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Soft materials based on block copolymers or covalent organic frameworks (COFs) that exhibit
Archimedean tiling patterns have attracted significant interest due to their potential applications
in nanopatterning, nanocomposites, and shape selectivity. Additionally, researchers have widely
investigated the corresponding microporous or mesoporous materials with Archimedean tiling from
COF or block copolymers as templates with high surface area and pore volume, or tunable porosity with
different length scales, in separation, energy storage, drug delivery, photo-catalysis, photovoltaic solar
cells, and chemical sensing. This review article highlights recent progress in constructing Archimedean
tiling patterns based on the creation of ordered structures from block copolymers by self-assembly and

the direct synthesis of COF materials with various topologies.

1 Introduction

Because of the experimental finding the two-dimensional (2D)
graphene materials [1,2], the synthesis of new 2D materials
has become a hot field in recent years such as metal organic
frameworks (MOF) [3-5], covalent organic frameworks (COF) [6—
10], transition metal-dichalcogenides [11,12], borophene [13,14]
and others [15]. In general, the periodic arrangements in a plane
are large and could be constructed for simple class of 2D materials.
For example, the class of lattices produced by taking into account
one site in each vertex of the k-uniform titling of the plane. The
simplest lattice is given by k = 1, where K represents the number
of non-equivalent vertexes, indicating only one non-equivalent
vertex (also called uniform tiling) as Archimedean titling [16-18].
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Fig. 1 illustrates 11 different Archimedean tiling patterns,
which are non-periodic and do not repeat in the exact same
way [19-24]. These patterns are classified using the notation of
Archimedean tiling, which lists the types of polygons forming
each vertex and the number of times they appear. For instance,
triangular tiling (3%) denotes that 6 equilateral triangles (each
with an internal angle of 60°) occupy 360° at a point. Square
tiling (4*) corresponds to 4 squares (each with an internal angle
of 90°) around each vertex, and hexagonal tiling (6%) consists of
3 hexagons (each with an internal angle of 120°) making up 360°
at a point. These 3 patterns are known as regular Archimedean
tilings of the plane because they feature only one shape, such as a
triangle, square, or hexagon, in each tiling.

The remaining 8 tiling patterns in Fig. 1 belong to the category
of semiregular Archimedean tiling as each tiling involves more
than two types of shapes [19-24]. The snub hexagonal tiling
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The common characteristic of the eleven Archimedean tiling patterns that all involve tessellating regular polygons in such a way that all vertices have the same

arrangement or environment [19-24].

(3%,6) consists of 4 triangles and one hexagon at each vertex. The
elongated triangular tiling (3%,4%) has 3 triangles and 2 squares on
each vertex. The snub square tiling (3%,4,3,4) has a sequence of
2 triangles, 1 square, 1 triangle, and 1 square at each vertex. The
rhombitrihexagonal tiling (3,4,6,4) contains 1 triangle, 2 squares,
and 1 hexagon at each vertex. The trihexagonal tiling (3,6,3,6),
also assigned as the Kagome lattice due to its use in Japanese
basketry, features 2 triangles and 2 hexagons alternating around
each vertex. The truncated hexagonal tiling (3,12%) has 1 triangle
and 2 dodecagons on each vertex. The truncated trihexagonal
tiling (4,6,12) includes 1 square, 1 hexagon, and 1 dodecagon
around each vertex. The truncated square tiling (4,8%) has 1 square
and 2 octagons on each vertex. Each Archimedean tiling has
unique characteristics and properties that have been extensively
studied by mathematicians and material scientists due to their
mathematical complexity and aesthetically pleasing shapes.
Archimedean tiling patterns have been observed not only
in highly ordered metal alloys [25,26], but also in self-
assembled structures from soft materials such as surfactants [27],
block copolymers [19-23,28,29], liquid crystals [30], and giant
amphiphiles [31-35]. In addition to self-assembled structures, the
direct synthesize Archimedean tiling patterns have also been able
to synthesize various topologies from COFs by controlling the
geometry and dimensions of the building monomers in recent
years. The typical topologies of COFs can be assigned as regular
Archimedean tiling, including (3°), (4%), and (6%) of the plane,
but there has also been much recent interest in constructing new

COF materials with semiregular Archimedean tiling patterns [36].
This review emphasis on the recent progress in the preparation
of soft materials with Archimedean tiling patterns based on block
copolymers and COFs.

2 Archimedean tiling patterns based on block
copolymers
Self-assembled nanostructures from diblock copolymers exhibit
typical structures such as lamellae, double gyroid, spherical,
and hexagonal packed cylinder structures in the bulk state,
as shown in Fig. 2(a) [37]. These structures are moderately
simple and cost-effective to make large-scale nano-patterns. The
driving force behind the formation of these structures is the
microphase separation mechanism that results from the attractive
interaction between the covalent bond linkage and the repulsive
interaction as a result of the immiscibility of the block copolymer
segments, as exhibited in Fig. 2(b) [34]. The formation of these
structures is primarily dependent on the volume fraction, degree
of polymerization (N), and interaction parameter (x) [38,39].
Besides diblock copolymers, ABC linear triblock copolymers
have also been widely explored, and various self-assembled
structures have been found, such as three-phase lamellae,
core-shell cylinders, and other complicated structures [40,41].
However, the ability to create novel self-assembled structures is
limited by the typical chain connectivity parameters present in
ABC linear triblock copolymers.
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Fig. 2

(@) A typical phase diagram in a bulk state for the diblock copolymer as
a function of temperature and composition and (b) diblock copolymers
experience long-range repulsive interactions due to the incompatibility of the
different blocks and short-range attractive interactions due to the covalent
bond [37].

