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Metastable network phases from controlled self-assembly of high- x block copolymers
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Well-ordered nanonetwork materials with triply periodic minimal surface texture are appealing and promising
for innovative properties such as optical and mechanical metamaterials as inspired by nature (e.g., the photonic
property from the wing structure of a butterfly and the high-impact property from the dactyl club of a mantis
shrimp). Network structures possess self-supporting frameworks, open-cell character, high porosity, and large
specific surface area, giving specific functions and complexity for practical applications. Here, a facile approach
with simple routes for acquiring of metastable network phases beyond conventional phase diagrams is pro-
posed and examined. By taking advantage of controlled self-assembly for high-interaction-parameter () block
copolymers (BCPs), it is feasible to acquire network phases from the use of a selective solvent for self-assembly
under controlled evaporation of the solvent. In contrast with the thermodynamically stable equilibrium phases
from intrinsic BCPs and their blends with conventional network phases, a variety of kinetically trapped network
phases with a high degree of ordering can be obtained from a single-composition lamellar phase, giving an
easy method to acquire metastable network phases even for a primitive phase with large packing frustration
(i.e., entropic penalty). Furthermore, the windows for network phases can even be expanded through controlled
self-assembly of star-BCPs as compared with the linear-conformation diblocks. As a result, the topological
architecture of BCPs could be another controlling factor to vary the phase behaviors, which may provide easy
access to a variety of metastable network phases from thermodynamically stable phases through a kinetically

controlled process for self-assembly.
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I. INTRODUCTION

Block copolymers (BCPs) with chemically distinct and
incompatible blocks, which drive the assembly of molecule
aggregates by both attractive and repulsive interactions, have
diverse periodically ordered equilibrium states [1-3]. In
the solution state with a solvent or diluent, the affinities of the
constituted blocks in a BCP may create micellar morpholo-
gies with cylindrical, spherical, and laminated textures, even
vesicles with simple contours or symmetries in local regions
[4]. On the contrary, in highly concentrated BCP solutions, it
is favorable to give a wide variety of self-assembled phases
by tuning of effective volume fraction due to the swelling
of the BCP with a solvent [5,6]. For self-assembly of BCPs
in bulk, a variety of well-ordered phases such as spheres,
cylinders, and lamellae as symmetrically labeled on common
phase diagrams of BCPs can be formed [2,3]. As the rolling
extension of research has expanded, more equilibrium phases
have been studied in the past decades, including further clas-
sification of cylinders (tetragonally/hexagonally packing) and
spheres (body-/face-centered packing) [7,8]. Apart from those
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periodically ordering equilibrium with uniform curvatures,
three-dimensional (3D) phases with complex texture, such as
perforated lamellae and gyroid and orthorhombic networks,
were discovered in neat BCP systems [9—-18]. Indeed, there are
more unusual phases showing unique structures involved with
low-symmetric packings or even with a chiral sense obtained
under specific requirements on chain conformations and/or
segregation strength of the BCPs [16,19], which brings out
opportunities for BCP self-assembly. As a result, it is feasible
to acquire diverse ordered phases from the self-assembly of
BCPs in solution and dried bulk state by controlling the phase
behaviors thermodynamically and kinetically (see Fig. 1).

II. ORIGINS OF NETWORK PHASES:
STABLE VS METASTABLE

In nature, network structures composed of colorless
chitin make butterfly wings, beetle exoskeletons, and even
bird feathers shine with dazzling colors [20-22]. The
superior impact resistance on dactyl clubs of mantis shrimps
originates from the bicontinuous network composites of
hydroxyapatites and chitin, also true for starfish [23,24].
Getting to the bottom of nature, it is apparent that these
examples share similar architectures, continuous and ordered
networks, in common. Interestingly, the networks are the
temporary results of evolution through billions of years since
the appearance of organic creatures. The genuine biological
crystals are generated from the creatures themselves and
are usually involved with the self-assembly of amphiphilic
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FIG. 1. Illustration of the controlled self-assembly for multiple
network phases and the potential applications for biomimicking
metamaterials.

supramolecules to give periodic structures [21,25]. In contrast
to nature, well-ordered phases with triply periodic minimal
surfaces (TPMSs) could be attained from the self-assembly
of synthetic BCPs, and most of them are cubic phases
[9,13,14,26,27]. According to the numbers of struts at the
jointed junctions, they are commonly categorized into four
classes: gyroid, diamond, primitive, and others.

A structure with curvatures displaying a Schoen G surface
and three struts at a node is named a gyroid and contains both
fourfold and threefold axes of symmetry [28-30]. Moreover,
the twisting network shows certain handedness by a spirallike
framework, resulting in special chiral sense as + or — accord-
ing to the rotating and translating arrangement of the nodes
on Wyckoff position 165 [18,31,32]. Thomas et al. [26] and
Bates et al. [2] found access to acquire gyroids constituting the
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same composition through self-assembly of BCPs. In contrast
with the single network which exists in nature (/4,32),
the self-assembled gyroid phase contains two independent
networks with opposite chirality (/a3d), named a double
gyroid (DG), due to the mean field of distribution of polymer
chains [3,33,34]. Many reports have proven the equilibrium
DG phase in the phase diagram of BCPs, yet routes toward the
gyroid phase are highly limited in a narrow window [2,33,35].
To lower the enthalpy in each segregated microdomain, the
connected chains are stretched to prevent the entanglement
and develop the area minimization at the interface (i.e.,
intermaterial dividing surface). Generally, ideal models with
constant mean curvatures (CMCs) show lower interfacial
energy than those with constant mean thickness (CMT).
However, the stretching polymer coils prefer curvatures with
CMT to avoid the divergent packing of polymer coils in the
local region [36], where coils overstretch at the cores yet
compress at the struts in a gyroid. Consequently, the entropic
penalty of coils poses packing frustration to the formation
of complex phases. Matsen and Bates [37] concluded with
the narrow window of the gyroid phase by calculation of
the curvatures to corresponding structures constructed by
the prediction of self-consistent field theory (SCFT). The
deviations of the curvatures from the ideal models with CMC
are calculated, reflecting the degree of entropic penalty to
polymers in the self-assembled phases. As shown in Fig. 2(a),
the corresponding average of the distribution of mean
curvatures (H) and especially for the standard deviation of
mean curvatures oy to each structure are provided, implying
the degree of packing frustration of corresponding structures.
Approaches, for instance, rigid conformations of polymers or
strong segregation strength (i.e., high-x BCP), are therefore
suggested to alleviate the packing frustration.
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FIG. 2. (a) Interfacial surfaces corresponding to self-assembled phases of cylinder (C), gyroid (G), perforated lamellae (PL), and diamond
(D) predicted by self-consistent field theory (SCFT). The calculated mean curvatures and standard deviations are provided [37]. (b) Cross-
sectional profile of the composition in a microphase-separated microdomain and the deviation (§) from the constant mean curvature (CMC) at
different segregation strength [37]. (c) Illustration of suggested Gibbs free energy vs transition path to the formation of the double gyroid (DG)
phase in chiral block copolymers (BCPs) with helical conformation in polymer chains [42].
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Interestingly, in contrast with regular BCP systems with
random coils, Ho et al. [16], Wen et al. [38], Wang et al. [39],
Yang et al. [40], and Li et al. [41] introduced the chiral seg-
ments to one of the constituting blocks as chiral BCPs; chains
with helical conformation would be formed due to the inter-
chain interaction from the chiral molecules on the main chain.
The chiral chains with helical conformation could effectively
alleviate the packing frustration due to the unequal curvatures
of the TPMS and therefore expand the possibility to reach
the DG phase [Fig. 2(c)] [42]. Similar results were observed
in the delicate synthesis with precise control of stereochem-
istry of monomers to design the tacticity of polymers, and
beyond expectation, an unusual double network phase (Pn3m1)
with more interconnecting struts can be captured [43,44]. A
basic unit of the network displays four struts intersecting at
a single node which locates at the diamond positions in a
simple cubic lattice [30]. The presenting tetrahedral outlooks
resemble a mathematically periodic surface, the Schwarz D
surface, and is called the diamond network [45]. Contrary to
the gyroid, the diamond network shows no chirality due to
the missing inversion center. As mentioned above, the double
diamond (DD) phase could be rarely found in self-assembly
of BCPs with simple compositions, and that is mainly at-
tributed to the fourth strut on the node; the additional one
aggravates the issue of packing frustration of the complex
structure resulting from the highly fluctuated curvatures at the
nodes which requires stretching of polymers that can extend
to the cores [Fig. 2(b)] [37]. As a result, the diamond phase is
considered a metastable phase instead of an equilibrium phase
plotted on conventional phase diagrams. To overcome the vol-
ume penalty from entropic constraints, minor components are
added to fill the empty space. Blending of the homopolymers
with the same composition as the minor components has been
validated as an effective way to get the DD phase [46—48]. In-
troduction of third components can also assist the progress to
overcome the entropic penalty, as demonstrated by Finnefrock
etal. [49] and Han et al. [50]. The success of capturing the DD
phase can be attributed to the smaller size of additives as com-
pared with the long chains of BCPs that uniformly distribute
over the whole microdomain. Additionally, the straightfor-
ward means of connecting a third component to the diblock
polymer chains provides more extensive controllability to
adjust the curving among the phase-separated microdomains
[13,14,51,52]. A typical ternary phase diagram of tri-BCPs
established by Epps et al. [13,14], Chen et al. [53], and Park
et al. [54] demonstrates better opportunities to reach the equi-
librium network phases, a core-shell DG and an alternating
gyroid, where two networks randomly contain two different
components. In recent years, Wang et al. [18] proposed that,
by associating with chiral segments, the homochiral evolution
from the molecular level realizes the concept of appointing the
specific chirality to the single gyroid (SG) network; the achiral
diamond networks were surprisingly obtained from the achiral
form. The blending methods could be generally applied to
obtain the DD phase via the cosurfactant effect [55,56]. As
for the network with higher strut numbers, a class of networks
different to the DG phase is also predicted as a metastable
phase from self-assembled BCPs blends [47,48].

