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Single-crystal polymers (SCPs): from 1D to 3D architectures
Mingsen Wang,? Yinghua Jin,® Wei Zhang,*® and Yingjie Zhao*?

Single-crystal polymers (SCPs) with unambiguous chemical structures at atomic-level resolutions have attracted great
attention. Obtaining precise structural information of these materials is critical as it enables a deeper understanding of the
potential driving forces for specific packing and long-range order, secondary interactions, kinetic and thermodynamic factors.
Such information can ultimately lead to success in controlling the synthesis or engineering of their crystal structures for
targeted applications, which could have far-reaching impact. The successful synthesis of SCPs with an atomic level control
of the structures, especially for those with 2D and 3D architectures, has been rare. In this review, we summarize the recent
progress in the synthesis of SCPs, including 1D, 2D, and 3D architectures. Solution synthesis, topochemical synthesis, and
extreme condition synthesis were summarized and compared. Around 70 examples of SCPs with unambiguous structure
information were presented, and their synthesis methods and structural analysis were discussed. This review offers critical
insights into the structure-property relationships, providing guidance for the future rational design and bottom-up synthesis
of a variety of highly ordered polymers with unprecedented functions and properties.

co-workers through topochemical polymerization.® The

Introduction

Since Staudinger proposed the definition of macromolecule in
the early 1920s, 2 traditional linear polymers (one-dimensional
(1D) polymers) have been studied extensively within the past
century. In 2004, The successful exfoliation of the graphene
monolayer from graphite expanded the structure of the
traditional linear (1D) polymers to two-dimensional (2D)
networks,? ushering in "2D" era. In 2005, Yaghi and co-workers
synthesized the first example of 2D covalent organic
frameworks (COFs) through a facile solution synthesis.*
Subsequently, the first example of 3D COFs was reported by the
Yaghi group in 2007.° Since then, diversified polymeric
structures with complex 2D and 3D topologies have been
achieved through deliberate control and manipulation of the
building blocks and synthetic conditions.® 7 Despite the great
advances in this field, there is still no straightforward way for
preparing large single crystals of these 2D and 3D polymeric
architectures with complete structural control, analogous to
how nature creates 2D graphite or 3D diamond. Usually,
polycrystalline powders are obtained through the kinetic
polymerization process under solvothermal conditions.® The
precise control of the polymerization in 2D or 3D spaces to
obtain large-sized 2D or 3D single-crystal polymers (SCPs) has
been a very challenging task. In 2014, the first example of a
large-sized 2D SCPs was successfully prepared by Schliter and
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breakthrough of the synthesis of a large-sized single-crystal 3D
COFs from solution was realized by Wuest, Wang, and Yaghi.1%
11 The single-crystal polymeric structures with atomic resolution
is critical in understanding many fundamental questions. For
example, how can we achieve long-range order through the
packing and secondary interactions of 1D polymer chains? What
are the exact stacking modes of the layers in 2D COFs along the
c-axis direction? What are the exact interpenetrations in 3D
COFs that are usually hard for the common powder X-ray
diffraction (PXRD) to determine?® & 1214 \What is the
arrangement of the guest molecules within the framework?*!
etc. There are still many unknowns in polymeric architectures,
which has impeded their structure-property
relationship study, mechanism understanding, the exploration

strongly

of structure-oriented applications, and the development of
next-generation functional materials.

