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Self-Assembly of Single Diamond Surface Networks

Qingqging Sheng®*, Hao Chen*, Wenting Mao, Congcong Cui, Shunai Che and Lu Han*

Abstract: Biological scaffolds with hyperbolic surfaces, especially
single gyroid and single diamond structures, have sparked immense
interest for creating novel materials due to their extraordinary physical
properties. However, the ability of nature to create these unbalanced
surfaces has not been achieved in either lyotropic liquid crystals or
block copolymer phases due to their thermodynamical instability in
these systems. Here, we report the synthesis of a porous silica
scaffold with a single diamond surface structure fabricated by self-
assembly of the poly(ethylene oxide)-b-polystyrene-b-poly(.-lactide)
and silica precursors in a mixed solvent of tetrahydrofuran and water.
The single diamond structure with tetrahedral interconnected
frameworks was revealed by the electron crystallographic
reconstruction. We assume that the formation of single networks is
induced by the structural transition through double diamond/single
gyroid structures and related to the energetic change due to the
fluctuations of the Gaussian curvature. This work may provide new
insights into these biologically relevant surfaces and related self-
assembly systems.

I nature, triply periodic hyperbolic surface nanostructures with
negative Gaussian curvature, formed by natural evolutionary assembly,
have been widely discovered.[!l Specifically, the single gyroid (SG,
14,32, Q2% structure discovered in butterfly wing scales exhibits a
complete photonic bandgap with polarization-dependent optical
properties and negative refractions,!?) while the single diamond (SD,
Fd3m, Q*?7) found in the exoskeletons of beetles and weevils is known
as the “champion” photonic structure to date with the widest photonic
bandgap.?! The elegance of these unique structures has inspired many
attempts to mimic this natural phenomenon.

These delicate structures have been achieved by physical methods
such as three-dimentional (3D) printing, holographic lithography and
direct laser writing or obtained by the replication of biological scaffolds
as hard templates.[*] However, balanced triply periodic minimal surfaces
(TPMSs) have been generally reported in chemical synthesis as
thermodynamically stable phases, which are realized as the double
network structures.[’! Three basic categories of TPMSs include double
gyroid (DG, la3d, Q*9), double diamond (DD, Pn3m, Q¥4) and the
"plumber’s nightmare" double primitive (DP, Im3m, Q229).16]

Despite the astonishing structural control in nature by the selective
deposition of chitin into one of two non-intersecting water-channel
networks embedded with the ordered smooth endoplasmic reticulum
TPMS template,l”) the power of nature to create unbalanced single
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networks has been only preliminarily realized in chemical synthesis and
remains a significant challenge. Nevertheless, the construction of these
single networks in solution from bottom-up self-assembly strategies is
of fundamental importance not only for creating novel functional
materials but also for providing a way to understand biological processes
in nature.

Single-network structures, including SG and SD, have been obtained
by the partial occupancy of the initially formed double-network
template.[®! However, the “alternating” version of the double networks
using ABC triblock terpolymers is considered an effective method.!!
The alternating gyroid G phases, the two networks of which are formed
by chemically distinct A and C blocks and therefore reveal the same
space group /4,32 as SG, have been examined extensively. Notably, SG
can be directly synthesised by the triblock terpolymer and silica
precursor in solution.l' Although the alternating diamond DA structure
has been shown to be a stable region in theoretical calculations of
symmetric ABC triblock terpolymer systems, !l there is no experimental
report of SD formation in either the lyotropic liquid crystal phases or the
block copolymeric systems. Only one example of SD is represented in
thermotropic liquid crystals by the self-assembly of bolaamphiphiles
with swallow-tailed lateral chains.!'?]