In the Schwarz surface family, a bulky branched frame-
work with symmetry resembling the cubic primitive crystals

(Pm3m) is described, the Schwarz P surface, showing an or-
thogonal intersecting node with six struts; the periodic surface
constructed a base-centered cubic lattice with hexapod nodes
at the center sites [30,45]. In comparison with the gyroid
and diamond, the double numbers of struts could result in a
gigantic node size, enhancing enormous stress concentrated
in the cores [47]; that reasonably explains the existence of the
primitive network that can be found in nature but rarely from
the self-assembly of supramolecules or BCPs [57]. The ultra-
high packing frustration of the primitive network shows weak
thermodynamic stability, making it a metastable structure the
same as diamonds [37,47,58]. Similarly, the mean field reg-
ulates the formation of the primitive network phase to be
double networks. The double primitive (DP) networks (Im3m)
was found in supramolecules/water mixtures, a biomimicking
surrounding, where the aqueous solvent fills up the central
regions of the micelles, avoiding the collapse of the bilayer
membranes during assembly [59,60]; such a network phase
can also be found in liquid crystals [61,62]. On the con-
trary, no report has been revealed for the discovery of the
DP phase through the self-assembly of neat BCPs except for
the BCPs/inorganic hybrids. Broadly speaking, most of them
still appeared minor which could hardly be isolated from the
majority of ordered phases [63].

As mentioned above, the triply periodic network phases
are mostly in cubic lattices, including a I-WP network which
resembles the wrapped package of interconnecting spheres
[30,45,64,65]. The fourfold rotations of the octahedral basic
units from bundles of four sticks lift to the genus surface as
higher rotations to 12, and the puncturing spheres branch to
eight neighboring punctured spheres in the space group of
Im3m. The I-WP network is more symmetric than it visually
appears, yet it has been found in the exoskeleton of a longhorn
beetle but never seen from self-assembled BCPs [65]. In com-
parison with the I-WP network, a simpler outlook of a network
with three branches in orthorhombic lattice fddd (O [66]) was
predicted in self-assembled BCPs by SCFT and later on vali-
dated as an equilibrium phase near the windows of a DG phase
[15,67]. Different to the observed network phases mentioned
above, fddd turns out to be the only single network phase
with contours like a gyroid, but no helicity can be sensed
[12]. The anisotropic extension/compression of branches in
3D breaks the volumetric symmetry so that it is excluded
from the family of TPMSs. In general, approaches have been
proposed to access the windows of most network phases in na-
ture, including the control of stereochemistry or architecture
of polymers and physical blending with polymers or inorganic
solvents. The core issues are always about the precise control
of compositions and how to alleviate the packing frustrations
of the corresponding networks. In the following sections, we
will discuss the alternatives to capturing network phases by
a combination of thermodynamics and kinetics to adjust the
progress of self-assembly of BCPs in a physical way.

III. COMPOSITIONAL CONTROL
FOR SELF-ASSEMBLY OF BCPS

In the past decades, multiple approaches have been ex-
amined and demonstrated the accessibility to network phases
in self-assembled BCPs. The compositional asymmetry
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FIG. 3. (a) Transmission electron microscopy (TEM) micrograph of the self-assembled polystyrene-block-polyisoprene (PS-b-PB) blends
with polystyrene (PS) homopolymer [73]. (b) Illustration of intermaterial dividing surface separating the PS and polyisoprene (PI) mi-
crodomain. The surface is characterized by interfacial mean curvature and average area per copolymer junction [74]. (c) Illustration of
the formation of ordered bicontinuous double diamond from a lamellae-forming (top) and cylinder-forming (down) diblock copolymer and

homopolymer [73].

naturally gives spontaneous curvature toward the part with
minor volume [68]. A more complicated situation could be
found in the BCP blends where the introduction of homopoly-
mers could be served as dry or wet brushes dependent upon
the relative chain length to the hosts [69,70]. The main issues
of the approaches focus on the creation of the spontaneous
curvature in self-assembled mesoatoms and distributions of
building blocks in each microdomain to overcome the en-
tropic penalty in complex network phases. Interestingly, the
diverse ways for packing of polymer chains can create fas-
cinating phase behaviors that enrich the traditional phase
diagram of common di-BCPs. In the following sections, we
include the accessibly approaches to the formation of network
phases by BCP blends, precise design of multi-BCPs, and
the spontaneous phase separation during the synthesis (i.e.,
polymerization-induced phase separation).

A. BCP blends

For the mixtures of BCP blends, the association of the
additives with the BCP hosts can enrich the phase behaviors.
Usually, the added ones are called brushes. Note that the types
of additives are crucial to the final outcomes. Interpretation
between a polymer brush and mobile polymer chains is cat-
egorized by the concepts of a wet brush (a swollen brush)
or a dry brush (an unswollen brush). The most important
factor to determine the behaviors of the brushes is the rela-
tive chain lengths of the brushes to the hosts. For instance,
for a binary mixture of di-BCPs (A-B) and homopolymers
(A), the factor («) is defined by the ratio of the degrees of
polymerization in the mixture. Here, & = N p/Na ¢, where
Nan and Ny . correspond to the homopolymers and BCPs,
respectively. When o > 1, the macrophase of the brushes
and hosts may occur. The sizes of the A blocks remain
without swelling. On the contrary, when o < 1, the ho-
mopolymers are uniformly distributed in the A microdomains

(uniform solubilization), resulting in the swelling of the A
blocks and an increase of the interfacial areas. The addition
of the homopolymers may alter the interfacial curvature, as
the loss of entropic penalty is compensated [70-72]. Espe-
cially for the network phases with TPMSs, the inconsistent
curvatures lead to greater loss of entropic penalty. Winey
et al. [73] demonstrated the access to acquire the DD phase
in common AB-type diblock polystyrene-block-polyisoprene
(PS-b-PI) or polystyrene-block-polybutadiene (PS-b-PB) sys-
tems blending with PS homopolymers [Fig. 3(a)]. Because of
the wet brush characteristics of the blending PS homopoly-
mers, the addition of homopolymers to the lamellae-forming
diblock increases the compositional asymmetry to generate
curvature at the self-assembled interface [Fig. 3(b)] [74]. Sim-
ilar scenarios can be applied to the BCPs with asymmetric
composition blending with homopolymers to the minor com-
positions [Fig. 3(c)] [73]. The ordered bicontinuous network
phase can also be acquired from the self-assembly of cylinder-
forming BCP/homopolymer blends, where the wet brushes
are uniformly distributed with the minor microdomains to
compensate for the loss of entropic penalty from the forming
phases with TPMSs. Theoretical simulations based on the
mean-field theory for the distributions of the polymer chains
in the self-assembled network phases have also been studied
for decades. A common conclusion has been given that the
wet-brush-like behaviors of the homopolymer blends can be
an effective approach to overcome the packing frustration
from the forming network phases, yet excess addition of the
additives will result in undesired occurrence of macrophase
separation.