In this review, we summarize the recent development in the
controlled synthesis of SCPs. We focus on the single crystals of
1D, 2D and 3D covalently linked polymers. The chosen examples
of the SCPs discussed here should have unambiguous structures
determined by either single-crystal X-ray diffraction (SCXRD) or
electron diffraction technique,’*1® which could give clear
atomic-level structure information. The examples of SCPs are
classified into 1D, 2D, and 3D architectures, which were further
categorized based on the different synthetic strategies into
solution synthesis, topochemical synthesis, and others (Fig. 1).
Finally, the review concludes with perspectives on the current
problems, possible solutions, and future endeavors, providing
valuable perspectives on the field of SCPs.
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Fig. 1 Schematic diagram of the preparation of 1D, 2D and 3D architectures.
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Fig. 2 1D polymer with metal-ligand interactions: (a) The chemical structure of 1D-P-1. (b) The single-crystal structure of a single-chain of 1D-P-1. (c) View of the packing
mode along the g-axis. (d) View of the packing mode along the b-axis. (e) The chemical structure of 1D-P-2. (f) The single-crystal structure of a single-chain of 1D-P-2.
(g) View of the packing mode along the b-axis. (h) View of the packing mode along the c-axis.

1. 1D Architectures
1.1 Recrystallization

1D polymers, also known as linear polymers, have been a topic
of research for more than 100 years. Due to the good solubility
of most 1D polymers, the growth of the single crystals could be
realized by the recrystallization process similar to the case of
small molecules.'’-2° Even so, compared to small molecules, the
reported single crystals of 1D polymers with unambiguous
atom-level structure information are still rare.?'?> Significant
research efforts have been devoted to the controlled synthesis
of 1D SCPs.26-2°

High-quality single crystals of 1D polymer are not easily
available or accessible because high molecular weight 1D
polymers often form powders or spherulitic films when they are
crystalline. In 2003, Henderson and co-workers successfully
obtained a single crystal of 1D-P-1 from a low molecular weight
polyethylene oxide (PEO) (Fig. 2a).3° The solution of 1D polymer
P(EO)3(500) and LiCF3SOs mixture was kept in a dry room for
several weeks to give long needle-like single crystals. The single
crystal 1D-P-1 was analyzed by SCXRD, which revealed a
monoclinic unit cell with space group P21/n. It should be noted
that each Li* cation is coordinated with three oxygen atoms
from PEO and two oxygen donors from two CF3SOs anions (Fig.
2b). A linear helical chain was formed using the Li* cation as a
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Fig. 3 Helical 1D polymer with hydrogen bonding: (a) Synthesis of the 1D helical polymer
1D-P-3; (b) Optical images of the large single crystals of 1D-P-3; (c) A stick
representation of the strands along the b-axis; (d) Formation of helical strands through
hydrogen-bonding interactions along the a axis; (e) The view along the a-axis.
Reproduced with permission from ref. 58, Copyright 2021, Springer Nature.

template. These linear chains are stacked in parallel to form
single crystals (Fig. 2c, d).

Bruce and co-workers reported a 1D-P-2 single crystal with
sufficient quality for SCXRD (Fig. 2e).3! The single crystal was
grown by combining NaAsFg salt with PEO in acetonitrile,
followed by slow evaporation. Experimental and simulated
PXRD patterns show excellent agreement, indicating the bulk
powder sample has the same crystalline phase as the single
crystal. Similar to the structure of 1D-P-1, the SCXRD reveals
that Li* cations are coordinated with the oxygen atoms in the
polymer chain, leading to the formation of a helical structure
(Fig. 2f, g, h).

1.2 Solution Synthesis

While the crystallization of 1D polymer solutions can lead to the
formation of SCPs in a relatively easy way, the strategy is highly
dependent on the solubility and the molecular weight of the
polymers. As a result, there has been a growing interest in direct
synthetic strategies of SCPs in solution. The development of
dynamic covalent chemistry has contributed significantly to
constructing highly ordered structures, such as COFs, through
solution synthesis.3?*3 The self-correction process in dynamic
covalent chemistry enables the formation of SCPs with high
degrees of structural order.**>> Compared to 2D and 3D COFs,
the synthesis of lower dimensional 1D COFs in solution has been
less reported. The 1D COFs synthesis is hampered by the
anisotropy and the entropy-driven random packing of the linear
organic chains.”® The high symmetries and limited freedom of
the intermolecular packing in 2D or 3D COFs usually facilitate
their crystallization process. In 1D COFs, the molecular packing
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is more flexible because their covalent links are confined to a
single dimension. %% 57 Therefore, external noncovalent
interactions, such as hydrogen bonding, hydrophobic
interactions, or m-7 stacking interactions, are generally needed
to form ordered crystalline structures of 1D COFs.

