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A new gyroid family member, the tetragonal gyroid surface (shifted tG), was
designed on the basis of a binary self-assembly system containing diblock
copolymer PS-b-PAA as the main building block and the small surfactant
cetrimonium bromide (CTAB) as the structure manipulator. Featuring shifted
double-gyroidal networks, shifted tG belongs to a tetragonal symmetry with the
low-symmetry space group l44/a and shows a widened photonic band gap along
with shifting degrees, initiating a new gyroid symmetric system.
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Yongsheng Li,"** and Lu Han?®*

SUMMARY

Gyroid (G) surfaces, the most famous naturally occurring triply peri-
odic hyperbolic surfaces, are well known for their amazing proper-
ties closely associated with their intriguing symmetries. Although
mathematicians and physicists are devoted to exploring new G sur-
face family members, it remains a mystery whether any novel
symmetrical G substructure can be experimentally validated beyond
its well-known cubic-symmetrical systems. Herein, we report a
tetragonal G substructure (shifted tG) obtained from a cooperative
binary self-assembly system consisting of polystyrene-b-poly(acrylic
acid) and cetyltrimethylammonium bromide. Shifted tG features pe-
riodic distributions of uneven matrix thicknesses with local concave
free energies, exhibits an extraordinarily shifted double-gyroidal
network with a low-symmetry space group of 144/a (no. 88), and pos-
sesses shifting-degree-dependent photonic band gaps that are
never present in its unshifted cubic-symmetrical counterparts. The
emergence of new G structures demonstrates a new frontier in the
minimal surface subject, crucial for its exploration and innovation.

INTRODUCTION

Gyroid (G) surfaces, first discovered by Alan Schoen in 1970," are the most complex
and functionally valuable three-dimensional (3D) geometries yet discovered in that
they possess infinite, non-self-intersecting triply periodic minimal surfaces (TPMSs),
or constant mean curvature surface structures.”™ Since the discovery of G, the
beauty of its peculiar symmetrical and geometrical features has ensured that G struc-
tured materials sparkle in interdisciplinary areas, such as mechanical (e.g., excep-
tionally high strength networks),” catalytic (e.g., electrocatalysts and photocataly-
sis),’ electronic (e.g., superconductive materials and hybrid solar cell),&10

11-15

optical (e.g., antireflection, 3D photonic crystals, and chiral metamaterials) ma-

and

terials. Therefore, theoretical and experimental investigations of Gs are a long-last-
ing topic in interdisciplinary science. The naturally occurring G surfaces have been
discovered in numerous biological systems®'?"'¢ and are regarded as paragon inspi-
rations to learn from nature’s complex design principles particularly in cell mem-
branes and Lepidoptera wing scales.'’~'” Attempts to artificially fabricate G surface
structures include top-down approaches, such as angled etching, 3D printing, inter-
ference lithography, and two-photon polymerization,””?? yet these methods are
challenging in controlling submicron details. Another approach is bottom-up syn-
thesis, such as thermotropic?*~?° and lyotropic liquid crystals,”*~*® block copolymer

13,14,29-32 33-35

assembilies, and their inorganic replicas, whose length scales can

THE BIGGER PICTURE
Triply periodic minimal surfaces
(TPMSs), the unique three-
dimensional geometry
characterized by infinite and non-
self-intersecting periodic
networks with complex
symmetries, are diamonds shining
in mathematics, physics, and soft
matter science. Gyroid surfaces,
the most appealing and
complicated TPMSs, possess
extraordinary properties highly
associated with their symmetrical
features and have inspired various
terrific man-made artifacts.
Manipulating the symmetry of
gyroid surfaces is crucial to
exploring the beauty of their
geometry, but all of their known
stable structures are restricted to
cubic space groups. In this study,
by manipulating symmetry in a
designed binary self-assembly
system to break the principles of
thermodynamic restriction of the
polymer phase separation, we
obtained a brand-new tetragonal
gyroid with intriguing optical
properties, which opens up new
avenues for generating novel
materials with exceptional
structures and understanding the
minimal surface families.
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range from a few to hundreds of nanometers, although their formation mechanisms
remain obscure.

Naturally restricted by the generic symmetry-based properties, the currently known
stable G surfaces (double G, single G, and alternating G) all belong to the cubic crys-
tal system. The most frequently occurring gyroidal structure is double G, which pre-
serves the highest symmetry with the space group cubic la3d (no. 230) because of its
continuous surfaces with nonpositive Gaussian curvature that separates space
equally into two interpenetrating labyrinths with three-coordinate nodes.” It ap-
pears in various self-assembly systems, including the bicontinuous liquid crystal
phases®’*® and microphase separation of most pure AB diblock, ABA, and ABC tri-
block copolymers.*°~*#2¢3” Extracting one of the labyrinths of double G produces a
single G surface, which belongs to the lower-symmetry space group cubic /4,32 (No.
214), represented by the famous single-G chiral photonic crystal discovered in but-
terfly wing scales.'®"'? In chemical synthesis, the single-G surface has been experi-
mentally realized by an alternating version (alternating G) of a distinguishable dual
network filled with different substances.*®*?

The high symmetry of G surfaces offers advantages in many aspects; in particular, the
highest symmetrical double-G surfaces exhibit the most equivalent spatial organiza-
tions with such isotropic properties as more uniform mass transport and uniform me-
chanical responses.’” However, exceptional material properties are often highly
associated with crystal symmetries.”’ For example, the symmetry breaking and
phase transition in atomic double-gyroidal crystalline leucite crystals have brought
this mineral a behavior close to pure ferroelasticity.*” In terms of optical materials,
only through breaking the symmetry of double G can a series of novel materials
be generated,”’ such as complete-band-gap photonic crystals, metamaterials, or

photonic crystals exhibiting amazing Weyl points and line nodes.'?">#4~4¢

Therefore, the fundamental understanding of the structural features of the G surface
and the exploration of the new noncubic forms by symmetry breaking are crucial for
this research field.*’=>° Only recently has a tetragonal deformation of the G surface
with space group l44/acd received rigorous proof.”’ However, to the best of our
knowledge, the tetragonal G surface has never been experimentally identified in
the biological structures or self-assembly of amphiphilic molecules. On the other
hand, changing the relative positions of the two skeletons of the double G would
be an effective method of altering its symmetry and achieving modulated proper-
ties. Nevertheless, Hsueh et al. achieved the symmetry breaking on the G surface
only by moving the two independent gyroidal networks through artificial removal
of the intervening TPMS matrix,? after which random shifts of the interlocking net-
works proceeded in an uncontrollable manner. To date, the new organizational
forms and symmetry breaking of G surface structures with specific properties are still
considered to be great challenges in self-assembly fields.