Following the concept, a strategy proposed by Court and
Hashimoto [75] demonstrated the alternative to compen-
sate for the loss of entropic penalty in binary mixtures of
BCP through the cosurfactant effect. Those binary mixtures
consisting of both diblocks with asymmetric compositions
can effectively trigger the spontaneous curvature during
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FIG. 4. (a) Illustration of core-shell double gyroid (DG) from binary mixture of highly asymmetric compositions of ABC/AB blends [76].
(b) Transmission electron microscopy (TEM) micrographs of ternary blending from three different chain length of polystyrene-polyisoprene
(PS-PI) [55]. (c) TEM micrographs of two triblock copolymer blending [56].

self-assembly, thus potentially giving greater window to the
formation of network phases [71]. Asai et al. [55] revealed the
emergence of the DG phase in binary BCP mixtures and val-
idated the formation of the stable DD phase in ternary blends
of three PS-b-PI mixtures [Fig. 4(b)]. Moreover, by taking
advantage of the rich phase behaviors of the ABC-type tri-
block terpolymers, the cosurfactant effect can also be applied
to the triblocks seeking routes to acquire various network
phases. As shown in Fig. 4(a), a core-shell DG can be found
in binary mixtures of ABC/AB blends which exhibit highly
asymmetric compositions [76]. Apart from the DG phase, a
stable alternating DD phase can be found when two triblocks
are mixed at particular compositions; note that the intrinsic
phase behaviors of the constituted BCPs are far beyond the
regions of network phases on the corresponding phase di-
agrams [Fig. 4(c)] [56]. The intrinsic inconsistency of the
chain lengths in the minor phases at particular compositions is
expected to fit the deviated curvatures in TPMSs well, which
avoids the entropically unfavorable situations of overstretch
and compression to polymer chains. As a result, the uniform
space filling of polymer chains leads to the rare formation of
diamond phases which have been long considered metastable
phases [55,56].

B. Multi-BCPs and others

In recent years, the advance in the development of synthetic
techniques has allowed wild designs of BCP conformations to
explore fascinating and unique phase behaviors. In a typical
BCP system, there are two controlling factors (segregation
strength and constituted compositions) that govern the phase
behaviors, no matter whether those are in equilibrium or
metastable phases. However, the introduction of the topology
design to block sequences and molecular conformations led
to dizzying phase complexity. For BCPs with alternating se-
quences in linear extension, named multi-BCPs, those can be
successfully synthesized through step-growth polymerization.
Like the alternating complexity of peptides in proteins, the
sequence and sizes of each block dominate the final geometry

of packing symmetry of the self-assembled phase [77]. The
DG phase can be found in polyethylene (PE)-like materials
containing sulfonate groups in alternating sequences upon
the melting of semicrystalline PE blocks [Fig. 5(a)] [78].
The short but flexible PE chains due to the semicrystalline
characteristic and the monomerlike sulfonate group lead to
the formation of continuous sulfonate gyroid networks and
PE matrix. Moreover, the intensive intermolecular interactions
among the ionic sulfonate group allow the formation of ionic
aggregate, assisting in the stabilization of packings within
the trigonal nodes [79]. There are more emerging categories
of BCPs, especially for the bottlebrush BCPs [80]. The bot-
tlebrush BCPs show highly branched topology consisting of
different types of grafted side chains on a linear backbone,
featuring rapid self-assembly into highly ordered states in
large dimensions [81,82]. The controlling of the length of the
backbones or the side chains, sequence of the side chains, and
the relative ratios of side chains can generate various nanos-
tructures including the desired network phase [35,83,84]. A
mix-and-match of the bottlebrush to the random coil further
expands the flexible adaptability of soft matter to the creation
of network phases. As shown in Fig. 5(b), Park et al. [35]
demonstrated the architectural effect from the bottlebrush can
profoundly impact the stability of the gyroid based on the
consideration of conformational asymmetry. Because of the
difference in the stiffness of the coils and the backbone in the
bottlebrush, the coils in the minor phase will be confined at the
center of the trigonal node (DG) which alleviates the packing
frustration. The mix-and-match combinations of the designs
of molecular architectures suggest the favorable formation of
curvatures, providing more accessibility to the network phases
through precise synthetic routes of BCPs in combination with
the study of topology.

In contrast with the forming ordered network phases
through self-assembly of BCPs, there are other alterna-
tives to fabricate the disordered network nanostructures by
the in situ operations of polymerization and phase sepa-
ration simultaneously [85,86]. By taking advantage of the
intrinsic incompatibility of the constituted components, the
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FIG. 5. (a) One-dimensional small-angle x-ray scattering (SAXS) profile of polyethylene (PE) alternating with sulfonate groups by thermal
annealing [78]. (b) Phase diagram at fixed x N, = 26 (top) and o = 0.3. The stability regions of lamellae, gyroid, and cylinder phases are

labeled [35].

spontaneous occurrence of spinodal decomposition of the
two-phase mixtures will result in the formation of bicontinu-
ous polymeric frameworks, at which the average spacing of
networks is dominated by the sizes of the macromolecular
chain transfer agent (macro-CTA) introduced into the system,
as show in Figs. 6(a) and 6(b) [85]. Undergoing crosslinking
during polymerization, the formed bicontinuous framework
by spinodal decomposition can be frozen and preserved after
the termination of the synthesis [Fig. 6(c)] [87]. In com-
parison with the ordered phases with uniform feature sizes
from the self-assembly of BCPs, the dynamic procedures of
polymerization-induced phase separation indeed expand the
category to the creation of disordered network nanostructures
via a one-step synthesis of randomly copolymerization of
BCPs.

IV. KINETIC CONTROL FOR SELF-ASSEMBLY OF BCPS

Following the ideal physics principles, the polymer coils
are physically redistributed from the competition between
enthalpic and entropic origins to reach the global minimum
during the self-assembly of BCPs to give the formation of
diverse phases. By taking advantage of the viscoelastic char-
acteristic of polymers, the multistep transitions (crystal/glass,
rubber, and melt) gives wide accessibility to control the
progress of self-assembly which results in the feasibility to
capture phases at the local minimum along the free-energy
diagram [88-90]. In this paper, based on the previous studies,
a simple route to acquire the network phases in the metastable

state is thus proposed with the understanding of the possible
forming mechanisms. For instance, the introduction of addi-
tional components, such as solvents or homopolymers, overall
alters the developing process of microphase separation; in
addition, the dynamic changing on the surroundings can also
create fluctuations on the alignment of polymer chains, re-
sulting in temporarily energy-favorable phase behaviors. The
factor of kinetics will be included in the discussion to clarify
the origins of diverse metastable network phases which can
be captured along the evolution of phase transitions from
homogeneous mixing before reaching the thermodynamically
favorable equilibrium. The understanding of fundamental
facets for the phase behaviors of BCP self-assembly from the
nonconventional viewpoint and state-of-the-art methodolo-
gies of processing BCPs through common techniques for the
accessibility of self-assembled network phases will be promis-
ing to facilitate academic activities on developing methods to
acquire metastable network phases for futuristic applications
such as multifunctional metamaterials because of deliberate
network structuring.