In contrast, the self-assembled structures from ABC star triblock
copolymers are completely different from those of ABC linear
triblock copolymers due to the geometrical constraint of their
junction points [23,42-46]. The junction points of ABC star
triblock copolymers were constricted to a line in the strong
segregation regime, where three interfaces meet together. These
polymers tend to present 2D Archimedean tiling patterns since
the interfaces of each polymer segment could be flat because of
the repulsive force of unconnected branches, as shown in Fig. 3
[22].

Abetz et al. and Takano et al. have proposed on the
preparation of various Archimedean tiling patterns using star
triblock copolymers [44,47]. Abetz et al. utilized PS-b-PB-b-P2VP
star triblock copolymer to produce (4,6,12) and (4,8?) tiling
patterns [47]. On the other hand, Takano et al. synthesized PI-
b-PS-b-P2VP, star triblock copolymers with varying volume ratios
of P2VP segment and demonstrated different Archimedean tiling

()

(b)

i

Fig.3

(@) In 1D junction point alignment, a series of nodes are linearly arranged with
each node representing the intersection of three polymer chains and (b) the
self-assembly process of ABC star triblock copolymer involves the creation of
cylindrical structures composed of alternating layers of the A, B, and C blocks.
(Adapted from Ref. [22] with permission; copyright 2007, American Chemical
Society).

patterns. These included (63) for x = 0.7 (Fig. 4(a)), (4,8%) for
x = 1.2 (Fig. 4(b)), (3%,4,3,4) for x = 1.3 (Fig. 4(c)), and (4,6,12)
for x = 1.9 (Fig. 4(d)) [48].

Another PI-b-PS-b-P2VP star triblock copolymer with various
volume ratios of PS segment by blending with PS and PI
homopolymers as Pl; o-b-PS,-b-P2VP, also exhibited several
Archimedean tiling patterns, such as (4,6,12) for y = 1.3 (Fig. 5(a)),
(3,4,6,4) for y = 1.8 (Fig. 5(b)), (3%,4,3,4) for y = 2.3 (Fig. 5(c)), and
(4,82) for y = 2.7 (Fig. 5(d)) [22,43].

The micro-beam 2D SAXS pattern of Pl; o-b-PS; g-b-P2VP; o was
shown in Fig. 6(a), featuring 12 diffraction spots at lower g values,
with 8 spots belonging to {21} and the other 4 to {20}. The
corresponding TEM image was shown in Fig. 6(b), revealing the
(3%2,4,3,4) tiling pattern. The TEM image of Pl ¢-b-PS; 3-b-P2VP;
sample was displayed in Fig. 6(c), and its corresponding micro-
beam 2D SAXS pattern was shown in Fig. 6(d), exhibiting a 12-fold
symmetry nature with (32,4,3,4) tiling pattern [22].

As mentioned in Fig. 5, it shows that blending homopolymers
or diblock copolymers with diblock (AB) or triblock (ABC)
copolymers can be used to adjust the volume fraction of each
block segment and promote the formation of well-defined self-
assembled or Archimedean tiling structures through hydrogen
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The 110S1.0Px type of star triblock copolymers fearing four distinct types of Archimedean tilings, which can be represented by (a) (63), (b) (4,82), (c) (32,4,3,4), and
(d) (4,6,12). The corresponding tilings are shown in TEM images are at the top of figures, while their schematics are depicted at the bottom. (Adapted from Ref.

[48] with permission; copyright 2020, American Chemical Society).

(a) - , (b)
' - o~ - ' ". "' b
T eth
l’..‘:h.h"
PR TR
PN
DR 75?7%
’.“’;:," "> -
> oay # 50,
e . i‘-’l
’
k2
K
o
’
£
s
&
(3,4,6.4)

Fig.5

(©) (d)

(32.4.3.4)

(4.8%)

The Ply o-b-PSy-b-P2VP; o type of star triblock copolymers fearing four distinct types of Archimedean tilings, which can be represented by (4,6,12), (3,4,6,4), (32,4,3,4),
and (4,82). The corresponding tilings are shown in TEM images are at the top of figures, while their schematics are depicted at the bottom. (Adapted from Ref.

[43] with permission; copyright 2006, American Chemical Society).

bonding interactions. For instance, Kim et al. employed a PS-b-
PVPh and blended it with other highly asymmetric PS-b-P4VP or
PS-b-P2VP diblock copolymers with a strong hydrogen bonding
interaction between PVPh/P2VP or PVPh/P4VP (B/C) binary pairs.
They observed an unusual highly asymmetric lamellar structure
that contained a high volume fraction (80 vol.%) of the PS
segment, which is not commonly observed for typical diblock
copolymers [49].

