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Flexible Block Copolymer Metamaterials Featuring Hollow
Ordered Nanonetworks with Ultra-High Porosity and
Surface-To-Volume Ratio

I-Ming Lin, Chih-Ying Yang, Yi-Ming Wang, Wei-En Wang, Yu-Chueh Hung,
Edwin L. Thomas, and Yeo-Wan Chiang*

e 1. Introduction
By utilizing bicontinuous and nanoporous ordered nanonetworks, such as

double gyroid (DG) and double diamond (DD), metamaterials with
exceptional optical and mechanical properties can be fabricated through the

Ordered nanoporous network structures
created through self-assembly are interest-
ing nanosized inorganic and organic ma-

templating synthesis of functional materials. However, the volume fraction
range of DG in block copolymers is significantly narrow, making it unable to
vary its porosity and surface-to-volume ratio. Here, the theoretically limited
structural volume of the DG phase in coil-coil copolymers is overcome by
enlarging the conformational asymmetry through the association of
mesogens, providing fast access to achieving flexible structured materials of
ultra-high porosities. The new materials design, dual-extractable
nanocomposite, is created by incorporating a photodegradable block with a
solvent-extractable mesogen (m) into an accepting block, resulting in a new
hollow gyroid (HG) with the largely increased surface-to-volume ratio and
porosity of 77 vol%. The lightweight HG exhibits a low refractive index of
1.11 and a very high specific reduced modulus, almost two times that of the
typical negative gyroid (porosity~53%) and three times that of the positive
gyroid (porosity~24%). This novel concept can significantly extend the DG
phase window of block copolymers and the corresponding surface-to-volume

terials in themselves, but they can also
be used to produce nanotemplates featur-
ing high surface-to-volume ratios. Indeed,
three-dimensional (3-D) porous nanostruc-
tures featuring highly interconnected mi-
crodomains, made from the ordered gy-
roid phases of self-assembled block copoly-
mers (BCPs) containing uniformly bicon-
tinuous microdomains,'*! have found di-
verse applications in catalysis, separation,
nanoreactors, optoelectronic devices, and
photonic crystals.[*7] For example, gyroid-
structured metal-oxide materials formed
through the replication of nanoporous gy-
roid structures are useful materials in so-
lar cells, electrochromic devices, and pho-
tocatalysts because of their high poros-

ratio, being applicable for nanotemplate-synthesized nanomaterials with a
great gain of mechanical, catalytic, and optoelectronic properties.
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ity, high surface-to-volume ratio and ex-
cellent mechanical properties.® 1% As il-
lustrated in Figure 1b, a double gyroid
(DG) phase consists of two independent
and catenated nanonetworks including one
left-handed and one right-handed frame-
works embedded in a majority matrix.
The volume fraction of the nanonetworks
in diblock copolymers is typically ~0.33-0.42.1511121 A positive
double gyroid (PG) nanoporous structure is obtained upon re-
moval of the two independent minor nanonetworks to form gy-
roid channels (Figure 1c). In contrast, removing the major matrix
forms a negative double gyroid (NG) nanoporous structure (i.e., a
gyroid network; Figure 1d). Accordingly, PG and NG nanoporous
structures have typically possessed porosities of ~#33-42 and 58—
67%, respectively. The PG channel in the matrix has frequently
been obtained after the removal of the minor component from
a semi-degradable BCP—for example, polystyrene-block-poly(r-
lactide) (PS-b-PLLA),I'314] or polystyrene-block-polyisoprene (PS-
b-PI).[1516) In contrast, the NG structure is rarer and can be ob-
tained after the removal of the major component from a semi-
degradable BCP—for example, polystyrene-block-polyisoprene
(PS-b-PI).I} Therefore, most investigations have fabricated
the NG network from the identical semi-degradable BCP by

© 2023 Wiley-VCH GmbH
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Figure 1. Schematic representation of a dual-extractable DG-forming nanocomposite for fabricating various ordered nanoporous network structures.
a) Illustration of the PMMA-b-P2VP(m) nanocomposite. b) Microphase-separated DG structure formed from the copolymer/mesogen nanocomposite
with dual-extractable characteristics. ¢) PG, d) NG, and ) HG nanoporous structures obtained after removal of the photodegradable PMMA component
(green), the solvent-extractable liquid crystalline mesogen component (one of the two red matrix components), or both extractable PMMA and mesogen

components, respectively.

templating synthesis involving multiple steps: preparation of the
PG channel as a nanotemplate, infiltration of robust inorganic
materials (e.g., metal or ceramic precursor materials) into the
preformed PG channel, and extracting or calcination to remove
the residual organic materials.['>'*17-1%) Such a multi-step com-
plex process can result in the inefficient fabrication of distorted,
rigid, and inorganic NG structures resulting from a series of in-
complete infiltration steps and material shrinkage after calcina-
tion.