Here, we report the direct fabrication of SD silica scaffolds by the
multilayer core—shell micro-phase separation method. A triblock
terpolymer  poly(ethylene  oxide)-b-polystyrene-b-poly(i-lactide)
(PEO;17-b—PS33-b-PLLAs7) was used as the template, and tetraethyl
orthosilicate (TEOS) was used as a silica source under acidic conditions
in a mixture of tetrahydrofuran (THF) and aqueous HCI solution. The
template molecule was synthesized by atom-transfer radical
polymerization and ring-opening polymerization with a total molar mass
of 44.0 kg/mol (polydispersity index of 1.88) and volume fractions of
11.0%, 80.9%, and 8.1% for the PEO, PS, and PLLA blocks,
respectively (characterizations of the polymer are shown in Supporting
Information, Figure S1 and S2, and Table S1). The Flory—Huggins
interaction parameters were calculated as ypria.psNV = 128.4, ypLia-proN
~ 5.6, and yps.peoN = 80.5 (Supporting Information, Table S3). The
template molecule was dissolved in the common solvent THF due to the
similarity of the solubility parameters of the three blocks (Supporting
Information, Table S2) and THF (3 = 18.6 [J cm3]"?). Microphase
separation occurred upon the addition of an aqueous hydrochloric acid
solution, as the hydrophobic blocks PLLA and PS are insoluble in water
(6 = 47.80 [J cm?3]"2). The hydrophobic blocks PLLA and PS were in
the THF-rich phase, and the hydrophilic block PEO was present in the
HyO-rich phase to form hyperbolic surface networks. The silicate
species would be hydrolysed and condensed to form the silica scaffold
in the H,O-rich phase through the co-interaction of hydrogen bonding
between PEO and silanol and the electrostatic interaction between EOy,.
y[(EO)-H30%"]y and [yCl-Si OH?'].13] The template molecules were
removed via calcination (Supporting Information, Figure S3). The
template was stable and did not degrade within the synthesis time
(Supporting Information, Figure S1).

Figure la shows the small angle X-ray scattering (SAXS) pattern of
the calcined material. The ordering of the structure can be affected by
the lattice/basis fluctuations and the overlapping of reflections with very
small ¢ value, only a few reflections can be indexed as indicated by
black tick marks. The main structure was later determined by electron
microscopy to be the shifted double diamond (SDD) scaffold with space
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Figure 1. SAXS pattern and low-magnification SEM image of the product. a) SAXS pattern of the calcined material. b) SEM image of the calcined product, in which
single network structures can be found as indicated by arrows. High-magnification SEM images of the corresponding structures are shown in Supporting Information

Figure S5.

group tetragonal /4,/amd (No. 141). The unit cell parameters are aspp =
185 nm and ¢spp = 260 nm = \/ZaSDD. The SDD structure is similar to
our previous report, which is formed by shifting cubic DD frameworks
to achieve lower symmetry.[192. 141 The unit cell parameter cspp = 260 nm
is twice of the unshifted original cubic DD with app = 130 nm. The
scanning electron microscopy (SEM) image of the sample is shown in
Figure 1b, revealing the overall information on the sample. The SDD
structure is the main phase, which consists of domain structures with
different crystal orientations (Supporting Information, Figure S4).
However, small regions corresponding to the SD structure are often
observed hundreds of nanometres to several micrometres in size, which
are indicated by arrows (Supporting Information, Figures S5a and S5b).
The unit-cell parameter of SD is determined to be asp = ~100 nm (vide
post). The Bragg positions of the 111 and 400 reflections of the SD are
indicated by blue tick marks in Figure 1a. Furthermore, a small amount
of SG structure is also observed in the sample (Supporting Information,
Figure S5¢). The fluctuation of lattice size can be observed around the
boundary between double and single networks, which leads to many
stretched and distorted nodes as intermediate structures.

The high-magnification SEM images of the SD domain are shown in
Figures 2a-2c. The framework structure contains only one set of
networks, showing an interconnected scaffold structure, and each node
is interconnected with four arms, revealing a 4-fold connected diamond
network. Considering the geometry of the diamond structure, the arms
of the framework run perpendicularly across the {111}gsp plane and are
break easily. Therefore, the {111}sp plane is easy to observe, and
{112}sp and {100}sp are very rare.

The TEM images and the corresponding Fourier diffractograms (FDs)
of the calcined sample taken from the [110]sp, [112]sp, [111]sp and
[100]sp directions are shown in Figures 2d-2g, respectively. The
observable reflection conditions are summarized as {hkl: h+k, h+l, k+]
even}, {Okl: k+l = 4n, k, [ even}, {hhl: h + [ even}, and {00 I: / = 4n},
indicating Fd3m symmetry (No. 227). The unit cell parameter calculated