In addition to blending homopolymers or diblock copolymers
with diblock or triblock copolymers, another approach to prepare

complex [50-58] or hierarchical structures is through blending AB
with CD diblock copolymers using hydrogen bonding interactions
[22,59-64]. This method can also be applied to the synthesis
of ABC triblock copolymers. Three different experimental
phenomena can be observed in these AB/CD mixtures by strong
hydrogen bonding, as shown in Fig. 7: (a) 2 + 2 = 3 phase,
(b) 2 + 1 = 3 phase, and (c) 1+1 = 2 phase [28,61-64]. For
instance, Matsushita et al. blended PI-b-P2VP (AB) with PVPh-
b-PS (CD), where the binary pair of P2VP/PVPh (B/C) exhibited
strong hydrogen bonding; however, the PI/PS (A/D) segments
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(a, ¢) TEM images and (b,d) their corresponding micro-beam 2D SAXS pattern of (a, b) the Pl o-b-PS; g-b-P2VP, o type of star triblock copolymer exhibited (3,4,6,4)
and (¢, d) the Pl o-b-PS; 3-b-P2VP; o type of star triblock copolymer exhibited (32,4,3,4) tiling pattern, respectively. (Adapted from Ref. [22] with permission; copyright

2007, American Chemical Society).

were immiscible. This AB/CD mixture exhibited two structures,
namely, lamellae within lamellae and isolated cylinder between
lamellae layers [59]. We also proposed the blending of PCL-b-P4VP
or PMMA-b-P4VP (AB) with PVPh-b-PS (CD), and although PVPh
could interact with both P4VP and PCL/PMMA segments, the
competitive hydrogen bonding interaction could induce several
hierarchical structures, such as core/shell cylinders, cylinders in
lamellae, and core-shell double gyroid, by mediating the volume
fraction and blend composition [60-64]. These systems can all be
classified as 2 4+ 2 = 3 phase systems, as shown in Fig. 7(a) [59,60].
The second system, which is a 2 + 1 = 3 phase system as shown
in Fig. 7(b), can be observed when immiscible AB is blended with
miscible CD, such as PS-b-PVPh/P4VP-b-PEO or PS-b-P4VP/PVPh-
b-PMMA. In these AB/CD mixtures, three-phase lamellae and
core-shell cylinder structures can be observed, also mediated by
competitive hydrogen bonding interactions [61,62,64]. The third
system, which is a 1 + 1 = 2 phase system in Fig. 7(c), can
be observed from two disordered diblock copolymers because of

miscible behavior, such as PEO-b-P4VP/PVPh-b-PMMA mixtures.
This system features one miscible binary pair (PVPh/P4VP) and
another PEO/PMMA miscible domain, displaying lamellae and
worm-like structures [63]. Based on these results, it is clear
that simple blending with AB with CD diblock copolymers
through hydrogen bonding cannot produce Archimedean tiling
patterns.

Blending of more complex block copolymers such as diblock
copolymers with triblock copolymers has also been investigated.
Abetz and colleagues, for example, blended PS-b-PB-b-PtBMA
(ABC) triblock copolymer featuring varying degrees of hydrolysis
of the PtBMA block segment with P2VP-b-PCHMA or PS-b-
P2VP (DE) diblock copolymer, resulting in the creation of
various hierarchical structures, including cylinder within lamellae
structures [65]. Additionally, Matsushita et al. proposed the
blending of PI-b-P2VP-b-PI (ABA) triblock copolymer with PVPh-
b-PS (CD) diblock copolymer, where the miscible binary pair of
P2VP/PVPh (B/C) with strong hydrogen bonding, while PI/PS
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Three different types of hydrogen bonding stabilized A-b-B/C-b-D mixtures of (a) 2+ 2 = 3 phase, (b) 2+ 1 = 3 phase, and (c) 1 + 1 = 2 phase [28].

(A/D) were immiscible. This blend yielded (33,4%) and (3,4,6,4)
Archimedean tiling patterns, as shown in Fig. 8(a)-(d) [66].

Furthermore, they also reported the combination of a PI-b-PS-
b-P2VP (ABC) star triblock copolymer and a PVPh-b-PMMA (DE)
diblock copolymer, where the miscible P2VP/PVPh (C/D) binary
pair with a strong hydrogen bonding, while each PS, PI, and
PMMA binary pair was immiscible. This mixture resulted in the
formation of a (4,82) Archimedean tiling pattern, as shown in
Fig. 9 [67].

3 Archimedean tiling patterns based on Frank-Kasper
phases from surfactant, block copolymers and giant
amphiphiles

In addition to block copolymer mixtures, Archimedean tiling
patterns have also been observed in other materials, such as the
Frank-Kasper (FK) phases in certain metal alloys [68]. These phases
are characterized by a characteristic length scale of approximately
1 nm and highly ordered local lattices composed of topologically
close-packed polyhedra. These polyhedra have coordination
numbers of 12, 14, 15, and 16, and at least one polyhedron with a
coordination number greater than 12. However, these polyhedra
are not always perfectly regular, as regular polyhedra cannot fill
space without some degree of distortion. There are currently 28
known types of FK phases, including but not limited to C14,
C15, AlS, o, Z and H phases. These unique phases which have
been found experimentally in a variety of soft matters, involving
block copolymers, surfactants, liquid crystals, giant amphiphiles,

and dendrimers [69-79]. These soft matter systems also undergo
self-assembly to form spheroidal micelles that then arrange into
supramolecular structures, similar to the process in metal alloys.
The FK o, A15, H, and Z phases correspond to the (32,4,3,4), (4%),
(3%,4%), and (3°) tiling numbers, respectively, as summarized in
Fig. 10 [80].

For many years, only the BCC or FCC structures were observed
and predicted in asymmetric compositionally diblock copolymers,
as shown in Fig. 2. However, FK o and A15 phases have also been
found in block architectures or conformations with asymmetry.
Nonlinear architectures, such as ABn "miktoarm" stars or ABCA,
were initially thought to be the only way to approach FK phases.
But recently, simple linear diblock copolymers featured different
statistical block segment lengths and architectural asymmetry
have been studied to develop FK ¢ and A15 phases [81-84]. Bates
et al. proposed a simple PDDA-b-PLA linear diblock copolymer
with a minority volume fraction of LA segment (fi = 0.25-
0.33) that was found to create A15 phase from SCFT calculations
(Fig. 11(a)) and SAXS experimental results, as shown in Fig. 11(b)
[85].