Zhang and co-workers recently reported a 1D helical SCP.>®
The single-crystalline helical structures through either the
hydrogen bond or metal coordination have been reported by
Huc, Nitschke, etc.>®2 In this work, the 1D polymer 1D-P-3 was
synthesized through a condensation reaction of 1D-M-1 with
1D-M-2 in the presence of LiOH (Fig. 3a). Large-sized single
crystals were formed during the polymerization in a solution
(Fig. 3b). Based on the assumption that all three diol groups
would be converted into spiroborate linkages, a 2D COF was
expected to form by consuming the 1D-M-1 and 1D-M-2 at a
ratio of 2:3. Unexpectedly, only two pairs of diols in each 1D-M-
1 participated in the reaction, forming 1D zigzag-shaped
polymer chains (Fig. 3a, c). The hydrogen bond interactions
between the spiroborate units and the unreacted diols provide
the energy gain and stabilization, which led to the formation of
the unusual helical backbone (Fig. 3d). Notably, the helical
strands form double helices not through strong noncovalent
interactions between the two strands of the same pair but
through the hydrogen bonding interactions with the strand of a
neighboring helical pair (mechanically entwined) (Fig. 3e). This
is very different from DNA and most of the reported synthetic
double-helical polymers in which the pair of strands are usually
packed together through the noncovalent interactions within
the pair.

In addition to hydrogen bonding interactions, metal-ligand
interactions have also been found critical in forming 1D SCP
structures with structural order. Loh and co-workers combined
the reversibility of metal coordination bonds and dynamic
covalent bonds to prepare the 1D covalent SCPs (1D-P-4).°% As
shown in Fig. 4a, the polymerization of the two monomers 1D-
M-3 and 1D-M-4 led to the poorly crystalline 1D conjugated
polymer. Notably, when a suitable amount of AgBFs was
introduced, self-assembly of the linear polymer chains via
coordination occurred, yielding micrometer-sized 1D metallo-
COF single crystals (1D-P-4) (Fig. 4b). Single-crystal electron
diffraction (SCED) with a resolution of ~0.95 A shows a zigzag
packing mode (Fig. 4c). Moreover, further polymerization in the
crystalline state led to the formation of a 3D woven network
while preserving the original polymer backbone (Fig. 4d).

The same group subsequently reported a similar example in
which copper ions were used instead of silver ions (Fig. 5a).53
The polymerization of a homoleptic complex 1D-M-5 and a
polydentate linker 1D-M-4 produced a heteroleptic species
through ligand exchange, resulting in the formation of a 1D COF
(1D-P-5) (Fig. 5a). The structure of the obtained 1D-P-5 was
confirmed by PXRD and three-dimensional electron diffraction
analysis (3D ED). In 1D-P-5, 1D-M-3 molecules are arranged
orderly along the conjugated zigzag backbones formed by
imine-linked phenanthroline (Fig. 5b).

These studies have demonstrated that the combined use of
metal coordination and dynamic covalent chemistry could
broaden the scope of COF synthesis. Most importantly, the
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Fig. 4 Crystallization of a 1D COFs driven by metal-ligand coordination and their further formation of a 3D woven network: (a) Schematic illustration of 1D metallo-COF synthesis; (b)
SEM image of 1D-P-4; (c) The lattice of 1D-P-4 reconstructed from the SCED data; (d) Crystalline-state polymerization process. Reproduced with permission from ref. 56, Copyright

2020, Springer Nature.
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Fig. 5 Formation of 1D COF through dynamic ligand exchange: (a) Synthesis of 1D-
P-5 and the chemical composition of a single zigzag chain; (b) Strategies for
constructing 1D-P-5. Reproduced with permission from ref. 63, Copyright 2020, Wiley-
VCH.

introduction of metal coordination facilitates the growth of
single crystals of 1D COFs. Besides 1D structures, this strategy
has also been successfully used in the construction of 3D COFs
single crystals. A detailed discussion of the 3D metal woven
COFs will be presented in the later section of 3D architectures.