Herein, we report a polymorphism for a G surface structure with a distinctive tetrag-
onal symmetry composed of shifted networks (termed shifted tG). This structure was
synthesized via aqueous copolymer self-assembly with binary components, i.e., with
the linear anionic block copolymer polystyrene-b-poly(acrylic acid) (PSe,-b-PAA,)
(Figures S1-S4 and Tables S1-S3) as the main building block and the small-molecu-
lar cationic surfactant cetyltrimethylammonium bromide (C1,TAB) as the auxiliary
modulator, followed by a silicification process to generate silica replicates. Insertion
of C14TAB as a modulator greatly influenced the phase separation of the diblock
copolymer through a competition between the original organization of immiscible
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The shifted tG and cubic G structures can be obtained in the binary system of C14TBA/PSg,-b-PAA 4 with different molar ratios.

blocks and additional electrostatic interactions, which led to the generation of a se-
ries of mesostructures that could not be obtained with pure diblock copolymeric as-
semblies. The low-symmetry tetragonal G surface appeared in a small phase region
between a loose lamellar-like phase at a low C1,TAB/PSg,-b-PAA 4 ratio and a stan-
dard cubic double-G structure (termed cubic G) phase at a high C;4TAB/PSq,-b-
PAA4 ratio, and it was analyzed and assessed via detailed electron crystallography
comparisons. Then, the evolution of photonic properties caused by the cubic-to-
tetragonal symmetrical transition was described.

RESULTS AND DISCUSSION

Structural analysis

Aqueous phase separation of pure amphiphilic diblock copolymers has been exten-
sively studied theoretically and experimentally.>” Driven by the incompatibilities of
different immiscible blocks, a cubic bicontinuous phase can be synthesized between
the cylindrical and lamellar phases depending on the volume fraction of each block.
In contrast to that in the pure diblock copolymer systems, phase separation in the
binary system can be influenced by much more complicated parameters, which
opens up versatile possibilities to generate unique morphologies and struc-
tures.”*°° Here, for PSgp-b-PAA4 and C14TAB, both hydrophobic/hydrophilic and
electrostatic interactions play critical roles influencing the phase-separation
behavior of PS-b-PAA. As shown in Scheme 1, composite micelles were initially
formed through electrostatic condensation between anionic PS-b-PAA™ segments
and C4,TA" ions during the co-micellization process and then silicified to form or-
dered inorganic-organic hybrid aggregates. During this process, C1,TA" ions served
as the charge neutralizer/condensation agent to accelerate the aggregation of the
PS¢2-b-PAA 4 and as a bridge to connect the micelles and the silica source. We
then fabricated a series of mesostructures by changing the C1,TAB/PSg,-b-PAA;4
molar ratios and removed the organic templates by calcination (Figures S5-57). A
disordered, loose lamellar-like structure was formed with a small C1,TAB/PAA ratio
of 14.8 (mass ratio of 0.5), and lamellar/cubic intergrown structures were realized
with a C1,TAB/PSg,-b-PAA, 4 ratio of 29.7 (mass ratio of 1.0). A conventional cubic
G was generated when the C;4TAB/PSg,-b-PAA, molar ratio was raised above
148.3 (mass ratio of 5.0) and finally converted to inhomogeneous disordered struc-
tures at much higher C14TAB/PSg,-b-PAA, molar ratios over 237.2 (mass ratio of
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Figure 1. SAXS patterns and TEM analysis of the cubic G and shifted tG structures

(A) SAXS pattern of the cubic G and shifted tG structures. The red and blue tick markers indicate the Bragg positions obtained from the FDs.

(B-D) TEM images taken from the [1 11] (B), [001] (C), and [110] (D) directions with the corresponding FDs of the cubic G structure.

(E-I) TEM images and the corresponding FDs of the shifted tG structure. As a result of symmetry breaking, the three main zone axes are mapped to five
representative directions, namely the [1 11] (E), [010] (F), [001] (G), [110] (H), and [101] () directions, as indicated by the red, blue, and green lines with
arrows. Symmetry averaged images overlaid with the skeleton graphs are shown at the bottom of each image. The blue and red arrows show the
direction of pore-channel displacement for shifted tG compared with cubic G.

8.0). In the intermediate C1,TAB/PS¢,-b-PAA4 molar ratio range of 59.3-118.6
(mass ratios of 2.0 to 4.0), the new shifted tG phase appeared.