In this study, we developed a new dual-extractable ternary
nanocomposite that allows the one-step fabrication of both the
PG and NG nanostructures. This three-constituent and dual-
extractable nanocomposite was formed from a single semi-
degradable copolymer incorporated with extractable mesogens.
In addition to PG and NG structures due to the extractable prop-
erty, we could also fabricate a third novel nanoporous structure
Dby this unique dual-extractable property—a hollow double gyroid
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(HG) nanostructure (Figure le) possessing ultrahigh porosity.
Therefore, this novel approach could provide three different 3-
D polymer-based nanotemplates from a single starting material
system, subsequently enabling the templating synthesis of DG-
shaped materials having ultrahigh surface-to-volume ratios, and
nanoscale features with potential applications in catalysis, energy
translation, energy conversion, and storage.

Figure la shows a blend of the semi-degradable BCP,
poly(methyl methacrylate)-block-poly(2-vinyl pyridine) (PMMA-
b-P2VP), with the cholesteric liquid crystal mesogen (m),
cholesteryl hemisuccinate, resulting in a PMMA-b-P2VP(m),
nanocomposite where x denotes the molar ratio of meso-
gen to P2VP monomer unit. Because of the strong hydro-
gen bonding interaction, the acid-functionalized cholesteric
mesogens sequester selectively and exclusively into the P2VP
microdomains.**-23] Accordingly, we could fabricate nanoporous
PG and NG nanostructures from the PMMA-b-P2VP(m),
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nanocomposite through one-step degradation (UV irradiation) of
the minor PMMA network!**! or through one-step removal (sol-
vent extraction) of the mesogenic molecules from the P2VP(m),
matrix (Figure 1c,d).[2>2°1 Furthermore, because of the dual-
extractable characteristic, we could also obtain a hollow double
gyroid—namely, an HG structure—through the removal of both
the PMMA block and the included mesogens (Figure 1e). Com-
pared with the typical PG and NG, this ordered HG nanostruc-
ture has a maximum surface-to-volume ratio, an extremely low
refractive index, and the highest transmittance,?’] suggesting po-
tential applications in antireflective coatings [*] and the encapsu-
lation of optical devices.?®] Furthermore, the highly efficient fab-
rication of PG, NG, and novel HG nanoporous templates from
the dual-extractable ternary nanocomposite is excellent for syn-
thesizing nanoscale materials with high specific modulus and
large surface-to-volume ratio.

2. Results and Discussion

2.1. Conformational-Asymmetry-Induced Double Gyroid with a
Minimum Structural Volume

The transmission electron microscopy (TEM) image in Figure
Sla (Supporting Information) reveals the microphase-separated
structure of the semi-degradable PMMA-b-P2VP BCP cast from
1,1,2-trichloroethane (TCE). We observe a lamellar morphology,
consistent with the expected morphology of the BCP phase dia-
gram having a PMMA volume fraction (¢pypya) of 0.51. The cor-
responding small-angle X-ray scattering (SAXS) profile also re-
veals lamellar reflections, with a relative g ratio of 1:2:3 (Figure
S1d, Supporting Information). The lamellar periodicity calcu-
lated from the primary scattering peak was 64 nm.