A. Effect of solvent selectivity on phase behaviors of BCPs

Traditionally, the so-called classical ordered phases of
BCPs were prepared by achieving the order-disorder tran-
sition from microphase separation [1-3,91]. Heat is often
used for governing the progress of self-assembly due to
the temperature-dependent segregation strength (xN), es-
pecially for x [1,3,92]. However, it could be difficult for
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FIG. 6. (a) Illustration of nanoporous monolith after polymerization-induced microphase separation process [85]. (b) Scanning electron
microscopy (SEM) micrograph of the nanoporous monolith [85]. (c) One-dimensional small-angle x-ray scattering (SAXS) profiles of 70, 84,

96, and 225 s copolymerization at 338 K [87].

systems containing degradable compositions and/or high
molecular weights [19,93]. The processing can be prepared
by adding a solvent instead, alleviating the unfavorable
monomer-monomer interactions. The addition of diluents,
low-molecular-weight components, provides a higher degree
of freedom to the condensed matter, resulting in more compli-
cated phase behaviors. Lodge et al. [94], Huang and Lodge
[95], and Hanley et al. [96] discussed the phase behaviors
of BCPs dissolved in neutral solvents or slightly selective
solvents as concentrated solutions, revealing the formation of
BCPs/solvent micelles which aggregate in anisotropic align-
ment and grow as an ordered phase step by step during the
phase separation [Fig. 7(a)] [96]. SCFT also predicts the evo-
lution of simple ordered phases from lamellae, cylinders, and
spheres to micelles or disordered states in the presence of sol-
vents [Fig. 7(b)] [95]. All can be attributed to the reduction of
segregation strength being inversely proportional to the con-
tents of solvents [95]. In addition to the portion of solvents in
polymer solutions, the selectivity of solvents has been testified
as a crucial factor to tune the final phase morphologies. In a
commonly studied polystyrene-block-polyisoprene (PS-b-PI)
system, multiple phases could be obtained in the same way as
the ones on the well-established phase diagram by changing
the selectivity of solvents and the surrounding temperatures
from a single asymmetric sample [94]. Though the ordered

phases are observed in a fluidic solution state instead of
in condensed matter, the idea of a diluted polymer solution
still inspired the use of a solvent to adjust the final phase
behaviors.

However, the intrinsic properties of PS-b-PI with weak
segregation strength due to the low x value may limit the
selections of the solvent. According to the Flory-Huggins
theory, x ~ (6a — 0B )2 [2], where x is proportional to the dif-
ference between the solubilities of the two constituted blocks;
that is, the difference between the selectivities of the two
polymers could be weak which is far away from the strongly
segregated amphiphilic surfactant/water [97-100]. It is thus
challenging to give a variety of phases.

To improve the effect of solvent selectivity to the
BCPs, a high-y BCP could be an alternative solution
to enrich the phase behaviors of BCPs/solvent mixtures.
Lo et al [101] demonstrated a wide variety of phases,
including inverted phases, in a silicon-containing BCP,
polystyrene-block-polydimethylsiloxane (PS-b-PDMS), with
the use of multiple kinds of solvents for solution cast-
ing. The effects of the selectivity of a solvent in a
high-x PS-b-PDMS—strongly PDMS-selective (methylcy-
clohexane), weakly PS-selective (toluene), and strongly
PS-selective solvent (1,2,3,4-tetrahydronaphthalene)—were
systematically examined; Fig. 8 shows the corresponding
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FIG. 7. (a) Phase diagram of polystyrene-block-polyisoprene (PS-b-PI) as a function of temperature 7 and concentration of polymer in
solution (volume fraction ¢) of diethyl phthalate (DEP) [96]. (b) Two-dimensional phase map for a block copolymer solution with N = 200,

Xas = 0.6, xgs = 0.4, and xagN = 45.0 [95].
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FIG. 8. Phase diagrams for polystyrene-block-polydimethylsiloxane (PS-b-PDMS) in different selective solvents as a function of tem-
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corresponding phases for each symbol are listed at the lower right corner [101].
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FIG. 9. Transmission electron microscopy (TEM) micrographs of the self-assembled polystyrene-block-polydimethylsiloxane (PS-b-
PDMS) acquired by using (a) hexane, (b) methylcyclohexane, (c) cyclohexane, (d) toluene, (e) chlorobenzene, or (f) 1,2-dichloroethane as

a solvent for solution casting [101].

phase behaviors. In line with the results from Huang et al.
[95] and Hanley et al. [96], the dilute polymer solution in a
weakly selective solvent has a disordered state, where a ho-
mogeneous mixture can be found in the whole measured range
of temperatures. As the concentration increases, micelles are
first formed and become aggregates, while no obvious signals
of microphase separation can be traced by small-angle x-ray
scattering (SAXS). The ordered phases could be found in
a concentrated solution as the y value rises near the vitri-
fied point of BCPs when the monomer-monomer interaction
impedes the mobile freedom due to the viscoelastic charac-
teristic of polymers. Multiple reflections appear at the relative
g values of ,/6:,/8:4/14:,/16:4/22 that perfectly match the
scattering profile of a DG phase. A DG phase is, therefore,
found at low temperature, while the intrinsic phase, lamellae,
will only be acquired at high temperature. A solvent with
stronger selectivity than PS (1,2,3,4-tetrahydronaphthalene)
gives similar results, whereas the effective volume fraction of
PDMS (fppms) is significantly reduced; hexagonally packed
cylinders and even spheres can be obtained. Furthermore, in
comparison with the one using toluene, the larger discrep-
ancy between the solubilities among the solvent and BCPs
may slightly increase the x value in the polymer solution
and facilitate microphase separation at lower concentration.
On the contrary, the PDMS-selective solvent (methylcyclo-
hexane) will revolve the phase behaviors due to the studied
system with nearly symmetric composition [Fig. 8(c)]. In-
verted phases can be observed when PDMS selective solvents
are used for controlled self-assembly. Not only the inverted
cylinders [Fig. 9(b)] but also the inverted gyroid appears at

specific conditions, suggesting the overswelling of PDMS
flips over the curvatures by overturning the volumetric asym-
metry of the building blocks in solvents, meanwhile, retaining
sufficient segregation strength for self-assembly owing to the
intrinsically high x value. It is noteworthy that the acquired
phases mostly can be preserved as the solvent evaporates,
suggesting that the reached equilibrium state of BCP/solvent
mixtures in the solution state can be fixed when the poly-
mer coils are incapable of rearranging. Through mixing and
matching of solubility to the constituted components, PS and
PDMS, multiple selections of solvents are therefore used for
controlled self-assembly of PS-b-PDMS, as summarized in
Fig. 9. The adjustable effective volume fractions of the BCPs
provide wide accessibility to control the phase behaviors
in solutions by different selections of solvents followed by
solvent evaporation to acquire the metastable phases as the
self-assembled BCPs become vitrified.

B. Kinetic routes to formation of metastable network phases

As discussed above, it is feasible to preserve various phases
from the self-assembled BCP/solvent mixtures in the solu-
tion state followed by removal of the solvent. The different
stages of the concentration create diversity of the effective
x values and, most crucially, the volumetric ratios; there-
fore, order-order transition may occur during the evaporation
of the solvent (Fig. 8). Generally, in the field of material
science, cooling is a common approach to quench specific
phases during the progress of order-order transition [102].
For BCP/solvent mixtures, the low melting point of the
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FIG. 10. One-dimensional small-angle x-ray scattering (SAXS) profiles of polystyrene-block-polydimethylsiloxane (PS-b-PDMS) by

controlled self-assembly using chloroform under (a) slow and moderate

and (b) moderate and fast evaporation rates. Transmission electron

microscopy (TEM) micrographs of the acquired self-assembled PS-b6-PDMS from (c) and (d) slow, (e) and (f) moderate, or (g) and (h) fast

evaporation rates [105].

mixture, however, can be a harsh requirement for quenching
due to the use of organic liquids for controlled self-assembly
at regular surroundings. By taking advantage of the unique
viscoelastic characteristic of polymer solutions, polymers will
be vitrified at particular conditions (i.e., glassy state); the
mobility of polymer coils will be prominently suppressed
[103,104]. Fast evaporation of the solvent is possible to ki-
netically capture the intermediate before it transforms into
the equilibrium state during the proceeding development of
order-order transition as the solvent evaporates. An alternative
measure proposed by Chang et al. [105] may provide insights
into the processing of BCP self-assembly. A high-x BCP,