The structure of the shifted tG phase was analyzed through a series of detailed com-
parisons with cubic G. In the small angle X-ray scattering (SAXS) profile (Figure 1A),
cubic G synthesized with a C14TAB/PSe,-b-PAA, molar ratio of 148.3 (mass ratio of
5.0) exhibited a number of reflections within the q value range of 0.04-0.25 A~". The
firstintense peak was centered at 0.046 A~", and the shoulder peak was at 0.053 A"
with a g ratio of y/3:1/4; they were indexed to the 112 and 022 reflections of a typical
well-known double G with cubic symmetry belonging to the space group la3d
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(no. 230), and the unit cell parameter was calculated as a = 33.6 nm. Interestingly,
shifted tG synthesized with a C14TAB/PSg,-b-PAA1, molar ratio of 118.6 (mass ratio
of 4.0) showed a very similar SAXS profile in the same g value range. A series of
strong reflections were basically consistent with cubic G; however, an additional
intense reflection centered at 0.026 A~ revealed notable symmetry differences be-
tween the two samples. Combined with transmission electron microscopy (TEM) in-
vestigations (vide post), the unexpected structure of shifted tG was identified as a
body-centered tetragonal crystal with the space group /44/a (No. 88), a subgroup
of la3d but with much lower symmetry. The unit cell parameters were determined
as a = 33.5 nm and ¢ = 34.2 nm with a close ¢/a ratio of ~1.02. Therefore, the first
peak in its SAXS pattern was indexed to the 011 reflection of a tetragonal crystal,
which is forbidden with the cubic G structure. Moreover, the strongest reflection
at g = 0.046 A~", which was comparable to the 112 reflection of cubic G, actually
arose from overlap of the 112 and 211/121 reflections as a result of the nonequiva-
lent (112) and (211) lattice planes in symmetry-reduced tetragonal crystals. Corre-
spondingly, the neighboring shoulder peaks were indexed to the 022 and 220 reflec-
tions, respectively.

The pore shapes and sizes of cubic G and shifted tG were analyzed with N, adsorp-
tion-desorption isotherms (Figure S8). Both samples showed typical type-IV iso-
therms with evident hysteresis loops in the P/Pg range of 0.4-0.9. The presence of
an H1 hysteresis loop for cubic G indicated channel-type mesopores generated by
the block copolymer template, whereas shifted tG showed a combination of H1-
and H4-type hysteresis loops; this indicated the presence of both channel-type
and narrow-slit-type mesopores, which could be attributed to the formation of slit
mesopores by C;,TAB intercalated into the thinned silica matrix. The Brunauer-
Emmett-Teller (BET) surface areas of cubic G and shifted tG were measured as
607.7 and 546.9 m? g™, respectively. The single-point total pore volume and mes-
opore volume determined by the a-plot method were 0.965 and 0.566 cm® g™,
respectively, for cubic G and 0.826 and 0.599 cm® g~', respectively, for shifted
tG. The pore diameters for cubic G and shifted tG were obtained by non-local den-
sity function theory (NLDFT) as ~10.5 and ~12.0 nm, respectively. These results indi-
cate the high mesoporosity of both cubic G and shifted tG; however, the different
isotherms suggested that their porous structure underwent significant changes.

It is worth noting that it is challenging to solve these structures solely by diffraction tech-
niques because of their local fluctuations and surface roughness. Therefore, the struc-
tural details of the two samples were revealed by electron crystallography, which allows
the direct visualization of the real space structures while retaining the phase information
of crystal structure factors.”®>’ Figures 1B-1D show the TEM images and the corre-
sponding Fourier diffractograms (FDs) for cubic G taken from the [111], [001], and
[110] directions, respectively. The extinction conditions {hkl: h + k + | = 2n}, {Okl: k =
2n, | =2n}, {hhl: 2h + | = 4n, | = 2n}, and {00!: | = 4n} obtained from the FDs were char-
acteristic of the unique space-group symmetry la3d (no. 230). The unit cell parameter
a = 34 nm calculated from the FDs was consistent with the SAXS results. According
to the symmetry-averaged TEM images obtained by the crystallographic image-pro-
cessing software CRISP,*® the typical two-dimensional (2D) plane groups of p6mm,
p4dmm, and c2mm were identified. In particular, the white dots shown in the <111>
axis (Figure 1B) corresponded to the straight channels encircling the hexagonally orga-
nized G surface, which is considered a typical feature of cubic double-G surfaces.”

In contrast, the diminished symmetry in shifted tG resulted in more intricate struc-
tural features. The low-magnification TEM images revealed the spherical
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morphology of shifted tG with a size distribution statistical maximum of ~225 nm
(Figures S9-S11). Representative detailed high-magnification TEM images from
five different crystal orientations are shown in Figures 1E-1l. The extinction condi-
tions from FDs can be summarized as {hkl: h + k + | = 2n}, {hkO: h = 2n, k = 2n},
{Okl: k + | = 2n}, {hh!: | = 2n}, {OkO: k = 2n}, and {00/: | = 4n} and are coincident with
those of the unique space group l4/a (no. 88). The lattice parameters determined
from the FDs (a = 33 nm and ¢ = 1.02a) agreed with the SAXS analysis. As a result
of symmetry breaking, certain equivalent crystal orientations of cubic crystals
become nonequivalent in tetragonal crystals. Differentiation of <111>,
<001>¢yp, and <110>., orientations from the corresponding axes of cubic G to
shifted tG are illustrated by colored lines with arrows in Figure 1. Notably, as indi-
cated by the red line pointing from Figure 1B to Figure 1E, the é-fold symmetry
from the <111>.,p, axis of cubic G was replaced by the 2-fold axis with the emer-
gence of the 011 diffraction spot in FD, and the extra-dark contrasts beneath each
white dot around the straight channels (marked by black arrows in Figure 1E) implied
an unusual structural variation. As a result, the plane-group symmetry of the [111];ctra
axis was lowered to p2. Similar variations were observed for the [001]ietr4 (Figure 1F)
and [010]etra (Figure 1G) axes of shifted tG, which are derived from the common
<001>.,, axis of cubic G (indicated by blue lines pointing from Figure 1C to
Figures 1F and 1G). Interestingly, the TEM image taken from the [001];c4a direction
of shifted tG possessed the 4-fold symmetry (Figure 1F) with the plane group p4,
whereas the [010)ieys direction exhibited ¢2mm symmetry with different TEM
contrast. In addition, the [110]etra (Figure TH) and [101]etra (Figure 11) axes corre-
sponded to the original <110>, direction are indicated by the green lines extend-
ing from Figure 1D to 1H and to 11. Both directions exhibited the plane-group sym-
metry of p2mg, indicating the symmetry change from the original c2mm plane group
of <110>,p. These results suggest the breaking of the original cubic symmetry and
that only one of the 4-fold axes along <001>,, was retained. These led to a struc-
tural transition from cubic to tetragonal; therefore, the [001]iets became the unique
axis in shifted tG.