The PI-b-PLA linear diblock copolymer with fi = 0.15 was
also found to exhibit C14 and C15 phases [69]. Ryu et al.
synthesized various compositionally asymmetric PDMS-b-PTFEA
with frpga = 0.131-0.254 that formed FK ¢ and C14 phases based
on SAXS analyses [86]. Chen et al. reported the simple PDMS-
b-P2VP linear diblock copolymer with a minority P2VP volume
fraction (favp = 0.135), which displayed the FK C14 phase due to
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Two different Archimedean tiling patterns from PVPh1-b-Sgo/Plgg-b-P4VP14-b-
Plgo blends of (a) a TEM image and (b) the schematic illustrating of the tiling
(33,42) pattern of the 1/1 blend and (c) a TEM image of tiling (3,4,6,4) pattern
and (d) its corresponding schematic representation of the 2/1 blend. (Adapted
from Ref. [66] with permission; copyright 2018, American Chemical Society.

Fig. 9

(@) A scheme illustrating of star ABC triblock copolymer of PI-b-PS-b-P2VP
blended with D-b-E diblock copolymer of PVPh-b-PMMA stabilized through
interaction involving hydrogen bonding. (b) TEM image of ISP/HM-0.30 sample.
(c) A schematic diagram based on the TEM image of the orientation of domains
and chain conformation. The PVPh/P2VP domain is represented by the yellow
region, while the PS, PMMA, and Pl phase are represented by the gray, white,
and black regions, respectively. (Adapted from Ref. [67] with permission;
copyright 2018, American Chemical Society).
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Fig. 10

(349

The FK o, A15, H, and Z phases correspond to the (a) (32,4,3,4), (b) (4), (c) (33,4%), and (d) (3°) tiling numbers, respectively [80].

Full-length article




Giant, 15,2023, 100170

4, i
(a) 0 Conformatlcivl'lal asymmetry (b)
35} W3 y
ois HEX 2SO afe
3.0F o oy ,«ﬁ
& o tohy o : _
& 25F GYR et z 8
I i &
© Fcc Conformational symmetry é g
20p a,% 8 N
15F  flacc B Ao~ e s
1.0k : A . : J~a, ) i ~a, \ |
0.1 0.2 03 04 0.5 06 ¥ A g
Ja

Fig. 11

(a) SCFT simulations with a xN value of 40, suggesting the A15 phase would be preferred phase in A-B diblock copolymers with a significant degree of
conformational asymmetry of ¢ > 2.1 of PDDA-b-PLA linear diblock copolymer and (b) SAXS pattern of A15 phase obtained from PDDA-b-PLA linear diblock
copolymer [85]. (Adapted from Ref. [85] with permission; copyright 2019, from National Academy of Sciences USA).

m
c
poss
(]
3
Q
-
>
)
=
:P.
o
)

(b)
W 900,000 000
c{’”\/) ) / s *3.08.0¢ Template Removal
Ty %8 .! o o CmTEEmm)

Thermal Curing, EISA B e at 400°C

Serf-Assgmbly StIUCtUl_e of Mesoporous Structures of
Phenolic/DDSQ Hybrids Phenolic/DDSQ Hybrids

.'o'o'. o ei0:%i0ieioie @ @ [ ] :;:;:; Y ° i 00 0 ° L]

& o, ° [} PR B R S A . o -0

R . 5 cioieioieiois o L o g . . e -0 ¢+0 2 e -0 - o
by { o @ ticirieieieis .o'. o'.'o'. 0t 056 0t Onks®

R, e . o WSO @0 @ 0 @ JHITININITINIe < @ v e e e
o (324 -3 -4) Phase A15 (4%) Phase H (3%-42) Phase Z (3°) Phase

Fig. 12

(a) The chemical structure of PDDSQ hybrids, (b) a self-assembled structured formed by using PEO-b-PCL as a template, (c) mesoporous PDDSQ hybrids were formed
after removing the PEO-b-PCL template, (d-g) TEM images and FFT patterns are shown for corresponding mesoporous PDDSQ hybrids exhibiting FK phases of (d)
o phase with a tiling number of (32,4,3,4) for PDDSQ-20, (e) A15 phase with a tiling number of (4*) for PDDSQ-30, (f) H phase with a tiling number of (33,42) for
PDDSQ-50, and (g) Z phase with a tiling number of (3%) for PDDSQ-80 based on PDDSQ-x/PEO-b-PCL = 80/20 mixture [80].

the hard-core micelles created by the packing frustration of the through the "dry-brush" behavior of the blend. The addition
coronal block segments [87]. of a PB homopolymer of similar molecular weight to the PB

Despite the challenges of forming unconventional FK phases block (@ = Mg homo/Mapiock = 1.08) leads to the formation of
with simple linear diblock copolymers, there is a proposed method FK phases. However, blending with relatively lower molecular
to control the volume fraction of block segments using PS-b- weight PB (¢ = 0.6) results in the "wet-brush" behavior and a
PB diblock copolymer blending with PB homopolymer (A-b-B/B). transition from BCC to HPC upon increasing PB content [88].
This method allows for the creation of C14, C15, or o phase Blending diblock copolymers with homopolymers through strong
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(a) Three kinds of Voronoi polyhedral, (b) the projection of the polyhedral frames, indicating the 2D/3D relationship of triangles and squares, and (c-e) TEM images
and their corresponding tiling numbers of (c) (4%), (d) (3,42) and (e) (32,4,3,4) [94]. (Adapted from Ref. [94] with permission; copyright 2002, Nature).
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(a) PEO-b-PCL as templates, (b) PDDSQ hybrids using EISA and thermal curing in the formation of (c) PDDSQ/PEO-b-PCL blends and (d) mesoporous PDDSQ hybrids
after remove EC templates. (Adapted from Ref. [95] with permission; copyright 2022, American Chemical Society).