The introduction of an additive that is highly compatible with
one of the blocks can effectively manipulate the self-assembled
morphology of such a copolymer featuring specific functional-
ities. Here, we added the acid-terminated mesogen, cholesteryl
hemisuccinate, with the expectation that it would hydrogen bond
to the P2VP block. Because of the reversible nature of the nonco-
valent bonding interaction, the mesogenic molecules are poten-
tially extractable from the P2VP microdomains if they experience
stronger polar interactions (e.g., when extracting using polar sol-
vents). As a result, the PMMA-b-P2VP(m), nanocomposite dis-
plays dual-extractable characteristics—photo-degradable PMMA
blocks and solvent-extractable mesogens—to allow the prepara-
tion of three types of nanoporous structures. When we intro-
duced a small amount of the mesogens to the PMMA-b-P2VP to
form the PMMA-b-P2VP(m), o5 (Ppmma = 0.45) nanocomposite
(here, 0.05 represents the mole fraction of the mesogen to the
2-vinylpyridine unit), we obtained a long-range-ordered lamel-
lar morphology (Figure S1b, Supporting Information) with the
appearance of several high-order reflections at a g ratio of 1:2:3
in the SAXS profile (Figure S1d, Supporting Information). The
lamellar periodicity of the PMMA-b-P2VP(m), s increased to
72 nm after introducing the mesogens. Increasing the amount
of the mesogen component to x = 0.2 also resulted in a lamellar
morphology with a periodicity of 98 nm even though the layer
thickness ratio is highly asymmetric in the PMMA-b-P2VP(m),,
(Ppmma = 0.34) (Figure S1c,d, Supporting Information). With the
increase of the molar ratio from 0 to 0.05 and 0.2, the domain
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size of the P2VP(m), increases significantly from 31.4 to 39.6 and
64.7 nm, respectively (Figure Sle, Supporting Information). In
contrast, the domain size of the PMMA (32.4-33.3 nm) is almost
independent of the molar ratio. Interestingly, further increas-
ing the quantity of the mesogen in the PMMA-b-P2VP(m), s
(Ppmma = 0.24) led to a phase transition to the highly intercon-
nected DG phase. Figure 2a shows the well-known two-fold pro-
jection structure of the bright-field TEM image along the [110]
direction. The minor PMMA block (¢pyys = 0.24) formed a
pair of DG networks embedded in the major P2VP(m), ,; ma-
trix. The corresponding SAXS profile in Figure 2c shows Bragg
peaks with the g ratio of 1/6: 1/8: /20 (i.e., {211}, {220}, {420}),
confirming the formation of the DG phase with a lattice param-
eter of 388 nm. The high-resolution TEM micrograph revealed
(Figure 2b) that the PMMA network was surrounded by a smec-
tic phase of the mesogens with homogeneous anchoring condi-
tions such that the smectic layers are perpendicular to the inter-
material dividing surface (IMDS). As estimated, the black region
of the P2VP block backbone layer and the white region of the
mesogen domain are ~1.9 and 2.6 nm, respectively (the inset in
Figure 2b). In Figure 2d, the lamellar reflections with the ratio
of 1: 2: 3 in the medium-angle X-ray diffraction (MAXD) pro-
file indicate the formation of a smectic phase having a period-
icity of 4.7 nm, almost identical to that measured by TEM. Sim-
ilar phase transitions with the liquid crystalline mesophase can
also be found in the case of low-molecular-weight amphiphilic
liquid crystalline compounds.*-32! The Kuhn lengths of P2VP
and PMMA are 1.8 and 1.53 nm,333% respectively, which are
smaller than the structural length of the mesogen (2.2 nm). As
the mesogen molecules are selectively introduced into the P2VP
domain to form a comb-like chain structure, the P2VP chain
becomes highly stretched as evidenced by the formation of the
asymmetric lamellar structure previously. Therefore, the confor-
mational asymmetry is significantly enhanced in the PMMA-b-
P2VP(m) nanocomposite consistent with the expected shifting
of the phase boundary in the asymmetric BCP.353¢] In contrast
to the typical volume fraction range of 0.33-0.42 to form a DG
phase, the DG phase with such a low volume fraction (¢pypa =
0.24) has not been previously experimentally observed. Figure 2e
shows the computer-generated triply periodic minimal surface
(Schoen’s G surface) with a constant thickness (CT) model by
displacing the G surface along the local normal distance, cre-
ating a constant thickness (h) matrix domain. As shown, the
perpendicular smectic layer phase (black and white fringes) is
composed of the mesogens (purple ellipsoids) hydrogen-bonded
to the stretched P2VP chains (red wires), forming a hierarchi-
cal lamellae-within-gyroid structure. The calculated h value of
the PMMA-b-P2VP(m) 45 (Ppmma = 0.24) CT-matrix gyroid is
104.6 nm with a lattice parameter of 388 nm. The thickness h
(104.6 nm) is 47.5 times the length of the mesogen (2.2 nm),
suggesting a homogeneous boundary condition of the mesogen
molecules parallel to the PMMA-b-P2VP IMDS as illustrated in
Figure 2e. Additionally, Figure 2f,g shows the experimental and
simulated TEM micrographs of the DG structure with [110] and
[211] projections in PMMA-b-P2VP(m) 45 (Ppmma = 0-24). The
domain thicknesses from the experimental and simulated re-
sults are consistent, confirming the DG with a minimum vol-
ume fraction of 0.24. Further increasing the mesogen content (x
= 0.6) led to a phase transition to hexagonally packed PMMA
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cylinders embedded in the P2VP(m) matrix (¢pya = 0.20)
(Figure S2a,c, Supporting Information). The high-resolution
TEM photograph (Figure S2b, Supporting Information) revealed
that the PMMA cylinders were encircled by a perpendicular
smectic phase again with the homogeneous boundary condition,
forming a hierarchical cylinder-within-lamellae structure as ver-
ified by the MAXD profile showing the 1: 2: 3 reflections from
the smecticlayers (Figure S2d, Supporting Information). Notably,
the self-assembled structure is strongly dependent on the solvent
quality. We also tested different solvents, such as acetic acid and
chloroform, to prepare PMMA-b-P2VP and PMMA-b-P2VP(m).
In Figure S3a (Supporting Information), because acetic acid
is a selective solvent for P2VP, PMMA micelles embedded in
the P2VP matrix are observed in the neat PMMA-b-P2VP. Af-
ter introducing the mesogen into PMMA-b-P2VP(m), ,5, we still
observed PMMA micelles in the P2VP(m) matrix (Figure S3c,
Supporting Information). In contrast, using chloroform, a neu-
tral solvent but slightly selective to PMMA, we obtained the
lamellar morphology in the neat PMMA-b-P2VP (Figure S3b,
Supporting Information). In PMMA-b-P2VP(m), 4,5, we obtained
PMMA cylinders in the P2VP(m) matrix (Figure S3d, Supporting
Information).