3D structure reconstructions were used to reveal the configuration of the new struc-
ture. To reconstruct, we calculated the electrostatic potential maps of the two struc-
tures after extracting the structure factor phases and amplitudes out of the FDs ob-
tained from their representative TEM images. Each 2D projection was unified to a
common origin. For the shifted tG structure, the origin was chosen to be the inver-
sion center (origin choice 2 of [44/a). We then merged the structure factor phases and
amplitudes into one dataset upon scaling the common reflections and then cor-
rected the amplitudes by the TEM contrast transfer function by using a Wiener filter
to avoid division by zero. Finally, we generated the 3D electrostatic potential distri-
butions ¢(x,y,z) via Fourier synthesis by employing the structure factors shown in
Tables S4 and S5. The threshold values for the equi-electrostatic potential surfaces
were set to 66% for cubic G and 68% for shifted tG out of the rescaled 0%—-100%,
which were determined by the mesopore volumes calculated from N, adsorption-
desorption data. The pore size measured in the reconstructed volume is also consis-
tent with the ~10.5 and ~12.0 nm pore sizes for cubic G and shifted tG, respectively,
obtained from N, adsorption-desorption measurements (Figure S12).

The reconstructed electrostatic potential distribution for cubic G is shown in Fig-
ure 2A. The G surface was replicated by uniform silica matrices (Figures 2B
and 2D). The embedded skeleton graphs representing the channel arrangements
(Figures 2C and 2E) indicated the three-coordinate interpenetrating double-gyroi-
dal networks that divided the space in half, which resembled the conventional G
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Figure 2. Reconstructed 3D electrostatic potential maps of cubic G and shifted tG

(A) Reconstructed unit cell of the cubic G structure.

(B-E) Electrostatic potential maps of cubic G (plot region: —0.5 to 1.5 unit cells); the skeleton graphs superimposed in the hollow channels are taken
from near the [100] axis (B and C) and near the [111] direction (D and E).

(F) Reconstructed unit cell of the shifted tG structure.

(G-J) Electrostatic potential maps of shifted tG (plot region: —0.5 to 1.5 unit cells); the embedded skeleton graphs in the hollow channels are taken near
the [100] axis (G and H) and near the [111] direction (I and J). The maps suggest an uneven silica matrix thickness along with shifted double channels with
inverse helicity in the shifted tG structure. The solid and hollow triangles indicate the uneven matrix thickness, and the blue and red arrows suggest the
azimuthally shifted frameworks.

surface as reported previously.®”*" The reconstructed unit cell of shifted tG was
similar to that of cubic G at first glance (Figure 2F). However, we were surprised to
find that the silica matrix of shifted tG was characterized by periodically distributed
uneven wall thicknesses (indicated by alternating solid and hollow arrowheads).
Correspondingly, the two networks were azimuthally shifted along the [001]ietra
axis by approximately 5% of the unit cell length of the c axis in comparison with cubic
G. Therefore, the original 4-fold symmetry of cubic G was retained only along the
unique axis [001}etra in shifted tG, as TEM investigations revealed. The projections
from each direction are shown in Figure S13 and are consistent with the experimental
images. To further verify the reconstructed 3D structure, we shot a series of tilted
TEM images taken from one typical particle under different goniometer orientations
in TEM observation (Figure 3). From the tilting sequence [111] — [153] — [011] —
[135] — [111], the additional contrasts corresponding to the shifts of frameworks
were highly consistent with the projections of the reconstructed structure in Figure 2,
which fully confirmed the azimuthal displacements of the networks in shifted tG re-
vealed by the structural solutions.

The distinctive structural features of shifted tG over cubic G are reflected not only in
wall-thickness variations but also in the pore-shape inhomogeneities. For a better
comparison, 2D sectional views of the reconstructed electrostatic potential maps
for cubic G and shifted tG are displayed in Figure 4. The cross sections were taken
at different fractional positions with respect to the d-spacing of the {hkl} lattice
planes. Unlike the conventional highly symmetric cubic G, shifted tG is characterized
by asymmetrical electrostatic potential distributions, as indicated by the alternating
solid triangles (indicating the thick matrix) and hollow triangles (indicating the thin
matrix) in Figure 4B. These asymmetrical distributions manifested the variable
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Figure 3. TEM images and the corresponding FDs of the tilting series from one typical particle of shifted tG taken from different orientations
The arrows indicate the directions and tilting angles of the goniometer axis. Parallel lines of the same color represent the lattice planes maintained
during the tilting process. The projected electrostatic potential map and the theoretical tilting angles are shown on the right side.

pore shapes in shifted tG, which is another important factor that contributed to the
formation of a lower-symmetry tetragonal structure. The full cross-sectional views of
both cubic G and shifted tG from all corresponding directions are supplied in
Figures S14 and S15, respectively.

Exploring the formation mechanism for shifted tG

It has been reported that during the microphase separation of diblock copolymer
melts, the formation of TPMSs is favored when the volume fraction of the hydrophilic
segments is in the range of 4%-14.1% vol.® In this respect, our main building block
PSos-b-PAA;¢ (volume fraction 10.5% for the PAA block) has a wide window for
generating bicontinuous structures through phase separation. Given that the G
structures with cubic symmetry were the only stable G phase in the former single-di-
block-copolymer-assembled systems,’” the newly appeared shifted tG with a low-
symmetry tetragonal lattice by symmetry breaking will suggest a fascinating forma-
tion mechanism for investigation.