030301-

PS-b-PDMS with nearly symmetric composition, is taken
as a representative system for examination of correspond-
ing kinetic factors on phase behaviors during the controlled
self-assembly. A weakly PS-selective solvent, chloroform, is
selected, following the strategies as reported previously. A
DG phase is formed, as evidenced by the scattering profile
[Fig. 10(a)] which fits an ideal pattern at relative g values
of /6:4/8:4/14:4/20:/22. Representative projections of a
DG phase along [110] and [211] under transmission electron
microscopy (TEM) [Figs. 10(c) and 10(d)] further validate
the formation of the DG phase while using chloroform as
a solvent for controlled self-assembly at a slow evaporation
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rate (10~ mL/d). Abundant time is provided for the poly-
mer solution to reach equilibrium at a given effective volume
fraction of PS-b-PDMS before the evaporation of the solvent.
Surprisingly, things go beyond expectation as the evaporation
rate of chloroform accelerates. Different patterns of projec-
tions are observed under TEM, implying the occurrence of
order-order transition to a new phase; the fingerprints of
the corresponding scattering profile also change [Fig. 10(a)].
Chessboardlike and waggling patterns are identified, resem-
bling the projections of a DD phase along [100] and [311]
[Figs. 10(e) and 10(f)]. Moreover, the labeled reflections at
the relative ¢ values of /2:,/3:4/4:1/6:4/10 prove the order-
order transition to a DD phase at a moderate evaporation
rate (10! mL/d). The 3D visualization by electron tomog-
raphy clearly exhibits the fourth struts on the trigonal planar
structures, thus becoming tetrahedral nodes (tetrapod) in the
same way as a diamond structure [28,45]. It is noteworthy
that the DD phase is viewed as a metastable network phase
instead of an equilibrium state marked on the phase diagrams.
The fluctuating environments of polymer solutions disturbed
by the moderate evaporation rate of a selective solvent may
provide access to the formation of metastable network phases
instead of equilibrium phases. Network phases with lower
metastability are expected to be kinetically captured under
extreme conditions. As the evaporation rate drastically rises
to 10~! mL/h, unique real-space images are acquired where
nodes with bulky sizes can be identified [Figs. 10(g) and
10(h)]. Moreover, in comparison with the acquired DD phase,
additional reflections in the reciprocal-space image sharply
appear at the low-q region, and each reflection corresponds to
Millar planes when A + k + [ = 2N [red lines in Fig. 10(b)].
The reconstruction reveals the formation of a double-network
phase composed of repeating units with six struts (hexapod),
evidencing the existence of a Schwarz primitive minimal sur-
face, and those unexpected projections were attributed to the
projections viewed along [100] and [111] [Figs. 10(g) and
10(h)]. The formation of a DP phase is confirmed, accounting
for the reflections from (110)pp and (220)pp at the low-g
region. Moreover, there are overlapping peaks from the DP
to the DD such as /4:,/6:4/12 from the reflection planes
of (200)pp, (211)pp, and (222)pp, implying the coexistent
formation of DP and DD phases at the same time. A 3D
reconstruction image covering a larger area is acquired in
which the hexapod building units from the DP and the tetrapod
from the DD phase can be visualized, proving the coexistence
of DP and DD phases through controlled self-assembly of PS-
b-PDMS under a fast evaporation rate (10~! mL/h); the grains
of the DP phase are surrounded by the DD matrix. As a result,
the order-order transition between the two metastable network
phases can be observed. It is noteworthy that the formation of
such metastable network phases is rarely observed in BCPs.
To achieve the isolation of the DP phase from the coexis-
tence of two phases, a faster evaporation rate is attempted to
kinetically preserve the forming DP phase before the under-
going transition to the DD phase during self-assembly. The
populations of the DP phase do increase, yet the DD phase
can still be observed; further accelerating the evaporation of
the selective solvent results in a disordered network. The
fluctuated states similar to spinodal decomposition at low

concentration are captured, as shown in Fig. 8, consistent with
the mechanism for the formation of a network phase from an
initial state showing homogeneous mixing of BCPs [3]. Even
though PS-H-PDMS shows a high x value, the overswelling
in the polymer solution reduces the final segregation strength
drastically; as a result, the BCPs cannot be self-assembled into
ordered phases [95,106]. Furthermore, the ultrafast removal
of the solvent leaves little time for rearrangement of the poly-
mers before the polymer solution dries out; no ordered phase
can be formed. Conclusively, three network phases, including
the DG and two metastable network (DD and DP) phases
can be acquired by controlling the evaporation rate of the
PS-selective solvent during the controlled self-assembly.

To further investigate the thermodynamic stabilities of the
forming network phases, a temperature-resolved in situ SAXS
experiment was carried out. According to the prediction by
simulations, network phases with higher strut numbers will
encounter a higher degree of packing frustration, demonstrat-
ing lower metastability [37,47]; the one with coexistent DP
and DD phases is thus selected as the initial state in the exper-
iment [Fig. 11(a)]. The characteristic reflection in the low-q
region for the suggested coexistent DP and DD phases can be
clearly identified at low temperature. An order-order transition
occurs as the temperature rises >130°C, at which a drop in
intensity for (110)pp can be recognized. Owing to the high
packing frustration in the DP phase, that implicitly indicates
the occurrence of a transition from the DP to the DD phase,
consistent with the different phase behaviors obtained through
controlled self-assembly under different evaporation rates. As
a result, a low energy barrier for the DP-DD transition is
expected. As the temperature reaches 150 °C, the reflections
from (110)pp and (110)pp, start to broaden and approach each
other simultaneously, suggesting the occurrence of order-
order transitions from the coexistent DP and DD phases to a
new phase. The major change of the reflections of the DP and
DD phases occurred at 160 °C when the mixed phases were
extinct. A significant reflection emerges at the low-g region,
suggesting the completion of the phase transformation as the
temperature reaches >160 °C. Detailed analysis of the signifi-
cant reflection in the scattering profile reveals the formation
of the DG phase. The degree of packing frustration of the
ordered network phases indeed reduces as the thermal anneal-
ing proceeds. The characteristic reflection planes for the DG
were marked as the red dashed lines at the relative g values
of 4/6:4/8:4/14:/18:,/22:,/32. Real-space imaging by TEM
further evidenced the formation of DG, as shown in Fig. 11(b).
Moreover, based on the reconstruction results, the transition
zones from the DP to the DD phase and those from the DD
to the DG phase could clearly be observed; no evidence for
the phase transition from the DP to the DG phase can be iden-
tified. Eventually, the phase transition stops, as it transforms
into a lamellae phase according to its intrinsic composition. In
comparison with the predicted D-G-P phase transitions based
on enthalpy-driven Bonnet transformation, the packing frus-
tration from the highly stretched polymer chains to the center
of the nodes results in an entropic penalty for the phase transi-
tions. Considering the size of the nodes for the three network
phases, the bulkiest dimension of the DP phase thus shows
the lowest metastability; the DD phase with a smaller size of
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FIG. 11. (a) Temperature-resolved in situ one-dimensional (1D) small-angle x-ray scattering (SAXS) profiles of the self-assembled
polystyrene-block-polydimethylsiloxane (PS-b-PDMS) under fast evaporation rate. The red dashed lines are the reflection planes referred
to Ia3d [double gyroid (DG)]. The orange brackets are the reflection planes referred to Pn3m [double diamond (DD)] at which an additional
peak could be clearly identified in the low-q region. The black dashed lines are the reflection planes based on double primitive (DP) phase with
Im3m. Transmission electron microscopy (TEM) micrographs of the self-assembled PS-b-PDMS during different stages of thermal annealing:
(b) The DG phase quenched at 180 °C and the initial state of the coexistent (¢c) DD and (d) DP phases [105].

nodes shows slightly higher metastability. The trigonal planar
junction with nearly uniform curvature and thickness has the
least degree of packing frustration, in line with the speculation
that the smallest deviation on curvature from CMC suggests
the better metastability. Accordingly, we speculate that a poly-
mer with freely stretching chains (especially PDMS) might be
kinetically trapped via the fast evaporation of a selective sol-
vent (chloroform), where the PDMS blocks might extend into
the interior core of the junctions even with the loss of entropy
from such a high-strut-number network texture (i.e., DD and
DP phases). As temperature rises, thermal energy attenuates
the x value, inducing fluctuations on the interfaces that relieve
the concentrating stress, resulting in transformation into the
DG phase.