The hydrogen bonding interaction in the PMMA-b-P2VP(m),,
system was investigated using Fourier transform infrared spec-
trometer (FT-IR). The FT-IR spectra ranging from 1620 to
1575 cm™" (Figure S4a, Supporting Information) and from 1020
to 980 cm™! (Figure S4b, Supporting Information) show the ab-
sorption bands of the pyridine ring of the P2VP block chain.
The neat PMMA-b-P2VP exhibits absorption bands at 1591 and
993 ¢cm™!, representing free pyridine units. After introducing
the mesogen (x = 0.05), a new absorption peak appears at
1601 cm™ (Figure S4a, Supporting Information) and 1009 cm™!
(Figure S4b, Supporting Information), indicating the formation
of hydrogen-bonded associations between P2VP and the meso-
gen. With an increase in the molar ratio to x = 0.2 and 0.45, the in-
tensity of free pyridine absorption peaks at 1591 and 993 cm™"! re-
duced, while hydrogen-bonded stretching at 1601 and 1009 cm™!
increased. In Figure S4c (Supporting Information), the high-
wavenumber FT-IR spectra ranging from 1760 to 1680 cm™! re-
veal C=0 stretching signals from PMMA and the mesogen. The
neat PMMA-b-P2VP shows an absorption band at 1727 cm™! at-
tributed to the free C=0 group in PMMA. The mesogen exhibits
three absorption peaks at 1708, 1724, and 1732 cm™'. The absorp-
tion at 1732 cm™! is due to the free C=0 group in the mesogen.
The absorption bands at 1724 and 1708 cm ™! are attributed to the
dimerization of mesogens. In the PMMA-b-P2VP(m), (x = 0.05,
0.2, and 0.45), the absorption band at 1727 cm™" with a shoulder
at 1732 cm™! indicates that all C=0 groups are free of hydro-
gen bonds. This indicates that mesogens do not form hydrogen
bonds with PMMA. As a result, this confirms the strong hydro-

www.small-journal.com

gen bonding interaction between the pyridine of P2VP and the
carboxylic acid of the mesogen in PMMA-b-P2VP(m) systems.

2.2. Various Nanoporous Double Gyroids from the
Dual-Extractable Nanocomposite

Taking advantage of the photodegradability of the PMMA block
and the solvent extractability of the mesogen, we can obtain
three different types of nanoporous DG structures—PG, NG, and
HG—from this dual-extractable PMMA-b-P2VP(m), ,s nanocom-
posite. UV irradiation at 254 nm for 4 h triggered the de-
polymerization of the PMMA blockchains and the cross-linking
of the P2VP blockchains.’”] To remove the photodegraded
PMMA blocks, we immersed the exposed PMMA-b-P2VP(m), 45
nanocomposite into o-xylene, a poor solvent for the P2VP and
the mesogen. In Figure 3a, the field-emission scanning elec-
tron microscope (FESEM) image reveals the PG nanochannels
viewed along the [110] direction. In Figure 3D, the correspond-
ing SAXS profile with the g ratio of \/ 6: /8 reveals that the DG
structure is retained with a lattice parameter of 381 nm after
the removal of the minor PMMA, indicating a slight shrinkage
compared with the lattice parameter of the original DG phase
(388 nm) (Table 1). In contrast, direct immersion of the DG-
forming PMMA-b-P2VP(m), ,; nanocomposite in methanol for
1 h disassociated the hydrogen-bonded mesogens from the P2VP
blockchains, leading to contraction of the P2VP chains. Accord-
ingly, we obtained a nanoporous NG structure consisting of the
PMMA networks surrounded by the collapsed P2VP blockchains
after the removal of the mesogens through the solvent-extracting
treatment (Figure 3c). Figure S5 (Supporting Information) re-
veals a corresponding TEM micrograph of the NG featuring the
core(PMMA)-shell(P2VP) networks. Due to the lack of an inter-
mediate supporting matrix after removing the mesogens, the two
networks of NG may shift vertically due to gravity. As a result, the
shifted NG behaves a single-gyroid-like structure, resulting in a
new set of forbidden {110} reflections at a relative q position of
/2 (Figure 3d).I"¥) Also, the lattice parameter of 379 nm (Table 1)
of the NG phase suggests only a slight shrinkage after the extrac-
tion of the mesogen.

Next, we applied methanol-extraction of the mesogen followed
by UV irradiation and o-xylene-extraction for removing PMMA to
obtain a HG nanonetwork consisting of the P2VP block only—
the first example of a polymer-based HG structure. After the re-
moval of both the PMMA blocks and the mesogen, the high-
magnification FESEM micrograph in Figure 3e displays the HG
networks revealing the translational shifting of the two networks
after the removal of the mesogen. Similar to NG, this shifting of
the two networks results in a change of space group from Ia3d
to 14132 and the appearance of the forbidden {110} reflection