1.3 Topochemical polymerization

Topochemical reactions in a single-crystal state have been a hot
subject of investigation for several decades.?*% The
topochemical polymerization approach allows the preparation
of SCPs from pre-assembled monomer crystals through a single-
crystal-to-single-crystal (SCSC) transformation.®®7! Compared
to the solution-based synthesis, this solid-state synthesis
provides a new method for preparing SCPs. However, this
approach is highly dependent on the molecular packing within
the single crystal of monomers. Although the strict geometric
requirements of topochemical polymerizations and the
challenges in monomer design have limited the generality of
this approach, significant progress has been made. Various

reaction types have been successfully employed, including [2 +
21,777 [4 + 4],> 7%% diene or triene polymerization,82-8
quinodimethane polymerization,® 86 acetylenes
polymerization®”2 and azide-alkyne cycloaddition.?3° The
examples of 1D SCPs obtained by SCSC transformation have also
been reviewed in several excellent articles.®”- 70, 100-102

1.3.1 [2+2] Photo-dimerization

The pioneering work of crystalline 1D polymers prepared in the
solid state by the [2 + 2] photo-dimerization was reported in
1969 by Hasegawa and co-workers.1%3 Since then, the [2 + 2]
photo-dimerization has been widely utilized to synthesize 1D
SCPs.104-112 Recently, Stoddart and Guo employed the self-
complementary effects of the pyridinium-based system due to
their shape charge interactions and
successfully prepared single-crystal polycationic polymers
through [2+2] SCSC topochemical photopolymerization.”” As
shown in Fig. 6, a triolefinic tripyridinium monomer 1D-M-6 was

and distribution

first designed and synthesized, which adopts a conformation
wherein two transstyrylpyridinium arms are oriented in one
direction, while the third arm is oriented in the opposite
direction. Two of three pyridinium arms adopt anti-parallel co-
conformations with those in adjacent molecules to form an
infinite linear superstructure in which all the neighboring
monomers are integrated noncovalently in the crystal. The third
arm of the monomer is free and does not form pairs with
adjacent monomers. The subsequent irradiation of the
monomer single crystals with ultraviolet light (A = 365 nm) at
100 K for 9 hours resulted in the formation of 1D SCPs (1D-P-6).
Subsequently, by using the same strategy, they successfully
obtained another example of 1D SCP with very large molecular
weights.13 As shown in Fig. 7a, bipyridinium monomer 1D-M-7
was designed and synthesized, which can self-assemble into an
infinite 1D supramolecular structure through anti-parallel co-
conformations employing self-complementary interactions
between pyridinium-based appendages. 1D SCP 1D-P-7 was
obtained by irradiating the monomer crystals with UV light at
100 K for 6 hours. Notably, 1D-P-7 exhibits good solubility in
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Fig. 6 The single-crystal X-ray structures of 1D-M-6 and 1D-P-6.
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Fig. 7 The chemical and single-crystal X-ray structures of (a) 1D-M-7 and 1D-P-7; (b) 1D-M-8 and 1D-P-8; (c) 1D-M-9 and 1D-P-9.

strong polar solvents, which enables their
characterization in the solution phase.