Exploration of the formation mechanism of the unusual shifted tG structure begins
with the debate over whether this structure is a thermodynamically stable meso-
phase or just a kinetically stable transition intermediate during the formation path
of the cubic G structure, which was occasionally fossilized by silica species. To clarify
this, we investigated the structure of the C1,TAB/PSy,-b-PAA 4 assemblies before
the addition of inorganic precursors. We performed the TEM investigations of the
pure C14TAB/PSge,-b-PAA 4 composite micelles by directly dispersing the as-synthe-
sized solution onto the microgrid and stained under RuO,4 vapor so that the PAA mi-
crodomains could be enhanced in TEM contrast. In the absence of C14TAB, pure
PSg,-b-PAA;¢ produced only spherical particles around 50 nm in solvent/poor sol-
vent mixture, whereas larger assembles were formed in the presence of C14,TAB
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Figure 4. Slice view of 2D electrostatic potential maps of cubic G and shifted tG from representative directions

(A) Sliced 2D electrostatic potential of cubic G from the {444}, {004}, {220}, and {211} planes.

(B) Sliced 2D electrostatic potential of shifted tG from the {222}, {004}, {220}, and {211} planes.

We obtained the slices by cutting the reconstructed 3D volume from different orientations at a fraction of the d-spacing of the {hkl} planes, specified as
an offset x {hkl}, to indicate the relative position of the slice with respect to the unit cell origin. Colors represent the electrostatic potential distribution
values.

(Figure S16). Although the exact structure could not be totally resolved, the ordered
lattice fringes shown in Figure S16C indicated that the structures were already
formed before the addition of inorganic species. We then tried to dispel the suspi-
cion that the shifted structure might not be formed by the self-assembly of the binary
system of Cq14TAB/PSez-b-PAA; 4 with silica precursors but by an accidental event
due to calcination. As shown in Figure S17, both the SAXS measurement and the
TEM observations confirmed that the shifted tG structure appeared in the as-synthe-
sized sample before calcination, suggesting that the structure was direct related to
the self-assembly process.

We further explored the thermodynamic stability of C14TAB/PSe;-b-PAA;4 compos-
ite micelles by monitoring the influence of different incubation times on the final
mesostructures (Figures S18 and S19). Because the incubation process happened
before silica replication and there was no inorganic precursor during the incubation
period, the composite micellar assemblies composed of the PS¢,-b-PAA;¢ and
C16TAB micelles could have undergone fusing, molecular rearranging, and/or the
structural transformation toward the final equilibrium state. The morphological
and structural transformations over time are therefore a key factor in revealing the
thermodynamic stability of C14TAB/PSe,-b-PAA14 composite micelles. The sample
synthesized with an incubation time of 0 min showed a lower degree of ordering
because of the lack of sufficient equilibration time after C1,TAB and PSo,-b-PAA;,
were mixed. However, we can still recognize the typical contrast of the shifted tG
structure from the TEM image (Figure S18A) and the characteristic 011 reflection
of shifted tG in the SAXS pattern (Figure S19A). With extended equilibrium periods,
the ordering of the structures was improved, and all samples maintained the shifted
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tG structure known from both TEM observations and SAXS profiles. Notably, for the
samples synthesized with longer incubation periods of 12 or 24 h, larger particles
with shifted tG structure were formed as a result of fusion of the composite micellar
assemblies. Therefore, it can be concluded that the formation of shifted tG is inde-
pendent of the incubation period, and it should be a thermodynamically favored
self-assembly process instead of a kinetically intermediate phase, which is highly
associated with the periodic distribution of the PAA segment given the co-assembly
behavior of PSg,-b-PAA;, and C1,TAB.

The usage of C14TAB was a crucial step in the synthesis process in that it could bring
about a variety of interactions that offered a great deal of flexibility and controlla-
bility in regulating the self-assembly behaviors of block copolymers. We calculated
the critical micelle concentration of C4,TAB at 35°C in our synthesis system as
0.95 mmol/L by employing pyrene fluorescence probe spectrometry (Figure S20).
Therefore, the highly concentrated C1,TAB (13.7 and 17.1 mmol/L for the synthesis
mixture of shifted tG and cubic G samples, respectively) joined the synthesis process
in a micellar state. After the C14,TAB and PSg,-b-PAA;, solutions were mixed, the
C16TAB micelles were incorporated in the PAA microdomain, as suggested by the
N, adsorption-desorption results and the high-resolution TEM (HRTEM) observa-
tions of the mesopores in the silica wall region associated with the PAA segments
(Figure S21). In order to gain a deeper understanding of role of auxiliary surfactant
during the assembling process, we further investigated the effect of hydrophobic
alkyl chain length on the evolution of structural geometry by employing the different
cationic surfactant C,TAB (n = alkyl chain length; see Figures S22-S25 for details). It
is worth noting that for tetradecyltrimethylammonium bromide (C14TAB), a transi-
tion from disordered structure to shifted tG to cubic G was observed as the
C14TAB/PSg,-b-PAA4 molar ratio increased. However, for octadecyltrimethylam-
monium bromide (C;15TAB), the lamellar structure formed with a low C;sTAB/PSo,-
b-PAA 4 ratio directly transformed into cubic G after a lamellar/cubic G co-existing
intermediate phase transition at a higher C15TAB/PSg,-b-PAA;, molar ratio. The syn-
thesis-field diagram of the structures obtained from different addition amounts of
C,.TAB molecules is summarized in Figure 5A.

On the basis of these results, the effect of C,TAB can be interpreted from the
following two perspectives:

(1) The competition mechanism: In an aqueous self-assembled system, the struc-
tural geometries of micellar aggregates are determined by the packing param-
eter p = V/apl,°” where V is the hydrophobic chain volume, ag is the molecular
area of the hydrophilic head group, and /is the dynamical chain length. The ideal
molecular shape in the p parameter qualitatively determines the spontaneous
interfacial curvature of the corresponding micelles. The relation between p and
the curvature is monotone: as the p parameter decreases, the interfacial curva-
ture increases. TPMSs (including G structures) are usually formed with p values
of 2/3 between the lamellar (p = 1) and cylindrical phases (p = 1/2).* The effective
p parameter will be influenced by a number of factors.”* In the current scenario,
C,.TAB affects the p parameter of the C,TBA/PS¢,-b-PAA;, composite micelle in
two possible ways: the insertion of C,TAB micelles enlarges the head group and
decreases the p parameter (Figures 5B and 5C), and the positively charged
C.TAB micelles tightly bind with the negatively charged acidic sites of PAA
and lead to more compact but less entangled aggregates,®"*> leading to an
increased packing parameter with lower interfacial curvature (Figures 5B-5D).
The interplay of these two opposing factors determines the final organization
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Figure 5. Synthesis-field diagram and schematic drawing of the geometrical changes and corresponding molecular arrangements in the cubic G and
shifted tG structures

(A) Synthesis-field diagram of the mesostructures obtained by different C,TAB molecules. The disordered (D), lamellar (L), transition intermediate from
lamellar to 3D structure (Tr), and shifted tG and cubic G structures were obtained.