Figure 2. a) TEM micrograph of PMMA-b-P2VP(m), 45. b) High-resolution TEM micrograph of a portion of Figure (a). The inset in Figure (b) shows
the smectic phase of the P2VP(m) 45 nanodomains. After |, staining, the P2VP(m) 45 microdomains appear dark and the PMMA microdomains are
bright. The corresponding c) SAXS and d) MAXD profiles of the PMMA-b-P2VP(m), 45. Multiple Bragg peaks with an integer ratio of 1: 2: 3 in the MAXD
profile of PMMA-b-P2VP(m) 45 indicate the formation of a smectic phase in the matrix region of the DG structure. e) Schematic representation of the
constant thickness (CT) model for the DG matrix with thickness f) consisting of the P2VP block backbone layer (black) and the mesogen layer (white).
Experimental and simulated TEM micrographs of the projections normal to the f) [110] and g) [211] planes of the DG phase having the network volume
fractions of 0.24 in PMMA-b-P2VP(m)g 45. The projected thicknesses of the bright and dark domains in the [110] plane are 60 and 64 nm, respectively;
the bright and dark domains in the [211] plane are 46 and 64 nm, respectively.
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Figure 3. FESEM micrographs and the corresponding SAXS profiles of the various nanoporous DG structures from the PMMA-b-P2VP(m) 45 ternary
nanocomposite. a,b) PG, c) and d) NG, and e) and f) HG nanoporous structures obtained after removal of the PMMA, the mesogens, or both PMMA
and mesogens, respectively. The inset in Figure (e) is a high-magnification image of the porous HG network. The appearance of the /2 reflections in
Figures (d) and (f) is attributed to the shifting of the two networks after removing the mesogens from the matrix.

at a relative g position of 1/2 in the corresponding SAXS profile
(Figure 3f). The estimated thickness of the P2VP shell and the di-
ameter of the air core are ~#19.4 and 30.6 nm, respectively. Since
the two networks are nanoporous and of a low volume fraction,
we estimated the S/V value using a double-level set model with a

volume fraction of 23%. Here, the bulk volumes (V) of the PG,
NG, and HG are calculated according to the corresponding (100)
cubic unit cell lattice parameters, and the computational surface
areas of the porous NG and HG are shown in Figure 4a—d. The
calculated surface-to-volume ratios (S/V) are shown in Table 2.
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Table 1. Characteristics of nanoporous DG structures.

Sample Volume Fraction dpog Calculated p P
[hm]  [gem™]) [gem™]

PMMA P2VP m air

DG PMMA- 024 023 053 0 388 1.1 1.1
P2VP(m)o.4s

PG Air-P2VP(m) 45 0 0.23 0.53 0.24 381 0.82 0.82%

NG PMMA-b- 024 023 0 053 379 0.55 0.55%
P2VP(Air)

HG Air-P2VP (Air) 0 023 0 077 378 0.27 0.26"

PMMA 1.188

P2VP 1.153

mesogen (m) 1.06

% Calculated by using the preserved volume fraction of the various DG-forming struc-
tures and the density of PMMA, P2VP, and mesogen. ® The density is calculated by
the residual weight after extraction of PMMA, P2VP, or both components, divided by
the sample volume estimated from the measured lattice parameter from SAXS.

As listed, the V,  of the PG, NG, and HG are similar due to
their nearly constant lattice parameters. As anticipated, the sur-
face area (S) of the HG is almost identical to the sum of those
of the NG and PG. Therefore, the S/Vy . of HG (0.0251 nm™)
is also similar to the sum of S/V, s of NG (0.0141 nm™') and
PG (0.0111 nm™1). In addition, if we consider the preserved ac-
tual volume (V,), the surface-to-volume ratio (S/V,) of the HG
(0.119 nm™') is 8.2 times and 4.0 times higher than that of PG
(0.0145 nm~!) and NG (0.0300 nm™"), respectively. Figure 4e and
Figure S6 (Supporting Information) show the simulated surface
properties of PG, NG, and HG made from DG with varying lat-
tice parameters (d;,,). As the lattice size decreases, the surface-to-
volume ratio and the specific surface area both increase. Among
them, the increment in HG increases much more significantly.
Simulated results demonstrate that the HG phase can exhibit
a specific surface area of 97 m? g~!, or even higher values us-
ing lower-Mw PMMA-b-P2VP BCPs (Figure 4e). This indicates
that HG structures made by PMMA-b-P2VP or semi-degradable
amphiphilic diblock copolymers of different Mws have poten-
tial applications in various fields. The HG structure from the
dual-extractable DG-forming ternary nanocomposite of the min-
imum structural volume possesses a maximum porosity that is
not achievable by the usual approach for making either an NG
or PG structure from the typical semi-degradable diblock copoly-
mers.

We conducted 'H NMR measurements for the mesogen, DG,
and NG with various extraction times (Figure S7a, Supporting
Information). The main signals related to the hydrogen bonding
interaction and the existence of the mesogen are presented in
the ranges of 8-8.5 ppm (Figure S7b, Supporting Information)
and 5.1-5.7 ppm (Figure S7c, Supporting Information), respec-
tively. In Figure S7b (Supporting Information), in contrast to the
neat PMMA-b-P2VP, the up-field chemical shifts in 8.06, 8.14,
and 8.21 ppm (indicated by red dashed line) are observed in the
DG sample, corresponding to the proton next to the N atom in
P2VP (labeled as h) due to hydrogen-bonding interaction with
the mesogen. After extracting the mesogen by immersing the
DG sample in methanol for 10 min, the signals return to that of
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the neat sample in 8.07, 8.15, and 8.22 ppm (indicated by black
dashed lines) in Figure S7b (Supporting Information), indicat-
ing the complete removal of the mesogen. Similar signals are
obtained for a longer extraction time of 30 min. This can also
be confirmed by the silent signal of the mesogen at 5.37 ppm
corresponding to the proton labeled as i after being immersed
in ethanol for 10 and 30 min in Figure S7c (Supporting Infor-
mation). As a result, the mesogen can be entirely removed af-
ter immersion in methanol for 10 min. Notably, the 'H NMR
spectra of the HG sample cannot be measured due to insolubility
in D-chloroform resulting from photoirradiation-induced cross-
linking of the P2VP blockchains. Therefore, we utilized FT-IR
measurement to probe the removal of the PMMA as an alterna-
tive. In Figure S8 (Supporting Information), the absorption band
at 1727 cm™ is assigned to the C=0 group of PMMA. The inten-
sity of this absorption decreased gradually after UV irradiation
for 1 and 2 h followed by the extraction with o-xylene. After UV
irradiation for 4 h, the absorption vanished, indicating the com-
plete removal of PMMA.