hydrogen bonding (A-b-B/C) in A/C, B/C or A/B binary pairs can
also induce the wet-brush behavior, even with « > 1. For example,
PS-b-PVPh blending with P4VP homopolymer can transform
from lamellae, double gyroid, cylinder to BCC structure upon
increasing P4VP concentrations [53,54]. Thus, the simple linear
symmetric diblock copolymer blending with homopolymer to
provide FK phase by controlling the asymmetric volume fraction
of block segment remains an interesting area of study.
The use of hydrogen bonding in
copolymer/homopolymer (A-b-B/C) mixtures to

diblock
synthesize

mesoporous phenolic resin or silica materials (with pore sizes
ranging from 2-50 nm) using diblock copolymers as templates
has been extensively studied for the past twenty years, resulting
in structures such as double gyroid, cylinder and BCC phases
[28,89-91]. However, we have recently reported the synthesis
of mesoporous FK phases (such as o, A15, H, and Z phases)
using PDDSQ (phenolic/double-decker silsesquioxane hybrids)
hybrids and linear diblock copolymers of PEO-b-PCL as templates
mediated by competitive hydrogen bonding [80]. We used
PDDSQ hybrids with varying amounts of DDSQ (Fig. 12(a)) as the
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matrix and PEO;14-b-PCLg; diblock copolymers as the template
to investigate the formation of complex mesoporous FK phases as
shown in Fig.s 12(b)-(c) [80,92,93].

We used PDDSQ-x/PEO;14-b-PCLg; = 80/20 blends to
investigate the complex mesoporous FK phases. TEM images
and FFT diffraction patterns along the [001] direction revealed
the formation of the tetragonal lattice FK o phase with a
(3%,4,3,4) tiling number using PDDSQ-20 with the lowest DDSQ
composition (Fig. 12(d)). Increasing the DDSQ composition to
PDDSQ-30 resulted in the formation of FK A15 phase with a typical
(4%) tiling number (Fig. 12(e)). Fig. 12(f) shows the TEM image
and FFT pattern of PDDSQ-50/PEO-b-PCL = 80/20 mixture, which
exhibited the (3%,42) tiling number of the mesoporous FK H phase.
Increasing the DDSQ concentration to PDDSQ-80, a mesoporous
FK Z phase with the typical (3°) tiling number was formed as
shown in Fig. 12(g). By using PEO;14-b-PCLg; as the template
and adding DDSQ concentration in PDDSQ hybrids, it was able
to induce the different formation of FK o, A1S5, H, and Z phases
[80]. The presence of inorganic DDSQ nanoparticles enhanced
the interaction parameter (x) value in PDDSQ-x/PEO114-b-PCLs;
blends due to the intrinsic immiscibility between the organic
diblock copolymer and inorganic DDSQ cage structure.

Furthermore, the use of low molecular weight surfactant, such
as N-myristoyl-L-glutamic acid or CTAB, as template has also been
observed to form mesoporous silica FK o, A15, and H phases with
dodecagonal tiling patterns, as shown in Fig. 13 [94].

However, the pore size obtained using these surfactants
was relatively small (< 4 nm) compared to PEO-based diblock
copolymers. To enhance both the pore size and the segregation
strength of the xN value in PDDSQ/PEO-b-PCL blends, we
prepared various PEO-b-PCL with different PCL lengths as
templates and then blended with PDDSQ-25 hybrids to form
mesoporous materials, as shown in Fig. 14 [95].

(b)

R = -CHCOOH 2a
. CH,CH,COOH 2b
-CH,CH(OHICH,(OH) 2c
-CH,CH,OH 2d

a Crystallization
— -

Fig. 16

Frustrated lamellae

L: Lamellae, G: Gyroid, C: Cylinder, FK: Frank-Kasper S: Sphere, D: Disorder Sructure

0.8

o
5

o
o

PCL Weight Fraction

0.5

PPDSQ Weight Fraction

Fig. 15

Phase diagram of the different phase observed in mesoporous PDDSQ hybrids
from PDDSQ/EC blends based on data obtained from TEM images and SAXS
patterns. (Adapted from Ref. [95] with permission; copyright 2022, American
Chemical Society).

The resulting phase diagram of those mesoporous PDDSQ
hybrids exhibited high surface area and pore volume with double
gyroid, cylinder, and even FK structures, which was mediated
through the molecular weights of the PCL segment, as shown in
Fig. 15. Notably, the mesoporous FK phase was only observed in
the high molecular weight PCL blocks of PEO-b-PCL, due to the
high xN value, which is consistent with SCFT results [85].

Recently, there has been much interest in using mono-
functionalized POSS nanoparticles connected to polymer chains
or various organic functional units to form giant amphiphiles
or giant block copolymers and resulting in FK o, AlS5, and Z

Melting
—_—

—

e

A15 (Pm3n)

q,=0.0673 A"
d,=934A

Log/(a.u.)