(B-D) The tuning of packing parameter upon the addition of C,TAB.

(E) The changes of free energies and the corresponding molecular arrangements in the cubic G and shifted tG structures. The free energy can be
reduced as a function of the wall thickness (degree of molecular curling). Cubic G with a uniform wall thickness is replaced by shifted tG with decreased
global free energy.

(F-H) Enlarged views of the arrangement of PAA chains shown in (E).

of the co-micelles. With a small amount of C,TAB, the C,TAB micelles might be

located in the interstitial spaces of the polymer chain and contribute less to the
volume fraction. But the electrostatic interaction would induce the compression
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of PAA segment to form a loose lamellar-like structure with low interfacial curva-

ture (Figure 5D). In contrast, the insertion of a large amount of C,TAB would
greatly increase the volume fraction of hydrophilic species and serve as a major
factor influencing the geometry (Figure 5C).

(2) The curvature matching effect: The geometrical relationship between the C,TAB
micelles and the PSep-b-PAA1¢ during the formation of composite micelles also con-
tributes to the structural formations. Known from the synthesis-field diagram, under a
similar synthetic molar ratio, the transition from C14TAB to C1gTAB increases the p
parameter of the composite micelles (indicated by the green vertical arrows from
top to bottom in the synthesis-field diagram). It is interesting that the composite
co-micelle trends to adopt a lower-curvature structure (such as lamellar) coincident
with the presence of low-curvature C,TAB micelles (the longer the alkyl chain lengths,
the higher the g parameter and the lower the micellar curvature). As shown in the
TEM images of C15TAB (Figure S24B), in the midst of large pores in the lamellar
cocoon-type particles, intriguing multilayered structures were formed by the tem-
plating effect of inserted lamellar C1gTAB micellar assembles (C15TAB with long alkyl
tails prefer the lamellar micelle), suggesting that the morphology and the geometry
of the C,,TAB micelles greatly influence the final structures of the composite co-
micelle. Therefore, it can be speculated that for a binary system with different auxil-
iary surfactants, the curvature matching between the C,,TAB micelle and the compos-
ite micelle plays a critical role in determining the final structure. This matching effect
of the lamellar trends of C1gTAB micelles is so strong that we cannot obtain shifted tG
in the C1gTAB system, and the lamellar structure still co-exists with the cubic G struc-
ture even in a high proportion of C1gTAB (Figures S24D and S24E). Notably, C14,TAB
has the widest synthesis window for the ordered mesostructures, indicating that an
appropriate alkyl chain length is beneficial to the matching of the two micelles.

The premise of the p parameter theory assumes ideal shapes and organizations of
polymer chains, but the actual organization in real synthesis systems is much more
complicated. The alternating thickness of the walls in shifted tG, which is the main
contrast between shifted tG and cubic G, can not to be fully explained by the p
parameter or the curvature predicated by the p parameter. Notably, shifted tG
occurred only under an intermediate proportion of C14TAB and C1,TAB. We consid-
ered the formation of shifted tG from the perspective of energy distribution. As re-
vealed by the 3D reconstructed electrostatic potential map, the unshifted cubic
G structure has a uniform matrix (silica wall) thickness assumed to be tg, whereas
the uneven matrix thickness in shifted G decreased by s for the thinner walls
(thin = to — s) and increased by the same amount for the thicker walls (tick =
to + s) as symmetrical correspondence. According to the aforementioned analysis,
the shifted tetragonal G structure was formed under thermodynamic equilibrium
driven by energy minimization. When we consider the local free energy g(t) as a
black-box function of the local wall thickness t, tq is necessarily not a local minimizer
of g(t). To meet the demands of minimized local free energy, there must be a condi-
tion of gty — s)+g(to +5) <2g(to). In other words, the local free energy g(t) is a
concave function around t = ty, and only then is there an actual decrease in the
global free energy for shifted tG, which is obtained by integration of g(t) along the
surface (Figure 5E). Therefore, the shifted tG structure can be considered experi-
mental evidence for the local concaveness theory of the local free energy, and the de-
gree of shifting gives us a rough idea of the size of the concave region.

This local concaveness of the local free energy in shifted tG should be traced back to

the molecular organization. In a recent report, the degree of freedom, including the
molecular tilting or twisting of the building blocks, significantly affects the free
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energy of the self-assembly of bicontinuous structures and is highly related to the
thickness of the bilayers.®® For microphase separation of block copolymers, the sta-
bility of the phases depends not only on the volume fraction but also critically on the
polymer chain structure and conformational rigidity, thus exhibiting a variation in
matrix thickness at an almost constant molecular density.®” According to this theory,
the local concaveness in our current binary-assembly synthetic system could be
considered evidence of the molecular stretching or curling of PSg,-b-PAA;4, which
would be the direct cause of the thickness variation in shifted tG. In this aspect, cubic
G shows a medial matrix thickness (Figure 5F), whereas the stretching of the PAA
segment in shifted tG results in a thicker matrix (Figure 5G) and the polymeric curling
leads to the compression of the PAA chain, corresponding to a thinner wall (Fig-
ure 5H). We speculate that a delicate equilibrium can be reached with the appro-
priate amount of C,TAB so as to generate a lower overall free energy, and this
configuration can be achieved only in the binary system, whereas the C,,TAB additive
is the key factor for relaxing the constraint of volume balancing of the matrix by re-
distributing the cost of packing frustration. Conversely, in the situation of cubic G,
the larger amount of inserted C,, TAB renders more tightly bound PAA chains and
thus greatly hinders tilting or twisting; hence, a wall of uniform thickness is formed.
Therefore, the alternating wall thickness (the critical point that directly induces the
shifted tG with broken symmetry) appears only within a specific C,TAB/PSq,-b-
PAA ¢ molar ratio just right between lamellar and cubic G.