C. Metastable network phases in thin-film state

Solvent annealing is a feasible way to obtain well-ordered
structure in a film state and takes less time to achieve the
aimed morphology than thermal annealing [107-110]. Also,
solvent annealing has been widely studied in controlling an-
nealing processes followed by different evaporation rates.
Here, the feasibility to carry out controlled self-assembly of
PS-b-PDMS for metastable network phase fabrication can

also be achieved by solvent annealing. Owing to the narrow
window for network phases, a PS-selective solvent was used
to capture the metastable network phase from a thermody-
namically stable lamellae phase. By taking advantage of easy
tuning of the flow rate of the PS-selective solvent, gyroid- and
diamond-structure monoliths can be formed in the thin-film
state.

With the use of a PS-selective solvent, swellings of two
constituted blocks are distinguished from each other. To stim-
ulate the condition for the solution casting process, 10 and
20 mL/min were used to represent low and high evapora-
tion rates. As shown in Fig. 12(a), the swelling ratio of a
PS homopolymer film remains the same under two different
flow rates, while the solvent annealing uses chloroform as a
good solvent for PS. On the contrary, a discrepancy between
swelling ratios of the PDMS homopolymer film was found,
as shown in Fig. 12(b). Based on the equation, discrepancy
between swelling ratios of PS and PDMS would cause the
different effective volume fractions of PDMS, leading to the
formation of network structures:

off Jebms X SRepms
PDMS = A ~
pbms X SRppms + fps X SRps

ey
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FIG. 12. Swelling ratios of (a) polystyrene (PS) and (b) polydimethylsiloxane (PDMS) homopolymer film at 10 and 20 mL/min.
Equilibrium swollen thickness was determined by averaging the last 50 data points (thickness variation within 2 nm). Each thickness profile
of homopolymer films during solvent annealing at the same flow rate was measured three times [111].

where fii and fit, < are the intrinsic volume fractions of
PS (0.58) and PDMS (0.42) in PS-b6-PDMS. Here, SRps and
SRppms are the swelling ratios of PS and PDMS homopoly-
mer films at the identical flow rate, respectively.

PS-b-PDMS with the same composition as reported pre-
viously will be used [105]. PS-b-PDMS film was prepared
by dip-coating with the PS-selective solvent chloroform. As
shown in Fig. 13(a), amorphous network formation was
achieved after dip-coating, giving the preliminary structure
of the thin film. The effective volume fraction of PDMS
would gradually decrease during the solvent annealing pro-

cess. As a result, the network structure could be acquired
from a single-component lamellar phase. Controlling the flow
rate at 10 mL/min, different morphologies could be traced at
different solvent annealing times. As time goes by, film mor-
phology transfers from the amorphous network phase to the
long-range ordered network phase. As shown in Fig. 13(c), a
well-ordered network structure can be captured after a longer
annealing time. A typical DG phase (211)pg is formed and
can be confirmed by the corresponding stimulation. Further-
more, the relative g values at /6 : /8 : /14 : /22 : \/50
from the SAXS experiment [Fig. 13(e)(iii)] also show the

Log Intensity (a.u.)
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FIG. 13. Field-emission scanning electron microscopy (FESEM) micrographs of (a) dip-coated polystyrene-block-polydimethylsiloxane
(PS-b-PDMS) films and after solvent annealing with chloroform for (b) 30 h and (c¢) and (d) 60 h at flow rates of 10 and 20 mL/min, respectively.
(e) Small-angle x-ray scattering (SAXS) profiles of (i) dip-coated PS-b-PDMS films and (ii) after solvent annealing for 30 h and (iii) and (iv)

60 h at flow rates of 10 and 20 mL/min, respectively [111].
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500 nm

FIG. 14. Field-emission scanning electron microscopy (FESEM) micrographs of double diamond structure with thicknesses of (a) 10 um
and (b) 500 nm. (¢) FESEM micrographs of cylinder structure after solvent annealing for 20 h at the flow rate of 30 mL/min [111].

DG phase, which is consistent with the SEM micrographs.
By slightly tuning the flow rate to 20 mL/min, morphological
development forms a disorder phase to the other network
phase. Compared with the DG phase, this network phase is
significantly different, as shown in Fig. 13(d). The relative
gvaluesat./2: /3 :/4:/6:./8:/14: /18 : /22 from
the SAXS experiment [Fig. 13(e)(iv)] are not consistent with
DG. Referring to stimulation images, the DD structure is evi-
denced, and Fig. 13(d) shows the imaging from a DD structure
with a (211)pp projection.

To investigate thickness effects, the so-called confinement
effect, on the morphology, PS-b-PDMS films with various
thicknesses were prepared. DD structures can be achieved in
a wide range of thicknesses, with the highest reaching 10 um
and the lowest going down to 500 nm, as shown in Figs. 14(a)
and 14(b). When the thickness narrows down <500 nm, only
disordered network structures can be found, and dewetting
problems would be a major challenge during solvent anneal-
ing.

Based on the previous measurement of the swelling ratios
of homopolymers under different flow rates of chloroform
for solvent annealing, the effective volume fraction of PDMS
(fppms) can be estimated. It is calculated that the fppyg 1S
~0.37 for the flow rate at 10 mL/min and ~0.35 at 20 mL/min
based on Eq. (1). The difference between swelling ratios of
the PDMS homopolymer film at 10 and 20 mL/min causes
the different f3\¢’s, leading to formation of DD and DG
phases. It is hard to change fp,,s from samples with an
intrinsic network phase to achieve various network structures
due to slight difference in volume fractions between net-
work phases. According to the tendency of swelling ratios
for PS and PDMS, it is expected that the swelling ratio of
PDMS will further decrease after the flow rate increases to 30

mL/min; as a result, fpp\g Will be even lower at the swollen
state than before. Controlling the flow rate at 30 mL/min for
20 h, a rodlike structure can be observed from the SEM cross-
section view, indicating the formation of a cylinder, as shown
in Fig. 14(c). Conclusively, a simple method is proposed to
overcome the challenge of the narrow window of network
phases and achieve network structures. It is possible to acquire
DD and DG structures in the thin-film state from lamellae-
forming PS-b6-PDMS by tuning the flow rate to lead different
swellings of PDMS during solvent annealing followed by
fast evaporation (rapid rate for removal of solvent). Those
results further generalize the phase behaviors of high-x PS-
b-PDMS to acquire metastable network phases by controlled
self-assembly.

V. TOPOLOGICAL EFFECT ON PHASE BEHAVIORS
OF STAR-BCPS

The controlled self-assembly of PS-b-PDMS was greatly
affected by the selection of solvents and the corresponding
kinetic evaporation of the solvent, giving unique phase behav-
iors that provide the feasibility to acquire metastable phases,
especially for the metastable network phases [101,105]. The
flexible coil-coil polymer chains of both constituted blocks
in a concentrated polymer solution give high plasticity for
extension and compression to be sculptured into periodic
curvatures. Subsequently, the mesoscale network phases can
be vitrified through kinetic control of evaporation of the se-
lective solvent, while the large interaction parameter gives
rise to the possibility for creating a sharp interface from mi-
crophase separation, giving well-defined ordered phases. The
processing indeed expands the windows for network phases,
whereas the forming network structures are all viewed as
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FIG. 15. Transmission electron microscopy (TEM) micrographs of the self-assembled star-block by using (a) cyclohexane, (b)
dichloromethane (DCM), and (c) chlorobenzene for controlled self-assembly. One-dimensional small-angle x-ray scattering (SAXS) profiles
of the self-assembled (d) diblock and (e) star-block prepared by solvent (cyclohexane, chloroform, DCM, and chlorobenzene) with different

selectivity under slow evaporation rate (~0.1 mL/d).