(a) The giant tetrahedron composed of POSS cage featuring a chemical structure of hydrophilic blue sphere and hydrophobic red spheres, (b) the self-assembled
structure to form A15 phase with a unique molecular packing arrangement, (c) a TEM image of the A15 phase, (d) Fourier filtering of TEM image has revealed the
presence of a tiling number of (4*) along the [100] direction, (e) The resulting inverse coloring of the filtered image highlights in (d), which come in different sizes,
and (f) SAXS profile of this giant tetrahedron. (Adapted from Ref. [96] with permission; copyright 2015, Science).
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with A15 phase, (d-e€) DPOSS-MPOSSs with DQC phase after annealing at 110°C (d) and o phase after annealing at 125°C (e), (f-g) DPOSS-MPOSS¢ with DQC phase
after annealing at 120°C (f) and o phase after annealing at 130°C (g). (Adapted from Ref. [98] with permission; copyright 2019, American Chemical Society).

phases. For instance, Cheng et al. developed a giant amphiphilic
tetrahedron using one hydrophilic and three hydrophobic POSS
nanoparticles (Fig. 16(a)), which could self-assemble into the FK
A15 phase as shown in Fig. 16(b)-(e). The analysis of TEM showed a
typical (4%) tiling number along the [001] zone. The SAXS analysis
also confirmed the A15 phase with the peak ratio of /2: \/4: /5:
/6, as shown in Fig. 16(f) [96].

They also reported the formation of giant molecules consisting
of six POSS nanoparticles on a triphenylene core that exhibited a
typical (3°) tiling number and could self-assemble into FK Z phase
[97]. Moreover, the DPOSS-MPOSSn dendron giant amphiphilic
surfactant with hydrophilic MPOSSn (n is the number of MPOSS)
and hydrophobic DPOSS nanoparticles could self-assemble into
cylinder, A15, and o phase upon increasing the n value, as shown
in Fig. 17 [98].

A multi-branched OP8 and OP14 with eight and fourteen
isooctyl POSS nanoparticles connected by click reaction also
exhibited self-assembled structures from DQC, DDQC, and o
phases in these giant surfactant mixtures [99]. Additionally,
long chain PS with different topologies as hydrophobic tails
with POSS nanoparticle as hydrophilic head were synthesized
as the DPOSS-NPS,, giant surfactants. The FK and quasicrystal
structures were observed in various regions with typical BCC,
DDQC, o, and A1l5 phases, which are highly dependent on
their molecular geometry (Fig. 18(A)-18(M)). The phase diagram
of these DPOSS-NPS,, giant surfactants was summarized in
Fig. 18(N). Other POSS-based giant surfactants were also prepared,
and FK and quasicrystal structures were observed under different
conditions [100].

4 Archimedean tiling patterns based on covalent
organic frameworks (COFs)

Yaghi et al. proposed the discovery of COFs, which are porous
organic polymers with 2D or 3D crystalline structures [6,101,102].
These materials are synthesized using reversible reactions between
building monomers that are connected by robust covalent bonds
with light elements. The covalent bonds in COFs provide self-
healing ability and thermodynamic control, which results in long-
range ordered crystalline properties and outstanding chemical
stability under basic and acidic conditions, as well as in organic
solvents. These unique properties make COFs promising materials
for various applications including energy storage, optoelectronic
devices, catalysis, drug delivery, and gas capture [103-109].

Fig. 19 illustrates various topologies of 2D COF materials
that have been synthesized using different building units and
approaches [110]. The design of COFs is based on the principles
of geometry and dimension of the building blocks, which allows
for the prediction of their topologies. COFs are distinct from other
organic porous materials [111-113] like conjugated microporous
polymers (CMP) [114-116], hyper-crosslinking polymers (HCP)
[117-120], and covalent triazine frameworks (CTFs) [121-123] due
to their ability to form crystalline structures that can be corrected
and rearranged through reversible covalent bonds.

Initially, Yaghi et al. used boronic acids and catechols to
connect building units in COFs, but these structures were prone
to hydrolysis [6,101,102]. To overcome this issue, alternative
synthetic routes were developed that introduced stable imino
bonds through the condensation of amine and aldehydes, as
well as azine, hydrazones, and imides. Fig. 20 summarizes the
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Fig. 18

Various DPOSS-4PS,, species analyzed by SAXS, TEM, FFT, and Fourier filtering techniques and exhibited different phases: (a, f) HPC phase observed in DPOSS-4PSg,
(b, g) A15 phase presented in DPOSS-PS1, (c, h) o phase found in DPOSS-4PS;3, (d, i) DQC phase identified in DPOSS-4PS;5, and (e,j) BCC phase seen in DPOSS-
4PS,7.,(g-i) 2D tilting patterns indicated by the red-line box include: (k) A15, (I) o, and (m) DQC phase, and (n) the experimental phase diagram for the DPOSS-nPS,,
giant surfactant. (Adapted from Ref. [100] with permission; copyright 2016, from National Academy of Sciences USA).

commonly used organic reactions in COF synthesis, including
boroxine, boronic ester, imine, hydrazine, azine, f-ketoenamines,
imide, triazine, urea, and squaraine bonds [110]. To enhance the
chemical stability of COFs, robust networks have been created
that can avoid strong acids and bases, such as the synthesis of 8-
ketoenamines using primary amines and TFP-30HCHO through
an irreversible enol-keto tautomerization process [124-126].