The changes in components of PMMA-b-P2VP(m), s were
also investigated using FT-IR. In Figure S9a (Supporting In-
formation), the DG and NG exhibit the absorption band at
1727 cm™', confirming the presence of PMMA. Similar absorp-
tion in the PG is due to the presence of the mesogen. In Figure
S9b (Supporting Information), the DG exhibits two absorption
bands at 1591 and 1601 cm™', indicating the presence of free
and hydrogen-bonded pyridines, respectively. The PG shows sim-
ilar two absorption bands at 1591 and 1601 cm™! after remov-
ing PMMA. In contrast, the NG only shows the free pyridine ab-
sorption at 1591 cm™!, suggesting the complete extraction of the
mesogen. The HG only reveals the free pyridine P2VP absorption
at 1591 cm™! without any absorption of C=0 stretching at 1760
to 1680 cm™!, further confirming the complete extraction of both
PMMA and the mesogen after the dual extraction process.

2.3. Enhanced Performance of Nanoporous Double Gyroids

Because of high porosity, we expected the polymer-based HG to
exhibit a very low refractive index without scattering visible light
due to the nano-length scale of the structure. Based on the refrac-
tive index of the P2VP (1.59 at 600 nm) and the corresponding vol-
ume fraction of 0.23, we estimated the effective average refractive
index of the HG network as 1.12, consistent with that (1.11) found
by the experimental measurement via ellipsometry (Table S1,
Supporting Information). Figure 5a presents the normal-incident
transmittance spectra of various DG-forming structures. Due to
the increased volume fraction of air, the transmittance increased
upon proceeding from the PG structure (¢,;, = 0.24) to the NG
structure (¢,;, = 0.53) and to the HG structure (¢,;, = 0.77). Fur-
thermore, the HG film displayed low reflectivity and absorption
(Figure 5b) in the visible range. Among these materials, the HG
structure possessed the lowest volume fraction and the highest
transmission (98%) in the visible range. As expected, there is
a clear trend: increasing the volume fraction of air for the DG-
forming structures having values of ¢,;, of 0, 0.24, 0.53, and 0.77
resulted in the increased transmittance (at 600 nm) from 0.90 to
0.93, 0.95, and 0.98, respectively. Consequently, the P2VP-based
HG films were highly transparent and had very low reflectance

© 2023 Wiley-VCH GmbH
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Figure 4. The computational preserved unit cell volume (Vp) of a) NG and b) HG. The corresponding computational surface area (S) of ¢) NG with a
volume fraction of 47% and d) HG with a volume fraction of 23%. Figure (c) is a surface rendering of Figure (a), and Figure (d) is the surface rendering

of the pair of nested surfaces in Figure (b). e) The simulated specific surface area of PG, NG, and HG varied with the lattice constant. The density of PG,
NG, and HG used in the calculation of Figure (e) is 0.82, 0.55, and 0.26 g cm~3, respectively.
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Table 2. Surface-to-volume ratio of nanoporous double gyroid structures.

Sample R digo Vour” s9 S
[nm] [nm3] [nmz] [nm"] [nm’]]
PG 76% 381 55x 107 6.1x10° 0.0111 0.0145
NG 47% 379 5.4x107  7.7x10° 0.0141 0.0300
HG 23% 378 5.4x 107  1.4x10° 0.0251 0.119

?) Volume fraction of the preserved volume fraction of the matrix (PG) or network (NG
and HG); ~ Bulk volume (Vy) = (d100)?; © Surface area (S) is from computational
simulation; 9Volume of the preserved matrix or network (V,) = ¢ X V-

because of the high porosity and the uniformity of the HG net-
works at the nanoscale. Notably, even for a large film thickness
of 4 um, the HG film retained (Figure 5¢) its high transmittance
of 98%. As displayed in Figure 5d, the HG film placed on a
poly(ethylene terephthalate) (PET) substrate exhibited high trans-
mittance of visible light. The development of flexible displays or
devices currently can be divided into four stages. The first stage
consists of fixed-curve flexible devices, the second stage involves
bendable and rollable technology with a bending radius of 0.3
to 1.5 cm, the third stage is characterized by foldable technology
with a smaller bending radius (0.05 to 0.3 cm), and the fourth
stage is fully flexible technology that can be folded and stretched
in any direction. Therefore, the film flexibility was measured by
bending radius, as shown in Figure S10 (Supporting Informa-
tion). The bending radius of the HG-structured film can reach a
minimum value of 0.2 cm without the formation of cracks, in-
dicating that we have achieved the standard of the third stage.
Therefore, dual-extractable ternary nanocomposites can provide
interesting self-assembled nanoporous structures for the fabrica-
tion of flexible optical transmittance materials and also for use as
templates for preparing 3D ordered inorganic nanomaterials of
the high surface-to-volume ratio.