metastable states which could be easily transformed into other
local minima along the Gibbs free energy diagram because of
the high packing frustration of the metastable networks. In
the previous section, the primary stage, the DP phase with a
large node dimension (i.e., high entropic penalty) cannot be
isolated from the DD matrix. The strong segregation strength
of PS-b-PDMS slightly promotes the extension of polymer
chains from the interface when the two constituted blocks bear
a high x value. Although the elastic PDMS chains stretch
greatly to reach the interior core for overcoming the pack-
ing frustration, the high entropic penalty indeed impedes the
formation of the nodes (hexapod) with the larger diameter as
compared with the trigonal planar structures [47]. To solve
this problem, ideas combining designs of the architecture
of BCPs were proposed, inspired by the unique behaviors
of end-functionalized homopolymers with attractive interac-
tion where chain ends are associated, like branched polymers
[112,113]. In comparison with the van der Waals interaction
or hydrogen bonding, strong binding energy from covalently
bonds in branched polymers are expected to lock the mobile
chain ends tightly to fill the volume in nodes of network

phases. Various reports have demonstrated the synthetic routes
for such polymers [114-117]. To simplify the controlling
factors, star-BCPs with equal arm lengths are selected as the
representatives.

A three-arm star-block (PS-b-PDMS); was synthesized
from the diblock precursor PS-6-PDMS (MFPS = 12800
g/mole, MPPMS = 10300 g/mole, Dy = 1.05, fips ~ 0.46)
with nearly symmetric composition for the study of the topol-
ogy effect. The intrinsic phase (equilibrium phase) of both
the diblock and star-block can be acquired by using a neutral
solvent (cyclohexane). Projection with alternating dark and
bright stripes under TEM can be observed [Fig. 15(a)], consis-
tent with the calculated dimension in the SAXS profile [black
lines in Figs. 15(d) and 15(e)], revealing the formation of the
lamellae phase. No transition of phases can be found as the
arm number increases except for the d spacing of the lamellae
phases in the diblock and star-block. The phase transitions oc-
cur when the PS-selective solvent is utilized. For the diblock,
the iconic wagon-wheel projection of a DG phase can be iden-
tified when a strongly PS-selective solvent, chlorobenzene, is
used. The corresponding scattering profile also validates the
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formation of a DG phase at which reflections labeled by the
short black rods fit the theoretical prediction of a DG phase.
Two additional peaks marked by the red rods can be also spot-
ted, stating the possible nonaffine distortion of the structure
owing to evaporation of the solvent [118,119]. In contrast, the
windows for the DG phase through controlled self-assembly
can be expanded in the star-block. The DG phase can be
acquired by using a moderately PS-selective solvent such as
chloroform and dichloromethane (DCM) for controlled self-
assembly [Fig. 15(b)]. Furthermore, a phase transition occurs
again as the selectivity of the solvent to the BCP intensi-
fies. The projection of cylindrical morphology is taken under
TEM, and reflections at the relative ¢ values of 1:4/3:2:,/7:3:4
[Fig. 15(e)] suggest the order-order transition to the hexago-
nally packed cylinder phase. The apparent difference between
the final phase behaviors from the mix-and-match of solvents
and the BCPs implicitly suggests the topology of BCP may
provide a wider window for the aimed self-assembly. With the
covalently bonded junctions, there will be intrinsic geometric
asymmetry to the star-blocks due to the preference of bridging
instead of bending conformations in self-assembled phases
[117,120,121]. Consequently, the star-shaped junctions can
be pinned in the center of the nodes, relieving the stretching
stress to maintain the extended polymer chains in the central
regions to avoid the formation of voids in the nodes and solve
the packing frustration to the metastable network phases. In
contrast, for the diblock, the flat PS-PDMS interfaces in the
self-assembled structures can be found by using the moder-
ately PS-selective solvent (chloroform and DCM), reflecting
the extinction of the curving microdomains as the solvent
evaporates. The low segregation strength of the diblock re-
sulting from the low molecular weight might be insufficient
to promote the extension of a polymer against the interface
to the core of the nodes; the entropic penalty to packing frus-
tration thus prevents formation of a DG phase. Furthermore,
owing to the low molecular weight, the kinetics of highly
stretched chains swollen by a solvent might be possible to
rapidly resume their original dispositions before the vitrifi-
cation. Eventually, the elastically stretched strings prefer to
recover to their initial shape, resulting in the collapse of the
metastable phases when phase transformation occurs. Those
behaviors further demonstrate the characters of controlled
self-assembly to acquire the metastable network phases at
which the central theme is to acquire the aimed metastable
phases from the equilibrium phases with the participation
of a solvent to a kinetically trapped phase via order-order
transitions.

VI. BIOMIMICKING NATURE FOR APPLICATIONS

In general, nanonetwork structures feature in providing
a well-ordered continuous texture with a self-supporting
framework, high surface area, and porosity in a nanome-
ter length scale. Biomimicking from nature, organic and/or
inorganic nanonetworks can be synthetically fabricated, giv-
ing broadness and effectiveness when tuning the desired
properties [122—127]. Nanonetwork materials will be ap-
pealing in applications as metamaterials—materials whose
effective properties do not result from the bulk behavior of
the constituent materials but rather mainly from their de-

liberate structuring [128]. The Weyl materials can be an
example to illustrate the concept [124,129,130]. By taking
advantage of the TPMSs, degeneracies in a band structure
mainly appear at highly symmetric points and stem from
the existence of additional symmetries (beyond translation
invariance) [124,129]. The photonic crystals are one of the
categories of Weyl materials. Inspired by butterfly wings in
nature, the bottom-up approach by self-assembly of BCPs
can serve as a paradigmatic platform for constructing the
nanostructures with TPMSs [123,131-133]. By taking advan-
tage of the degradable BCP as a template, gyroid-structured
organics and/or inorganics can be fabricated [134,135]. A
facile templated synthesis approach has been proposed for the
fabrication of nanomaterials with photonic optical responses
by breaking the symmetry between two interpenetrating net-
works [131]. A natural translation of double networks can be
achieved by melting the supporting polymeric matrix. Degrad-
able BCPs can be used for preparation of the nanoporous
template with a gyroid structure. Templated sol-gel reac-
tion gives the replication of an inorganic SiO, nanonetwork
within the polymer (PS) template [Fig. 16(a)] [122]. Owing
to the difference between the thermal properties of the two
materials, the polymer matrix will be molten before the in-
organic networks. Consequently, the reallocation of networks
erases the inversion center of the two coherent networks, re-
sulting in shifted double networks with subgroup symmetry
as compared with common DG [131]. It is thus to create
a new reflection from the intrinsic DG at the relative ¢
value of +/2 that supports the transforming DG lattice. The
new reflection is mostly observed in a SG phase (the same
structure as the butterfly wings) or in a distorted DG lattice
with nonaffine deformation [118,119]. Based on the recon-
struction image from electron tomography, the additional
reflection is indeed attributed to the shifting of the rigid
property of SiO, networks [Fig. 16(e)]. The shifted DG SiO,
networks with SG-like structural information are predicted to
open a photonic band gap as a SG, exhibiting unique pho-
tonic behaviors [Figs. 16(b)-16(d)]. Similar strategies can be
applied for fabrication of shifted DD networks through BCP
templates obtained by controlled self-assembly for biomim-
icking the exoskeleton on beetles [Fig. 16(f)] [111].