The architecture and size of the pores in COFs are determined
by matching the geometry of building blocks to create polygonal
frameworks. The dimensions and geometry of the linkers used
influence the shape of the polygons and the pore size. For
instance, a hexagonal COF can be produced by combining the
building block with Cz-symmetry and the linear linker with C,-
symmetry (Cz + Cy) (Fig. 19(c)). Additionally, hexagonal COFs can

12



Giant, 15,2023, 100170

C, C, C

Hexagonal

(e)
>

C, C,
o

Single-pore rhombic

Hexagonal

*

e

Fig. 19

®

C: C,
l_u_l

Trigonal

(d)
-

Cs
|

Tetragonal

€y
p_ < ==
C2 2

——
C;

Hexagonal

]
]
]
)
]
<
S
=)
c
a
=
]
('S

—p—

Cc

;u_l

XX

Dual-pore Kagome

Topology diagrams that serve as a foundational framework for COF design and the assembly of 2D COFs [110].

HO
(a) ‘BO,, - oBo
/ _— I
HO ©/ B\O' B@
Boroxine
o -
O
o -
Boronic ester
AV
O

Imine

o O

(©) "@NHZ +

v
%

Hydrazone

(d) < >—<N"’NH’ .
o

(e) HN-NH, +

I
O
O
O

Fig. 20

N,
3
o HO
HHO , oH
d HO =N

H
l HN
AW
Oy
g\ NH

B-Ketoenamine

B-Ketoenamine

e

Imide

Condensation reactions involving commonly utilized linkages in COFs include: (a) boroxine, (b) boronic ester, (c) imine, (d) hydrazone, (e) azine, (f,g) 8-ketoenamine,

(h) imide [110].

be formed by using the self-condensation of a C,-symmetric unit
(Fig. 19(a)) or by utilizing two building blocks with the trigonal
planar C3 + C3 geometry (Fig. 19(b)). This topology of COFs
corresponds to the Archimedean hexagonal tiling (6%) pattern,
which is the most common structure observed in COF materials
[127-130]. For example, we synthesized two types of 2D TPA-COFs

and TPT-COFs using one-pot polycondensation methods. We used
TPA-3NH; and TPT-3NHj as starting materials, along with various
triarylaldehydes that differed in nitrogen content, symmetry, and
planarity (Fig. 21) [130]. The resulting COFs displayed excellent
properties, such as large surface areas (>1700 m? g~') and high
crystallinity with outstanding thermal stability. The degree of
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Syntheses and chemical structure of (a) TPPDA-TPPyr COF and (b) TPPDA-TPTPE COF with tiling number of (4*) [134].

crystallinity and surface area of these COFs featuring hexagonal
tiling (6%) pattern were significantly impacted by the symmetry
and planarity of the triarylaldehydes used in the synthesis [130].

The creation of tetragonal pores with an Archimedean square
tiling (4*) pattern in COFs is achieved by combining tetragonal
building blocks with linear linkers (C4 + Cy) (Fig. 19(d)) [110] or
other tetragonal building units (C4 + C4) [131-133]. These
pores form elongated 1D channels within stacked layers that
extend in two directions, which allows for the creation of
various w-conjugated frameworks. For instance, we synthesized a
redox-active triphenyl-amine derivative TPPDA(NH;)4 featuring
tetraformyl linker and utilized it to produce TPPDA-TPPyr or
TPPDA-TPTPE COF, through [C,+C;] condensation (Fig. 19(e))
[134]. These TPPDA-COFs showed excellent crystallinity, thermal
stability, and high surface areas. Moreover, due to the presence
of redox-active triphenylamine units in their chemical structures,
the TPPDA-COFs with a square tiling pattern (4*) exhibited
excellent electrochemical capacitances (Fig. 22).

To produce 2D COFs with high-density m-units and
micropores, a Cs + C, topology scheme was utilized. This

approach allowed for the creation of triangular lattices, which
can be assigned the Archimedean triangular tiling (3°) pattern
(Fig. 19(f)). This method results in COFs with highly dense
w-units and smaller pores than those produced by other topology
diagrams. For example, Jiang et al. successfully synthesized two
triangular COFs, HPB-COF and HBC-COF, through various Cg-
symmetric vertices with the Archimedean triangular tiling (3°)
pattern (Fig. 23) [135]. The resulting COFs exhibited excellent
thermal and solvent stabilities, as well as supermicropores with
pore sizes < 1.2nm. This enabled both inter- and intar-layer
m-cloud delocalization. Furthermore, the researchers observed
significant photoconductivity in these COFs, demonstrating
their potential use in optoelectronic applications. Typically,
microporous COFs are produced using a trigonal structure, while
tetragonal and hexagonal topologies are useful for suggesting
mesopores [136].

The majority of COFs reported in the literature have a 2D
layered structure that can be synthesized using various modular-
pattern polymerization approaches, such as [C3 + Cz], [C3 + C3],
[Cs + C3], [C4 + C4], and [Cs + C3], as mentioned previously.
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Fig. 23

(a) the synthesis of imine-linked triangular HPB-COF and (b) and HBC-COF with tiling (3% pattern and accompanied by its model reaction [135].