Biradha and co-workers reported two examples of 1D SCPs
through [2+2] photo-dimerization in single-crystal states.” As
shown in Fig. 7b and ¢, 1D-M-8 and 1D-M-9 with similar
structures were designed to contain bisamide groups. The
potential hydrogen bond-induced secondary structures can
promote the [2+2] photo-dimerization. 1D-M-8 and 1D-M-9
adopt 1D alignment of molecules along the a-axis arranged
through m-mt interactions between the amide and phenyl or
pyridyl groups. Irradiation of the single crystals of 1D-M-8 and
1D-M-9 under sunlight for 22 hours results in the [2+2] reaction
occurring in an SCSC manner to yield single crystals of the 1D-P-
8 and 1D-P-9. The strong hydrogen-bonding interactions of the
bisamide groups induced 2D layered structures, which also
promoted the [2+2] polymerization reaction.

in-depth

1.3.2 [4 + 4] Photo-dimerization

Schluter and Servalli reported a novel ladder-type 1D SCP
example through the [4 + 4] photo-dimerization of the
anthracene-based monomer.”? A desymmetrized anthracene-
based monomer 1D-M-10 was designed with methoxy
substituents to break the symmetry (Fig. 8a). Each 1D-M-10
molecule has two anthracene units face-to-face stacking with
the anthracene units of its neighbors, leading to potential 1D
polymer chains upon photoreaction. The photopolymerization
in the single-crystal state was realized by the 15 min irradiation
under 465 nm UV light. Monomer single crystals 1D-M-10

smoothly convert into polymer single crystals 1D-P-10. Zhang
and co-workers reported an example of platinum-based 1D SCP
through the [4+4] cycloaddition of anthracene in an SCSC
fashion.”® They employ a platinum coordination-driven self-
assembly strategy to secure the appropriate head-to-tail
alignment of anthracene moieties in monomer 1D-M-11 (Fig.
8b). The coordination-driven force induces an appropriate
alignment of the 1D-M-11. The anthracene blades in 1D-M-11
are aligned in a head-to-tail manner with strong m-m stacking
between the anthracenes. The subsequent irradiation of the
1D-M-11 single crystals with white light at 265 K for 9 days
resulted in the formation of 1D-P-11. Taking advantage of the
temperature-dependent slow depolymerization, this Pt-based
1D polymer showed potential as a sustained-release anticancer
drug platform.

1.3.3 Polymerization of dienes and trienes

The polymerization of 1,3-diene derivatives can also realize the
SCSC topochemical reaction.8% 83 114123 Matsumoto and co-
workers reported a 1,3-diene dicarboxylic acid monomer 1D-M-
12 with a substitution of a chlorine atom in the aromatic
hydrogen of the benzyl group (Fig. 9a).82 The SCXRD revealed
that the planar diene moieties are closely packed to form a
columnar structure in the crystals. Both weak halogen-halogen
and CH/m interactions are important for the self-assembly of
1D-M-12 in an appropriate mode. The photoirradiation was
carried out using y-ray radiation at room temperature, leading
to the successful polymerization of 1D-M-12 in a single-crystal
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Fig. 9 The chemical and single-crystal X-ray structures of (a) 1D-M-12 and 1D-P-12; (b) 1D-M-13 and 1D-P-13; (c) 1D-M-14 and 1D-P-14; (d) 1D-M-15 and 1D-P-15; (e) 1D-M-16 and

1D-P-16.

state. The topochemical polymerization of 1D-M-12 proceeds a
transformation in the chemical bond with a minimum
movement of atoms to produce 1D SCP 1D-P-12. The same
group further reported a fluorine-substituted 1D-M-13, which
has a similar structure to the chlorine-substituted 1D-M-12 (Fig.
9b).1?* The intermolecular interactions such as C-H...O and C-
H...F interactions contribute to the formation of a columnar
structure with appropriate molecular packing and thus realize
the successful polymerization in the single-crystal state under y-
ray radiation to give 1D SCP 1D-P-13. Interestingly, a dimer is

exclusively produced under UV irradiation instead of
polymerization. The columnar structure with an appropriate
stacking distance is indispensable to the successful
topochemical polymerization of such 1,3-diene monomers. The
too large or small distance is unfavorable for the topochemical
polymerization in a single crystal state.?®

Wudl and co-workers realized the visible light-triggered
topochemical polymerization reaction of two bi-indene-dione
derivatives (1D-M-14 and 1D-M-15) in a single crystal state
under sunlight or a high-pressure sodium lamp (Fig. 9c and d).*2¢

Please do not adjust margins
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Fig. 10 The chemical and single-crystal X-ray structures of (a) 1D-M-17, 1D-M-18 and 1D-P-17; (b) 1D-M-19 and 1D-P-18.