Apart from the splendid colors that shine from the wing
structures, the network structure within the bones gives
superior strength to support the moving bodies with tens
of sizes. The most outstanding network structure for me-
chanical performance was found in the dactyl club of a
mantis shrimp [Fig. 17(a)] [24]. The hybrid cellular ma-
terials composed of hydroxyapatite (Hap) incorporated in
an organic matrix show incredible impact resistance. The
network texture of the nanohybrids contributes to the in-
credibility of the dactyl clubs. Bioinspired by the mantis
shrimp, the fabrication of the well-ordered nanonetwork Hap
can be achieved by using self-assembled PS-b-PDMS with a
diamond structure from controlled self-assembly as a tem-
plate for sol-gel reaction [Fig. 17(b)] [136]. Consequently,
diamond-structured Hap can be successfully fabricated after
removal of the polymeric template, giving nanoporous Hap
with shifting of double networks [Fig. 17(c)], resulting in
the pseudosingle-diamond structure with reflections at the
relative g values of V3:7/8:4/11:4/19:4/27 [Fig. 17(d)]. The
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FIG. 16. (a) Schematic illustration for the creation of shifting ordered network from block copolymer (BCP) templated synthesis [122].
(b)—(d) Band structures of double gyroid (DG) network with various degrees of shifting [131]. Field-emission scanning electron microscopy
(FESEM) micrograph of the fabricated SiO, nanonetworks with (e) shifted DG structure [131] and (f) shifted DD structure [111].

nanonetwork Hap monolith with a diamond texture can thus
be successfully fabricated for mechanical analysis by using
nanoindentation [136]. Based on the load-displacement curve
from nanoindentation, the fabricated diamond-structured Hap
shows a significant enhancement of the energy dissipation
as indexed by the integration area of the close loop of the
load-displacement curve [Fig. 17(f)] as compared with that of
intrinsic Hap [Fig. 17(e)], giving the character of mechanical
metamaterials. Moreover, the microcompression test shows
that diamond-structured Hap exhibits a ductile character with
large plastic deformation resulting from gradual layer-by-
layer collapse instead of catastrophic failure for intrinsic Hap
under compression; accordingly, the stress-strain curve of the
nanonetwork Hap fabricated in contrast with intrinsic Hap

suggests a brittle-to-ductile transition due to the effect of
deliberate structuring [137].

More cases of structures with TPMSs have also been
discovered in the skeletons of knobby starfish Protoreaster
nodosus, showing diamond contours which are considered
a kind of network phase [138]. Unlike the functions of the
exoskeleton in butterfly wings for shining splendid colors,
the interior skeletons of starfish are used for support and
protection of the soft organs and flesh in creature bodies. Ma-
terials with deliberate structuring as a network give superior
mechanical performance far beyond the stochastic structure of
their intrinsic components. Specifically, they deliver exquisite
properties such as the negative Poisson’s ratio, high stiffness,
and specific energy absorption [139-142]. Sadek et al. [143]
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FIG. 17. (a) Schematic illustration of a mantis shrimp and its dactyl clubs with nanonetwork [24]. (b) Field-emission scanning electron
microscopy (FESEM) micrographs of the templated sol-gel synthesis of nanonetwork hydroxyapatite (Hap) after removal of polystyrene
(PS) template by thermal treatment. (c) Transmission electron microscopy (TEM) projections of the shifted double diamond (DD) networks.
(d) One-dimensional (1D) small-angle x-ray scattering (SAXS) profiles of (i) nanoporous PS template obtained through controlled self-
assembly of polystyrene-block-polydimethylsiloxane (PS-b-PDMS) followed by hydrofluoric acid (HF) etching, (ii) nanohybrids of PS/Hap
and (iii) pseudosingle-diamond Hap from shifting of double networks [136].

demonstrated the feasibility of fabrication of nanonetwork
materials with the same hierarchical structures yet at a smaller
scale through templated crystallization synthesis of calcite
single crystal (CSC). The diamond-structured template can
be acquired by controlled self-assembly of PS-b-PDMS fol-
lowed by hydrofluoric acid (HF) etching [135]. The fabricated
diamond-structured CSC bears striking similarity to the skele-
ton of a knobby starfish, as shown in Fig. 18. Experimental
and simulating results elucidate the process of deformation
when compressing stress is applied to the structure. The
appearance of the tetrapod can still be preserved after dif-
ferent loading stress which can be dissipated through the
struts equally rather than concentrated at the nodes (Fig. 18);
plastic deformation is endowed along the struts, prevent-
ing catastrophic fracture. Most significantly, the specialty of
the diamond-structured calcite exhibits a large stress plateau
with layer-by-layer collapse during compression, commenc-
ing smooth and noncatastrophic damage [137]. Moreover, in
contrast with the starfish, a significantly high value of com-
pressive strength can be obtained based on the stress-strain
curve. Such a high performance exceeds various kinds of mi-
cro/nanolattice materials and even the natural CSC in knobby
starfish due to the smaller feature size; that overcomes the

feature size limitation of fabrication from a top-down ap-
proach such as 3D printing and photolithography. Owing to
the high strength and the large plastic deformation, the fab-
ricated CSC bears a high capability for energy absorption,
~20 times of the starfish; that is indeed beyond nature for
this artificial biomimicking well-ordered nanonetwork due to
its smaller strut size. The effect of deliberating structure in
mesoscale indeed outperforms the biomaterials, thoroughly
reforming the brittle characteristic of CSC to ductilelike be-
havior with a higher degree of plastic transformation and
thus incredible capacity for energy absorption. A bright future
for biomimicking nanomaterials with network texture may be
achieved for broad ranges of potential applications.

VII. CONCLUSIONS AND PERSPECTIVES

In this paper, we elucidate the recent progress from our
group with respect to the investigation of the thermodynamic
and kinetic factors of the controlled self-assembly of high-x
BCP, especially for PS-6-PDMS. In contrast with the con-
ventional procedures for preparation of equilibrium phases
in self-assembled BCPs, the usage of selective solvents and
the kinetic control of the evaporation rate of solvents perturbs
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FIG. 18. The hierarchical structure of knobby starfish from (a) macroscopic overview. (b) Field-emission scanning electron microscopy
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curves of the diamond-structured CSC by nanoindentation test. (g) Engineering stress-strain curve of the diamond-structured CSC measured

by uniaxial microcompression [143].

stable environments, creating fluctuated conditions for kinet-
ically capturing metastable phases; a variety of metastable
phases with a high degree of ordering can be obtained from
a single-composition lamellar phase. During the evaporation
of the solvent, the different selectivities of the constituted
blocks create asymmetry swelling that results in formation
of curvatures corresponding to the final phase behaviors; a
strongly selective solvent may create an inverted phase on
the contrary. By taking advantage of such a facile approach,
the DD phase with high packing frustration can be obtained
as well as for the DP phase with the largest dimension
of node sizes (i.e., highest entropic penalty). Moreover, the
metastability of the forming network phases can be further
investigated by temperature-resolved in situ SAXS experi-
ments to decipher the origins of the complex phases. Most
importantly, the concept of the combination of kinetics and
thermodynamics for controlled self-assembly can be perfectly

transferred to the film state. Under different flow rates, the
selective solvent will give completely different topologies of
network phases. The DD phase can be obtained at a higher
flow rate; the DG phase will be captured as the flow rate of
the solvent reduces. Furthermore, the windows for network
phases were even expanded through controlled self-assembly
of star-BCPs as compared with the linear-conformation di-
blocks. The modification of conformations of BCPs could
be another crucial factor to vary the phase behaviors that
may give a variety of metastable network phases through
a pathway by tuning the control factors of kinetics and
thermodynamics.

Building on our earlier works on the platform technology
of the templated synthesis of nanomaterials, metamaterials
with outstanding functions can be achieved from the use of
the acquired network phases. DG- and DD-structured SiO;
and TiO, can be fabricated for examination of unique optical
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properties. By taking advantage of the natural shifting of
the forming double networks after removal of the polymeric
template, the photonic band gap can be opened, showing
similar optical properties to the butterfly wing structure. For
applications to mechanical metamaterials, the extra struts of
diamond as compared with the gyroid improve the energy dis-
sipation as well as the impact resistance due to the averagely
distributed stress along the struts with layer-by-layer collapse
to avoid catastrophic failure on the framework. Such unusual
mechanical behaviors originate from the structural design,

providing insights into engineering designs for metamaterials.
Noticeably, there are still obstacles for the controlled self-
assembly of high-y BCPs such as the delicate synthesis of
limited options for the components of BCPs and the precise
control of the dynamic surroundings. Conclusively, the con-
cept of controlled self-assembly of high- y BCPs demonstrates
the feasibility of achieving the unusual metastable network
phases that can be used as templates for synthesis to create
functional nanomaterials appealing to applications of multiple
engineering fields.
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