With the high porosity and highly interconnected 3-D nan-
odomains, these lightweight nanomaterials should exhibit a sig-
nificant elevation of specific modulus. The average values of re-
duced elastic modulus (Er) were determined using a nanoinden-
ter. For a set of ten independent measurements, the averaged Er
values of the DG, PG, NG, and HG are 3.54 + 0.25, 3.36 = 0.18,
4.16 + 0.13, and 3.61 + 0.37 GPa, respectively (Figure 5e,f). In
contrast to the neat PMMA-b-P2VP (Er = 4.58 + 0.28 GPa in
Figure S11, Supporting Information), the decrease of the Erp¢
ternary nanocomposite is due to the softening of the P2VP block
chains induced by the depression of the T,y to 58.1 °C due to
blending with the mesogen in contrast to the normal T, of P2VP
(100.7 °C) in the neat PMMA-b-P2VP BCP (Figure S12a, Sup-
porting Information). After the degradation of the minor PMMA
network, the Erp; becomes lower than the Erp due to the forma-
tion of the porous structure. After solvent-extracting the meso-
gens, Ery. of 4.16 GPa is higher than the Erp. due to the re-
turn of the T, p,yp to 100.2 °C (Figure S12a, Supporting Informa-
tion). Similar variations of the T, are obtained in blends of the
homopolymer P2VP and mesogens. For a blend with a molar ra-
tio of 0.45, the Erpyypy of 3.42 + 0.23 GPa in the P2VP(m), s
sample is lower than that of the neat P2VP (4.64 + 0.25 GPa) in
Figure S11 (Supporting Information), due to the depression of
the T, ppyp (58.5 °C) in the P2VP(m), 45 in contrast to 98.4 °C of
the P2VP homopolymer (Figure S12b, Supporting Information).
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Although the HG possesses the lowest structural volume frac-
tion (¢,;, = 0.77), the Ery¢ of 3.61 + 0.37 GPa is only slightly
smaller than that of the Ery (4.16 + 0.13 GPa) (¢,;, = 0.53). Be-
cause the density of the HG largely decreases to 0.26 (g cm™),
the HG-structured material possesses a highest specific modu-
lus of 13.37 (GPa cm?® g™!), which is ~1.8 times, 3.3 times and
4.2 times higher than those of the NG (7.56 GPa cm?® g™!), PG
(4.10 GPa cm?® g™!) and DG (3.19 GPa cm?® g™!), respectively. We
suggest that the maintaining Er value of HG without substan-
tial reduction can be ascribed to the presence of highly intercon-
nected ordered nanonetworks. These ordered nanonetworks pro-
vide the uniform dissipation of applied stress through bicontinu-
ous nanodomains, resulting in less susceptibility to the influence
of increased porosity.

3. Conclusion

We have fabricated flexible, lightweight NG, PG, and HG
nanoporous gyroid structures from a single dual-extractable
nanocomposite via simple and efficient processing conditions.
This new dual-extractable nanocomposite approach introduces
physically-bonded mesogens to the P2VP blockchains and al-
lows the fabrication of both PG and NG nanotemplates through
UV depolymerization of the minority PMMA blocks or solvent-
extraction of the incorporated mesogens from the majority P2VP-
mesogen matrix, respectively. Except for PG and NG, a novel
nanoporous HG structure of extremely low structural volume
and highest porosity and surface-to-volume ratio can be gener-
ated, which consists of interpenetrating double hollow tubular
networks of the remaining P2VP component. Because of the
asymmetric chain conformation of the mesogen-associated P2VP
blockchains, a minimum volume fraction (24%) of the DG mi-
nority network was obtained for the first time. To the best of our
knowledge, this is the first work to fabricate a flexible polymer-
based HG nanostructure of extremely high porosity and min-
imum structural volume from self-assembly of diblock copoly-
mers. In contrast to typical PG and NG structures from the self-
assembly of semi-degradable diblock copolymers, this unique
HG structure from the ternary nanocomposite could exhibit the
significantly increased porosity and better specific modulus while
remaining transparent even for a relatively thick film of 4 ym.
The surface-to-volume ratio of the HG is increased to four times
the NG and 8.2 times the PG. The lightweight and high-porosity
HG also exhibits robust mechanical behavior with a specific re-
duced modulus of 13.4 GPaxcm?® g, almost 1.8 times that of
NG, 3.3 times that of PG, and 4.2 times that of DG. The resultant
HG composed of the hydrophilic P2VP is quite distinct from the
typical hydrophobic nanoporous structure such as the PS-based
nanoporous structure. This unique hydrophilic DG-structured
template featuring the minimum structural volume, strong po-
larity, and tunable affinity has a high potential to produce inor-
ganic or organic nanomaterials with greatly enhanced optical and
specific mechanical properties such as specific modulus.