In addition, the appearance of shifted tG could also be considered experimental ev-
idence of the theoretical prediction of the tetragonal deformations of G to the dia-
mond (D) surface proposed before.*”* In this kind of deformation, the tetragonal
deformation of the D surface generated the tetragonal G structure with the space
group l44/acd by keeping the surface minimal and maintaining its integrity all
through different ratios of the c¢/a lattice parameters. This tetragonal deformation
pathway was supported by the orientational relationship in the D — G transition
in the lyotropic liquid crystal phases of lipids.®®“? Unfortunately, this liquid crystal-
line tetragonal G has not yet been practically confirmed. It is worth noting that
although neither the D structure nor the D — G transition was observed in the cur-
rent syntheses, the validation of shifted tG suggested that the tetragonal deforma-
tion of cubic G to shifted tG might not be a simple crystal compression or stretching
pathway but might instead be accompanied by an azimuthal shift and deformation of
the network to achieve energetic optimization.

Calculation of the optical properties of shifted tG

Bicontinuous structures have long been considered a candidate pool for building 3D
photonic crystals. However, the cubic double G cannot generate a photonic band
gap as a result of its increased symmetry. Therefore, to explore new possibilities
for opening up the photonic band gap in G structures, it is necessary to investigate
the effects of labyrinths shifting from the cubic G to shifted tG structures on the evo-
lution of optical properties.

We studied the propagation of the electromagnetic waves within shifted G by
numerically solving Maxwell’s equation by using the MIT Photonic-Bands package.”®
The approximate structural model was built by the level surface function:

sin(2mx) cos(2my) + sin(2my) cos(2nz) + sin(2nz) cos(27x) = t,

where t is the threshold value that determines the pore volume fraction. Here, the
volume fraction of each pore channel was set to 30%, and the volume fraction of
the wall matrix was 40% according to the reconstructed volume fraction. The lower
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Figure 6. The band structures of cubic G and shifted tG with different shift values
(A) The band structure of cubic G.

(B) The band structure of shifted tG with a shift value of 5% for the c axis.

(C) The band structure of shifted tG with a shift value of 10% for the ¢ axis.

(D) The band structure of shifted tG with a shift value of 15% for the c axis.
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The insets show the corresponding structural models and Brillouin zones used for calculating the band structure.

dielectric material was set as air with &; = 1, and the higher dielectric material was
assumed to have e, = 13. The Brillouin zone was embedded in a modified cubic lat-
tice to incorporate the unique directions in the tetragonal lattice. As shown in Fig-
ure 6, shifting the frameworks along the [001] axis gradually opened a new photonic
band gap, and the band-gap width increased as the shifting degree was enhanced.
However, it is difficult to obtain a complete band gap from a tetragonal G with the
current volume fraction setting because networks begin to fuse into a single G at a
shift value above 15% for the c axis. Nevertheless, the opening up of the band gap
based on the cubic-to-tetragonal symmetry transition offers a new avenue for
designing novel optical materials and indicates the potential of shifted tG for future
functional optical materials.

Conclusions

In conclusion, we have experimentally discovered a subphase of the G structure
(shifted tG) in a binary self-assembly system containing block copolymer PSg,-b-
PAA1, and modulating surfactant C14TAB. Using meticulous electron crystallo-
graphic structural studies, we determined this structure to be a tetragonal G struc-
ture with an unevenly distributed silica wall matrix and two skeletons shifted along
the [001] axis relative to those of cubic G and associated with the lower-symmetry
space group l44/a. The shifted tG and cubic G structures exhibited similarities that
created challenges in distinguishing the obtained structures, which might require
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extreme caution in avoiding erroneous structural assignments in further TPMS
studies. The formation of shifted tG was interpreted by the alternating organization
of molecular stretching or curling of the block copolymer in the cooperative self-as-
sembly induced by C14TAB, which favored the generation of a lower overall free en-
ergy. The transition from cubic to tetragonal symmetry created a new photonic band
gap that is not feasible with a cubic double-G structure. Our report could open up
new avenues for generating more novel functional materials with peculiar properties
on the basis of manipulating the symmetry of the G surface family and other hyper-
bolic surface species. This work provides a fresh impetus for enriching the bicontin-
uous family and generating a deeper understanding of the hyperbolic surfaces and
thus exhibits potential for straightforward structural distorting and deforming strate-
gies for exploring additional chemical and material science applications.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information and resources should be directed to and will be ful-
filled by the lead contact, Lu Han (luhan@tongji.edu.cn).

Materials availability
All reagents associated with this study either are commercially available or can be
easily prepared as described in the supplemental information.

Data and code availability

All data supporting this study are available in the main text or the supplemental in-
formation. Any additional information required for reanalyzing the data reported in
this paper is available from the lead contact upon request.

Chemicals

Tetraethyl orthosilicate (TEOS, equivalent SiO,, >28%) and toluene (>99.5%) were
purchased from Sinopharm Chemical Reagent. The ammonia solution (25%-28%),
tetrahydrofuran (THF, >99.5%), dichloromethane (DCM, >99.5%), methanol
(>99.5%), trifluoroacetic acid (TFA, >99%), and ethanol (>99.8%) were obtained
from Shanghai Titan Scientific. Cetyltrimethylammonium bromide (C14TAB,
>99%), octadecyltrimethylammonium bromide (C1gTAB, >98%), and cuprous bro-
mide (CuBr, >99%) were purchased from Aladdin Holdings Group. Methyl
2-bromopropionate (MBP, >98%), N,N,N',N',N’-pentamethyldiethylenetriamine
(PMDETA, >99%), tetradecyltrimethylammonium bromide (C14,TAB, > 98%), t-butyl
acrylate (t-BA, >98.0%), and styrene (St, >99.0%) were purchased from Tixaid
(Shanghai) Chemical Industry Development. Water was purified with a Milli-Q sys-
tem and had an electrical resistance of 18.2 MQ-cm™". t-BA was purified by filtration
through an Al;O3 column for removal of the polymerization inhibitor.