from the SEM and TEM images is ~100 nm. To reveal the 3D structure,
an electrostatic potential map was obtained by electron crystallographic
reconstruction. Both amplitudes and phases were extracted from the FDs
of the TEM images along the [110]sp, [112]sp, [111]sp and [100]sp
directions using the crystallographic image-processing software
CRISP.[!31 The proper area for taking FD was carefully chosen using the
area selection tool in CRISP to exclude the very thin edge only contains
half structure. The plane groups of c2mm, p2mm, p6mm, and p4dmm were
determined in the four directions (Supporting Information, Figure S6).
The origin of the symmetry was chosen at the inversion centre (origin
choice 2). The crystal structure factors were obtained by combining the
four directions by scaling the amplitudes with the common reflections.
The contrast transfer function was corrected by a Wiener filter to avoid
zero division. Sixteen unique reflections were calculated to generate the
3D electrostatic potential map ¢(x,y,z) by employing the software
application VESTAL'] (Supporting Information, Table S4). A threshold
for the equi-electrostatic potential surface was determined from the TEM
images. Figure 2h presents the reconstructed 3D map of the unit cell,
clearly showing the quadruple-linked networks grown along the
diamond surface (Supporting Information, Figure S7). The hollow
single-diamond frameworks can be clearly observed with a stick model
superimposed on the hollow channels (Figure 2i). To verify the structure,
the TEM images were simulated by the software MesoPoreImagel!”!
using a 3D continuum model of SD by nodal approximation.!'8! The
simulated TEM images from different zone axes are shown as insets in
the TEM images in Figure 2. A good agreement of the experimental
TEM images and the simulations suggests the faithfulness of the
structural solution.

In our previous report, SG was formed directly by the cooperative
self-assembly of an amphiphilic ABC triblock terpolymer poly(tert-
butyl acrylate)-b-polystyrene-b-poly(ethylene oxide) (PEO-b-PS-b-
PtBA) and silica precursor in a mixed solvent of tetrahydrofuran and
water.['%] The epitaxial intergrowth of DD and SG was observed with a
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Figure 2. Structural characterizations of the SD structure. a-c) High-magnification SEM images taken of the {111}sp, {112}sp and {100}sp planes, respectively. The
stick models are overlaid on the SEM images. d-g) TEM images and the corresponding FDs of the calcined sample were taken from the [110]sp, [112]sp, [111]sp
and [100]sp directions, respectively. The insets show simulated TEM images using a 3-term nodal equation, and the stick models are overlaid on both the TEM and
simulation to reveal the connectivity of the networks. h) Reconstructed 3D electrostatic potential map of a unit cell. i) 3D porous system with the stick model
superimposed in the hollow channels, illustrating the four-fold connectivity of the porous structure.

unit cell relationship of SG/DD = v'2/2. This relationship is far from
the theoretical value of 1.57 in the Bonnett transformation,[® 9]
suggesting a great change in the Gaussian curvature. A further
theoretical calculation by Sun et al. of the order—order phase transition
path in an ABC triblock terpolymer systeml[!%] suggests the possibility
of forming SG in a purely copolymeric system. Specifically, with the
relatively weak interaction between the end blocks, an SG with a smaller
unit cell size can be achieved, and the unit cell parameter relationship of
SG/DD = +/2/2 is within the calculation range. The epitaxial
relationship of DD and SG with a side-by-side relationship of
(110)pp//{100)sg is also consistent with our experimental
observations.[1% The side-by-side relationship is also similar to the
relationship between DD and DG.[20]

Inspired by these discussions, the epitaxial intergrowth and the
structural relationship might be the key for the formation of the single
network structure. The formation of the SD in this paper can be
explained as follows.

i) The segregation of the three blocks follows the relationship of yps.
pLLalN 3> ypeo-psN > ypro-prralV, which tends to form a microphase
separation between the midblock (PS) and the end block (PEO/PLLA).
This relationship is different from our previous papert!%l which
employed PEO-b-PS-b-PtBA as a template with yaoN > ysoN > yasN.

The hydrophilic volume of PEO (11%) is in the range of 4-14.1
vol %),?!1 which is favourable for the formation of bicontinuous
structures. It is worthy to note that, the 3D hexagonally packed PLLA
helices can be formed in PS-PLLA with volume fraction of fy;, 4 =
0.35,1221 which might affect the formation of SD in analogy to the
chirality induced structural change in thermotropic liquid crystal
networks of multi-chain compounds.!?’1 However, the as-synthesized
product consisting both the triblock terpolymer and silica yields no
circular dichroism (CD) signal by solid-state diffuse-reflectance CD
(Supporting Information, Figure S8). In addition, while no helical
structure corresponding to PLLA microdomain can be recognized in the
TEM images of the as-synthesized product (Supporting Information,
Figure S9). Therefore, no helical nanostructure of PLLA was formed
herein and the formation of the SD is mainly determined by the
microphase separation behavior related to the volume fraction of the
different blocks. Besides, the SD structure cannot be synthesized using
the conventional block copolymer PEO-b-PS or using PEO-b-PS-b-
PLLA with a larger volume fraction of PLLA segments which may due
to the undesirable disturbance of PLLA crystallization.