These strategies have resulted in a variety of topologies, most
commonly featuring hexagonal (63), square (4*), and triangle
(3%) with regular Archimedean tiling for 2D COFs. Despite efforts
to reticulate more than two types of organic linkers or vary
edge lengths and vertex angles to desymmetrize pore structures,
creating 2D COFs with new topologies featuring semiregular
Archimedean tiling remains a significant challenge. Zhao et al.
addressed this challenge by creating the first heteropores of SIOC-
COF, with two different pore sizes including trigonal micropore
and hexagonal mesopore by combining ETTA (the D,-symmetric
unit) with p-phthalaldehyde as the C,-symmetric unit (Fig. 19(g))
to form a Kagome structure with a trihexagonal tiling (3,6,3,6)
pattern, as shown in Fig. 24(a). This dual pore size of SIOC-
COF was confirmed by using the comparison of experimental
and simulated X-ray diffraction patterns for this SIOC-COF with
eclipsed stacking (AA) and a N, adsorption/desorption isotherm
also exhibited two modes of I and IV types [Fig. 24(b)], which are
due to microporous and mesoporous behaviors with two narrow
pore size distributions centered at 0.73 and 2.52 nm, respectively
[Fig. 25(c)] [137]. This achievement demonstrates the potential for
creating 2D COFs with new topologies and unique pore structures,
which could have important implications for various applications
[138,139].

To understand the structural diversity of 2D COFs, researchers
have also made significant efforts to reticulate more than two
types of organic linkers or vary the edge lengths and vertex angles
to desymmetrize the pore structures. For example, Bein and co-
workers used ETTA with BDT to create BDT-ETTA COF featured
Kagome-type structure that worked well as the photocathode
for water-splitting [140]. Zhao et al. also created heteroporous
COFs by combining BABD (a C,,-symmetric unit) with 1,4-
diaminobenzene (DB) or benzidine (BZ) to make BABD-DB or
BABD-BZ COFs with two various types of pores and shapes
with trihexagonal tiling (3,6,3,6) pattern, which were used as
chemosensors for nitroaromatics [141]. In addition, we proposed
new Cz-BD or Cz-DHBD COFs through the condensation reaction
of Cz-4CHO as a C,-symmetric unit with BD or DHBD as a C;-
symmetric linker. It was observed that the Cz-BD COF had only
single pore size with the tetragonal structure; however, Cz-DHBD
COF had the Kagome structure with trihexagonal tiling (3,6,3,6)
pattern featuring two types of pores as shown in Fig. 25 [142].

A novel approach to creating semiregular Archimedean
tilings for 2D covalent organic frameworks (COFs) has been
proposed by Cui et al. In their work, they used a pseudo
five-fold symmetric building block called 1,2,3,4,5-penta(4-
formylphenyl)pyrrole (PFPP), which was reacted with two linear
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Fig. 25

Syntheses of (a) Cz-BD and (b) Cz-DHBD COFs from Cz-4CHO monomer with two different diamine monomers [142].

aromatic diamines, p-phenylenediamine and 2,5-dimethyl-1,4-
benzenediamine, via a Schiff base reaction as shown in Fig. 26
[143].

This resulted in the formation of ten different tessellations
with various topologies, which were compared to the Reticular
Chemistry Structure Resource (RCSR) database as shown in
Fig. 27. Among them, three semiregular Archimedean tilings were
identified, including the truncated triangular tiling (tts), the snub

hexagonal tiling (£sz), and the elongated triangular tiling (cem)
[144].

These types of semiregular Archimedean tilings have been
observed in various materials, such as alloys, nanoparticle
superlattices, metal-organic frameworks (MOFs) [145], liquid
crystalline networks [146], and COFs. X-ray diffraction patterns
of the PFPP COF were found to match well with the simulated
profile of the cem topology featuring an elongated triangular
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Schematic representation of the (2,5)-connected 2D network featuring 10 different potential topologies. (Adapted from Ref. [143] with permission; copyright 2022,
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(a) Chemical structures of BITA (tetra-aldehyde monomer), PDA (diamine linker) and the resulting 2D BITA-PDA COF with (3,4,6,4) Archimedean tiling, (b) a subunit
of the COF emphasizing the four-connected node, which has predefined vertex angles that allow for the formation of Archimedean tiling pattern of (3,4,6,4), which
is equivalent to the htb net topology. (Adapted from Ref. [147] with permission; copyright 2017, Royal Society of Chemistry).

tiling (33,42) with the AA stacking mode in the P-1 space group
[143].

Zhang et al. have introduced a new 2D covalent organic
framework (COF) material known as BITA-PDA COF, which is
composed of benzimidazole-based tetra-aldehyde (BITA) with
phenylenediamine (PDA) building blocks. This BITA monomer
features four connected nodes with specific angles of 60, 90, 90,
and 120 degrees with the neighboring linkages of its aldehyde
units. This configuration is consistent with the Archimedean
rhombitrihexagonal tiling (3,4,6,4) pattern, as shown in Fig. 28
[147].

BET analyses indicated the presence of three distinct pore
types: trigonal (1.0 nm), rectangular (1.8 nm), and hexagonal (3.2
nm) in a diameter, which were consistent with the theoretically
predicted sizes (Fig. 29) [147]. Other heteropore COFs were also
observed using pore design principles with complex structures and
hierarchical porosity [148,149].

5 Conclusions
This review article highlights recent advancements in the
synthesis and preparation of soft materials, namely block

copolymers or covalent organic frameworks, featuring
Archimedean tiling patterns. These materials have garnered
significant attention from academia and industry due to their
meso and microporous properties that enable their use in energy
and gas storage, photo-catalysis, and separation applications. The
high surface area and pore volume of these materials provide
them with an advantage over purely micro or mesoporous
materials. While various Archimedean tiling patterns have been
observed in COFs and block copolymers, there are still untapped
patterns such as (3%, 6), (3, 122), and (4, 6, 12) that have yet to
be discovered. In addition, the direct TEM image of Archimedean
tiling patterns based on COF materials is still a challenge and this
field is still a hot topic with new Archimedean tilting patterns
based on block copolymers and COFs because of various new
possible applications in my opinion.
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