4. Experimental Section

Materials: The PMMA-b-P2VP block copolymer was purchased from
Polymer Source, Inc. (Doval, Canada.) The number-average molecular

© 2023 Wiley-VCH GmbH
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Figure 5. Comparison of the properties of the four different DG structures. a) Optical transmittance of the various DG materials (film thickness: 300 nm).
b) Reflectivity, absorption and transmittance of the HG film with a film thickness of 300 nm. c) Transmittance spectra of the DG and PG, NG, and HG
films with a thickness of 4 um. d) Photographs of a 4 um-thick nanoporous HG film coated on a PET substrate and a neat PET film. e) Load—depth

profiles with a maximum load of 5000 uN for the various DG structures. f) Averaged Er values measured using a flat-punch probe of 10 um diameter at

room temperature for films with 5 um in thickness.
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weights of the PMMA and P2VP blocks were 170 and 160 kDa, respec-
tively. The degree of polymerization of the PMMA and P2VP blockchains
was 1700 and 1524, respectively. The PDI of the PMMA-b-P2VP BCP
is 1.70. The volume fraction of the PMMA was calculated to be 0.51
based on the PMMA and P2VP densities of 1.188 and 1.153 g cm™3,
respectively. The P2VP homopolymer with a number-average molec-
ular weight of 152 kDa was used as received from Sigma-Aldrich.
The cholesteric liquid crystal mesogen of cholesteryl hemisuccinate
(abbreviated as m) was used as received from Sigma—Aldrich. The
molecular weight of the mesogen was 486.73 Da and its density was
1.06 g cm™3.

Sample Preparation: All bulk samples were cast from solutions of
1,1,2-trichloroethane (TCE) containing mixtures (5 wt.%) of the copoly-
mer and mesogens of various molar ratios. The as-cast bulk samples
were dried slowly at 25 °C and were further dried in a vacuum oven to
remove the residual solvent. To fabricate the PG structure, the PMMA-
b-P2VP(m)g 45 sample was exposed to UV irradiation of 254 nm for 4 h
under argon to decompose the PMMA blockchains. After UV irradia-
tion, we immersed the exposed PMMA-b-P2VP(m)( 45 nanocomposite
into o-xylene, a poor solvent for both the P2VP block and the mesogen,
to remove the photodegraded PMMA blocks. For the NG structure, the
PMMA-b-P2VP(m), 45 sample was immersed in cold methanol at 4 °C
for 1 h to remove mesogenic molecules. To obtain the HG structure,
the solvent-extracting process and the UV irradiation were conducted in
sequence.

Characterization: The bulk samples were sectioned into 100 nm-thick
slices for TEM observation, using an ultra-microtome (Leica EM UC7) at
25 °C. Bright-field TEM images employing mass-thickness contrast were
obtained using a transmission electron microscope (JEOL JEM-2100) op-
erated at an accelerating voltage of 200 kV. The sliced samples were stained
with |, vapor for 1 h to increase the contrast between the PMMA and
P2VP domains; the P2VP microdomains appeared dark after staining with
I, whereas the PMMA microdomains appeared bright(38] Medium-angle
X-ray diffraction (MAXD) and small-angle X-ray scattering (SAXS) mea-
surements were respectively performed at the BL23A beamline of the
Taiwan light source (TLS) and the BL25A beamline of the Taiwan pho-
ton source (TPS) at the National Synchrotron Radiation Research Cen-
ter (NSRRC). MAXD and SAXS were conducted at the wavelengths of
0.9678 and 0.8265 A, respectively. The SAXS pattern was collected with
an area detector (Pilatus TM-F) that was corrected for electronic noise,
transmission, background scattering, and detector sensitivity. The area
detector was calibrated for absolute scattering intensity of SAXS by us-
ing high-density polyethylene; silver behenate was used for the calibra-
tion of scattering wavevector q defined by 4717 'sin@ with the scatter-
ing angle of 26. Field emission scanning electron microscopy (FESEM)
images of uncoated samples were recorded with a field-emission scan-
ning electron microscope (ZEISS GeminiSEM 450) operated at an ac-
celerating voltage of 1 keV. Transmittance and reflectivity measurements
were conducted by a UV-vis spectroscopy (Jasco J-1700 circular dichro-
ism spectroscopy) and an optical microscope (ESPA N-800 M) equipped
with a fiber-optic spectrometer (B&W Teki-trometer). Nanoindentation
measurements were conducted using a nanoindenter (T1900 Tribolnden-
ter, Hysitron Inc.) for the examination of at least 10 different positions.
The load (up to a maximum of 5000 pN) was applied by a flat dia-
mond indenter with 10 um diameter at the same loading and unload-
ing rate of 60 uN s~'. The reduced modulus of the test sample can
be calculated from the load-displacement profile based on the following
equation:

E=T 4)

where Er is reduced modulus and S’ is stiffness (slope of the unloading
curve). D represents the diameter of the diamond flat indenter. For record-
ing the reduced modulus, the deformation of the diamond indenter is
negligible. Therefore, the reduced modulus is a representative value for
mechanical performance. The film thickness is 5 um, and the depth of in-
dentation (<500 nm) was less than 10% of the total film thickness.
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