Polymerization is not limited to single crystals but can also be
achieved in highly concentrated solutions or semicrystalline
thin films. The alkyl side chains in the monomer structures are
found to play an important role in molecular packing. The
perfect alignment of the monomers in the crystals and the short
distance of the two active carbon atoms (~3.2 to ~3.3 A) are
necessary to ensure the occurrence of the topochemical
reactions.

Besides the topochemical 1,3-polymerization of a diene, the
1,6-polymerization of a triene can also realize the
transformation in a single crystal state. Lauher and Fowler
reported a successful example of topochemical 1,6-
polymerization of a triene-based monomer 1D-M-16 (Fig.
9e).'?” The n-nt stacking of the adjacent pyridine rings in the
structures plays a role in determining the stacking modes. The
1-6 carbon-carbon atom distance of adjacent trienes is 4.09 A,
which is a little long for topochemical diene polymerization.
However, thermally induced polymerization of 1D-M-16 single
crystal resulted in a smooth transformation to 1D-P-16. The X-
ray crystal structure determination clearly demonstrated that a
topochemical 1,6-polymerization of the triene 1D-M-16 to a
polytrienelD-P-16 had occurred (Fig. 9e).

1.3.4 Polymerization of quinodimethane

Itoh and co-workers developed the topochemical
polymerization of quinodimethane derivatives. They first
realized the copolymerization of 1D-M-17 and 1D-M-18 in the
single crystal state (Fig. 10a).1%® An orange-colored single-crystal
charge-transfer complex of (1D-M-17 and 1D-M-18) was
successfully obtained due to the electron-donating and
electron-accepting behavior of these two monomers. The
interplanar distance between 1D-M-17 and 1D-M-18 is 3.38 A,
which meets the requirement for the topochemical
polymerization. The subsequent UV light irradiation (high-
pressure Hg lamp in vacuo for 18 hours) or heating in the dark
(60 °C in vacuo for 3 hours) yields colorless or pink alternating
copolymer single crystal (1D-P-17) with a cis conformation
through successive bond formation between reactive
exomethylene carbon atoms.

The same group subsequently reported another example of

the quinodimethane-based SCP (Fig. 10b).2¢ The yellow platelet
monomer single crystals (1D-M-19) can be easily obtained
through recrystallization. However, UV irradiation or heating
can only lead to low-quality polymer crystal which is not
suitable for the SCXRD. The ®9Co y-radiation with higher energy
and better penetration ability was thus utilized for the
polymerization in the single-crystal state, which is expected to
induce the polymerization rapidly and homogeneously and to
provide polymer crystals with fewer defects. After ®°Co y-
radiation of 5 kGy at 30 °C for 1 week, the yellow platelet
monomer single crystals (1D-M-19) were converted to crack-
free colorless, transparent polymer single crystals (1D-P-18).
The SCXRD reveals that the monomer molecule forms a
columnar structure, and the polymerization takes place along
this column structure, where almost no large displacement of
the center of mass is observed before and after the
polymerization (Fig. 10b).