i) The intergrown structure of DD and SD is obtained under the same
synthesis conditions, suggesting that the free energy of each phase
should be similar or that the barrier of the structural transition should be
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Figure 3. SEM images of the epitaxial relationship between different structures. a) SEM image of the epitaxial intergrowth of DD and SD. b) SEM images of the

intergrown structure of SD and SG. c) Skeletal graph superimposed with the SEM image, representing the structural transition between the SD and SG structures.

small. This speculation can be supported by the theoretical
calculation.['%] Moreover, similar to our observation of SG structure, the
intergrown structure may also be important for the formation of SD. The
structural growth is restricted by the epitaxial relationship, and the
structural relationship of DD to SD is aspp: asp~ V3 and app: asp= 1.3.
The matching of the unit cell size for different phases further facilitates
the epitaxial intergrowth process.[24]

iii) Neither SG nor SD is thermodynamically stable in the lyotropic
liquid crystal phases or the block copolymer systems. In the
thermotropic liquid crystalline system composed of solvent-free
polyphilic molecules, SD was discovered as a stable thermodynamic
minimum structure owing to the additional geometrical restriction
provided by the molecular shape.l'2l In ABC triblock terpolymer system,
Sun et al. showed that SG is easily transformed to the HPL phase.
Therefore, SG cannot be formed in a thermodynamic equilibrium
process, and nucleation of the HPL phase must be prohibited to obtain
SG.I%] The same principle may also valid for the SD. To find proof for
the structural formation, the products were freeze-dried and monitored
as a function of reaction time (Supporting Information Figure S10). As
the evaporation of solvents, the solid precipitate first appeared in the
clarified solution after 40 h. The sample typically shows disordered
hollow networks covered by the polymer template. The average distance
between these hollow sections is close to 100 nm, which is similar to the
structural scale of SD networks in the final product. After 48 h of aging,
the DD phase appeared with much larger unit cell size surrounding the
domains with small structural scale. The ordering of the small structure
domain is also improved, which further turned into the SD structure. In
the final product, the SD domains are often observed hundreds of
nanometres to several micrometres in size and the main structure is DD.
Based on the above observations, the formation of the structures can be
speculated as follows. The disordered structure with small size was
initially formed. Although it is difficult to determine the detailed
geometry, the structure may close to the SD phase because of the similar
lattice size. With the aging time, some of the small structure transformed
to ordered SD following a curvature driven process while more regions
turned into the DD phase due to its thermodynamic stability. This
process is consistent with the theoretical calculation that the unstable SD
can be easily transformed. In our case, the microphase separation is
greatly changed due to the addition of inorganic precursors, and the
reaction occurs under solvent evaporation. The structural formation is
not only thermodynamically controlled but also a kinetic process. The
unstable SD structure can be immobilised with silica condensation.

iv) Furthermore, according to the theoretical calculation by Qin et

al. "] the phase sequence of the structures is D — SA — DA — GA —
L, suggesting that the interfacial curvature of G is very close to that of
DA. By carefully tuning the synthesis conditions, the formation of SG
may be the stepping stone for the successful synthesis of SD structures.
Herein, we also occasionally discovered the intergrowth of the SG and
SD. This intergrowth proved the structural similarity and will be
discussed in detail.

We can imagine that the structural relationship of DD/SD, and SD/SG
is the key to understanding the structural behaviour of the system. Figure
3a shows the SEM image of the intergrowth of DD and SD, revealing
that the DD and SD share the same <111> (corresponding to the <110>
direction of SDD) and <001> directions. The formation of SDD is due
to the loss of mutual support between the double frameworks with
solvent evaporationt!% 14]; thus, the original cubic symmetry cannot be
maintained. However, unshifted cubic DD exists around the boundary,
suggesting that the structural transition from DD to SD occurred at the
very beginning of the reaction and that the original cubic symmetry was
restricted by connectivity to the SD scaffold.