Synthesis of PtBA;4-Br

The macroinitiator PtBA4-Br was synthesized by the well-established atom transfer
radical polymerization (ATRP) technique with t-BA at 60°C and with MBP as the initiator
and cuprous bromide/N,N,N’,N’',N"-pentamethyldiethylenetriamine (CuBr/PMDETA)
as the catalyst system. Typically, MBP (0.308 mol, 5.150 g) was dissolved in 97 mL of
toluene in a 250 mL Schlenk flask, and t-BA (0.400 mol, 58 mL), PMDETA (0.308 mol,
6.41mL), and CuBr(0.308 mol, 4.418 g) were added to the solution. The reaction system
was fully degassed with more than three freeze-pump-thaw cycles and sealed under
vacuum. The bottle was then placed in an oil bath at 60°C so that polymerization could
occur. After exposing the reaction mixture to air terminated the polymerization, the
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catalyst was removed with filtration through an Al,O3 column with methylene chloride
as the eluent. After rotary evaporation to remove the methylene chloride and toluene,
the macroinitiator PtBA;4-Br was obtained.

Synthesis of PSg,-b-PtBA ;4

PSoo-b-PtBA1, was synthesized by ATRP of St at 90°C with PtBAq¢-Br as the
initiator and CuBr/PMEDTA as the catalyst system. A 250 mL Schlenk flask contain-
ing PtBA4-Br (4.31 mmol, 9.0 g), PMDETA (8.61 mmol, 1.79 mL), 65 mL of toluene,
and 64.0 mL of St (0.557 mol) was purged thoroughly and then sealed with a rubber
stopper. After the solution became clear with stirring in an ice-water bath, CuBr
(4.31 mmol, 0.63 g) was added to the solution. The bottle containing the reactants
was fully degassed with more than three freeze-pump-thaw cycles and sealed under
vacuum. The flask was then placed in an oil bath at 90°C so that polymerization could
occur. The reaction time was controlled at 6 h. After the reaction, as with the synthe-
sis of PtBA;4-Br, the mixtures were cooled to room temperature, the catalyst was
removed, and the block copolymer PSq,-b-PtBA 14 was finally obtained by precipita-
tion with cold methanol (500 mL) after rotary evaporation.

Synthesis of PSo,-b-PAA ;4

The amphiphilic copolymer PSo,-b-PAA; 4 was hydrolyzed from PSgp-b-PtBA+4. PSop-
b-PtBA4 (1.71 mmol, 20.0 g) was dissolved in 150 mL of DCM in a 250 mL beaker,
and then 58.6 mL of trifluoroacetic acid (0.79 mol) was added to the mixture. The re-
action was stirred at room temperature for 3 days. After rotary evaporation to re-
move most of the DCM, the concentrate was added to cold methanol to precipitate
the PSg,-b-PAA diblock copolymer, which was collected by filtration and dried un-
der vacuum at room temperature.

Sample preparation

In a 35°C water bath, we prepared a copolymer solution (solution A) by dissolving 25 mg
of block copolymer PSg,-b-PAA; 4 in 5 mL of THF (5 mg/mL) and prepared a surfactant
solution (solution B) by dissolving the surfactant C1,TAB (0.274 mmol, 100 mg) and
250 plL of ammonia in 20 mL of Milli-Q water (4 mg/mL). We prepared an inorganic pre-
cursor solution by dropwise adding 0.15 g of TEOS into 40 mL of ethanol. Then, solution
A was quickly poured into solution B with rapid stirring (700 rpm) and stirred for another
2-3 s. After standing for 1 h, the mixture was diluted with the ethanol precursor solution
of TEOS with continuous stirring for 10 min. The usage of the precursor solution granted
an even dispersion and an appropriate hydrolysis rate of TEOS molecules as a result of
the presence of ethanol. The reaction solution was then aged for 18 h. The as-synthe-
sized nanoparticles were collected by centrifugation, washed with Milli-Q water and
ethanol for several hours, and dried in a vacuum oven at 35°C for 12 h. Template-free
samples were obtained by calcination of the as-made samples at 550°C for é h.

Characterizations

SAXS patterns were obtained on a Rigaku NANOPIX system. The X-ray generator
was Fr-x (rotation anode X-ray generator) with a power of 2.97 kW (45 kV, 66 mA),
and the A for the target Cu source was 1.5406 A. The camera length was
1,290 mm. The incident beam was from New CMF optics, and the detector was a Hy-
Pix-54000. All ID profiles were collected with two-pinhole, high-resolution-type colli-
mation with a beam stop size of 2.0 mme. Before measurements, the camera length
was calibrated with silver behenate. The NMR spectra were recorded via a Bruker
Avance 600 MHz NMR spectrometer using tetramethylsilane (TMS) as the internal
reference. The nitrogen adsorption-desorption experiment was performed with
Quantachrome Instruments Autosorb iQ at 77 K. All of the samples were degassed
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under vacuum at 120°C for 3 h prior to analysis. The specific surface areas and the
pore-size distribution were calculated with the BET and NLDFT methods, respec-
tively. TEM experiments were performed with a JEOL JEM-F200 microscope equip-
ped with a Schottky gun operating at 200 kV (Cs 1.0 mm, Cc 1.1 mm, point resolution
of 1.9 Afor TEM). Images were recorded with a GATAN OneView IS camera (4,096 x
4,096 pixels) under low-dose conditions. For TEM observations, the samples were
crushed, dispersed in ethanol, and dripped on a carbon thin film on a Cu grid.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.chempr.
2023.12.017.
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