacement. 
Since the slip plane changed direction due to the presence of the 
TB, the dislocation also changed direction (cross slip) and laterally 
displaced the green TB. The data suggests the slip plane is a (111) 
plane with the Burgers vector equal to aDD [11̄ 0]. 
Summary 
With continued advances in tomographic techniques and sample 
processing strategies, significant new information and insights 
will be forthcoming, enabling quantitative description and 
fundamental understanding of a plethora of defects and defect 
structures in tubular cubic network phases. Up to the present, 
the crystallographic defects discovered in the DD and DG tubular 
network phases have striking correspondence with similar defects 
in tetrahedral diamond and trihedral arsenic network atomic 
crystals, but the length scales of the various defects differ by factors 
of 100X to 1,000X. Clearly symmetry and energy minimization, 
while having completely different atomic vs. molecular details, 
share much common ground due to the nature of the point 
and space group symmetries involved and the need to minimize 
the defect energy. It is apparent that the known influences of 
defects on bond lengths, bond angles and topology of atomic 
networks are like the influence of defects on strut lengths, strut 
angles and topology of BCP networks comprised of mesoatoms. 
However, unlike the single diamond and single gyroid networks 
in hard atomic materials, the double networks in soft matter, 
are comprised of malleable and highly adaptable mesoatoms 

containing thousands of flexible molecules providing even richer 
geometric and topological environments for defects and their 
associated “defect mesoatoms”. More complex defect descriptors 
will also need to be developed to appropriately characterize the 
defect structures in 3D tubular soft matter. To date, research has 
found break and bridge point defects, defective loops and donuts, 
twin boundaries, dislocations, kinked twins, grain boundaries, 
triple junctions, and disordered noncrystalline sponge phases. 
These are just the beginning of a what should become the 
soft matter equivalent of the pursuit of “defect engineering”
where purposeful introduction, manipulation and interaction of 
defects can provide access to otherwise impossible properties with 
exotic behavior. For example, breaking inversion symmetry in 
the double gyroid results in a material with a band structure 
containing Weyl points which should enable angular filtering of 
light as well as very high power, single mode lasers [39–41] . It 
should be noted that in this instance of creating a special optical 
behavior, the parity breaking (loss of inversion symmetry) defects 
were fabricated in silicon for the microwave regime (centimeter 
length scale) to be precisely located within every unit cell. BCP 
molecules are big, slow and many can be heated to induce 
transformations and then conveniently cooled and arrested below 
their glass transition temperature for detailed examination at 
room temperature. Temporal variation of defect responses to 
applied stimuli [43] and the role of defects in order-order phase 
transformations is just beginning. 
Methods 
Slice and view SEM data 
SVSEM data were obtained using the procedure reported in 
[10] and a Thermo Fisher Helios NanoLab 660 Scanning Electron 
Microscope-Focused Ion Beam (SEM-FIB) DualBeam system. A 
30 keV gallium ion beam at a beam current of 80 pA was used to 
mill the polystyrene (PS)-b-polydimethyl siloxane (PDMS) diblock 
sample. Secondary electron (SE) imaging was done using a one keV 
electron beam and beam current of 50 pA. The stronger scattering 
from the higher atomic number of Si atoms in the PDMS results 
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in stronger SE emission and provides excellent intrinsic contrast 
between the PS and PDMS domains. Fiducials were used to register 
the FIB and SE images during the automatic slice and view process. 
The resolution for the 2D SEM images is approximately 3 nm/pixel 
and the FIB slice thicknesses is about 3 nm/slice. Based on the 
binarized images, a 3D volume can be reconstructed as colored 
(red/blue) PDMS networks within a transparent PS matrix using 
Avizo software. 
Materials and sample processing 
The polystyrene-b-polydimethylsiloxane (PS-PDMS) diblock 
copolymers were synthesized by sequential anionic 
polymerization of styrene and hexamethylcyclotrisiloxane [44] . 
A 50 kg/mol PS and 33 kg/mol PDMS having a PDMS volume 
fraction of 41 % was solvent cast into a thin film over 1 week from 
a 10 wt. % toluene solution. After drying, the sample was heated 
in vacuum to 60 °C for 3 days to remove any residual solvent 
This 50-33 kg/mol PS-PDMS sample exhibits the DG structure. 
The second sample was a 51-35 kg/mol PS-PDMS diblock with 
a PDMS volume fraction of 42 % which formed a DD phase. 
Two sample processing methods were employed, both yielded a 
DD phase. A thin film sample was slowly cast over 1 week from 
a 10 wt.% toluene solution and after drying, the sample was 
heated to 60 °C for 3 days with vacuum in order to remove any 
residual solvent. The other processing method was to fabricate 
BCP microspheres in which monodisperse microspheres were 
made from an emulsion of 6 mg/ml polymer–toluene droplets 
in a continuous phase of DI water containing sodium dodecyl 
sulfate (0.1 wt.%). With the help of nitrogen gas, the polymer 
solution was passed through 5.1 micron diameter pores of a 
Shirasu Porous Glass membrane, forming near-monodisperse 
microspheres stabilized by the surfactant. The concentration of 
toluene in the suspended microspheres decreased very slowly 
over 3 days due to its limited solubility in the water matrix. 
Subsequently, the microspheres were dispersed onto a glass slide. 
All samples were coated with a 50 nm protective layer of platinum 
for slice and view SEM. 
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