However, the transition of the SD and SG domains shows a similar
unit cell parameter. As shown in Figure 3b (the low magnification SEM
image is shown in Supporting Information, Figure S11), the two
structures can be well connected with a side-by-side relationship with a
<111>pp//<101>gc. relationship by sharing the common {121} lattice
plane. The unit cell parameter shows the relationship of asp: asg = 1.2
(theoretical value of V3/v2 = 1.225). To clarify the structural
interconversion, the skeletal graph representing the centres of the
channel is constructed based on the SEM images. At the boundary, the
intermediate structure can be clearly observed, in which the four-fold
nodes of the D network are translated gradually into three-fold nodes
along the <001>gp direction (Figure 3c). This structural change is
compatible with an orthorhombic deformation of GI2721 and the principle
of contracting edges in the deformation of labyrinthine nets proposed by
Sadoc and Charvolin.[?]

The ubiquitous occurrence of diamond and gyroid structures is often
explained by geometric homogeneities.?] In particular, the
corresponding D and G minimal surfaces are shown to minimize the
fluctuation of the Gaussian curvature among all known TPMSs. We now
analyse the SD-SG transition within this framework.

Following recent developments in differential geometry,l?” we view
D and G TPMSs as consisting of necks among horizontal planes. In both
cases, necks in each layer are arranged in a rhombic lattice. We
normalize the edge length of the fundamental thombus to 1. Then, the
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Figure 4. The fluctuation of the Gaussian curvature in the structural transition. a) The standard and deformed D and G minimal surfaces. b) The standard and

deformed D and G CMC surfaces with 40% volume fraction.

vertical distance between adjacent planes is, conveniently, \/1/6 for
both D and G. The lattices of D and G differ only in the acute angle o of
the fundamental rhombus, which is m/3 =60° for D and
2arctan,/1/2 = 70.529° for G. With respect to the previous layer, each
layer in the D surface is shifted by \/m along the longer diagonal,
while each layer in the G surface is shifted by 1/2 along and edges of
the thombus.

The normalized horizontal rhombic lattices and the identical vertical
distances allow us to place D and G next to each other. However, there
will be an abrupt change in the acute angle a, which is physically
unfavourable. The transition can be made smooth by first deforming the
rhombic lattices of D and G to a compromising lattice with the same .
Such a deformation could be an oDb deformation for D?®! and an
orthorhombic deformation for G.[272] To ensure energetic balance, the
deformed D and G surfaces are expected to have the same fluctuation of
Gaussian curvature.

To locate this compromising rhombus, deformations of the D and G
minimal surfaces are generated in Surface Evolver?! by minimizing the
area subject to a constraint of 50% volume fraction. The acute angle
is changed from 1.040 rad (59.59 degrees) to 1.250 rad (71.62 degrees)
in steps of 0.001 rad. We then use the built-in squared Gaussian
curvature energy to measure the normalized fluctuation (AK/(KY))?2,
where K denotes the Gaussian curvature. The average Gaussian
curvature (K) depends only on the area (per fundamental unit). The
result, as plotted in Figure 4a, indicates a transition at approximately o
= 1.142 rad (65.43 degrees).

Changing the volume fraction to 40% yields constant mean curvature
(CMC) surfaces, and the same measurement indicates a transition at
approximately o = 1.152 rad (66.00 degrees); see the plot in Figure 4b.
CMC surfaces are often considered a more realistic model for the neutral
surfaces of bicontinuous block copolymer structures.3% However, in our
measurement, the 40% volume fraction is not meant to be precise, as the
precise value is not available from the experiment. On the one hand, the
40% volume fraction ensures that the neutral surface is between the
minimal surface and the silica scaffold. On the other hand, it is still
possible to continuously deform the D and G CMC surfaces with a 40%
volume fraction to the compromising lattice, which might not be the case
with a smaller volume fraction. For instance, CMC gyroids might not
exist with a volume fraction <25%.3]

In summary, the SD silica scaffold was first synthesized by direct self-
assembly using a triblock terpolymer as the template and silica

precursors in solvents. A detailed structural study by electron
microscopy and curvature analysis showed that the structural transition
and relationship between SD and the SG structure is the key factors for
the formation of the SD phase and a small fluctuation of the Gaussian
curvature may lead to the SD or SG structures. Therefore, the pure SD
network can be expected by precisely controlling of the experimental
conditions. Although it is still challenging to make practical material
with optimized conditions at the current stage, our results show the
possibility of creating these unbalanced biological structures in
laboratories. The findings reported here may offer a platform to prepare
novel structures and provide significant opportunities in the structural
relationship of these biorelevant structures.
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source. The structural transition and
the fluctuations of the Gaussian
curvature are the key for the
formation of the single diamond
structure.
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