1.3.5 Polymerization of diacetylenes and triacetylene

In 1969, Wegner discovered the topochemically controlled 1,4-
polymerization of diacetylenes by heating or photo-
irradiation.'?° Subsequently, Wegner and Baughman elaborated
that the appropriate arrangement of the diyne monomers
controls their reactivity, leading to ordered topochemical
polymerization.?! However, in most cases, the diyne monomers
do not align properly for 1,4-polymerization on their own. The
key factor thus becomes how to control the appropriate
alignment of the monomers in the solid state at a distance
commensurate with the repeat distance in the target polymer.
The solution to this problem could be found in the field of
supramolecular chemistry.’?%13% The weak supramolecular
interactions become an ideal choice for the modulation of the
monomers' self-assembly.88 140-14% Goroff and co-workers
prepared single-crystal poly(diiododiacetylene) (1D-P-19), a
nearly unadorned carbon chain substituted with only single-
atom iodine side groups by using a co-crystal scaffolding
strategy (Fig.11a).1>° A Lewis-base bis(nitrile) oxalamide was
used as a host to form co-crystals with the monomer
diiodobutadiyne (1D-M-20). An appropriate arrangement was
successfully acquired through the hydrogen-bonding
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Fig. 11 The chemical and single-crystal X-ray structures of (a) 1D-M-20 and 1D-P-19; (b) 1D-M-21 and 1D-P-20; (c) 1D-M-22 and 1D-P-21.

interactions between the oxalamide groups and weak halogen-
bonding interactions between nitriles and iodoalkynes. In the
co-crystals with oxalamide as the host, the 1D-M-20 undergoes
spontaneous topochemical polymerization to form 1D-P-19
through an SCSC conversion.

Flowler and Lauher reported a 1,6-polymerization of a
triacetylene monomer (1D-M-21) in a single crystal state
through a host-guest co-crystal strategy.’® As shown in Fig. 11b,
a pyridine-based host and carboxylic acid-based triacetylene as
monomer was co-crystallized to form a 2:1 complex. The
hydrogen-bonding interactions between the carboxylic acid
groups from the monomers and the pyridines from the host
molecules realize the approximate arrangement of 1D-M-21
with a reasonable reactive distance. The subsequent y-radiation
resulted in 70% completion of the polymerization. The further
irradiation brings a sudden phase change in the crystals to an
amorphous state.

Besides the additional introduction of the host molecules for
the regulation of the monomer alignment, the self-assembly of
the monomers themselves can also realize an ideal stacking
arrangement through the various supramolecular
interactions.1?°142 Baillargeon and co-workers reported a
topochemical polymerization of chlorodiacetylene (1D-M-22)
to afford SCXRD structure determination of
polychlorodiacetylene (1D-P-21) (Fig.11c).8° The amide groups
in the monomers provide the intermolecular hydrogen bonding
interactions of 1D-M-22 for the appropriate alignment of the
monomers, thus leading to successful polymerization.

The topochemical polymerization of diacetylenes
triacetylene can lead to 1D conjugated organic polymers, which

or

may exhibit intriguing electronic and optical properties. The
unique advantage of this reaction shows great potential in
preparing electronic devices, which cannot be realized through
other types of topochemical polymerizations. It is worth noting
that the preparation of the poly-diyne through topochemical
polymerization usually needs a higher energy source. In some
cases, the y-radiation is necessary.

1.3.6 Topochemical azide-alkyne and azide—ene cycloadditions

Topochemical reactions have shown significant advantages in
the formation of products in an ordered (crystalline) form.
However, reactions that can be done topochemically, especially
in a single crystal state, are still limited. Sureshan and co-
workers developed a new topochemical azide-alkyne and azide-
ene cycloaddition reactions, which can realize the SCSC
transformation process. The azide and alkyne or ene groups in
the monomers can undergo 1,3-dipolar cycloaddition in the
crystal lattice to yield 1,4- or 1,5-disubstituted 1,2,3-triazole or
triazoline products. Triazole or triazoline-linked 1D SCPs were
thus formed. Around 10 examples of 1D SCPs have been
successfully  obtained  through  these  topochemical
cycloadditions. We have summarized most of these 1D SCPs
examples in Fig. 12, including the chemical structures of
monomers and polymers and the transformation process in the
single-crystal state.?3 9598151158 |n general, hydrogen-bonding
interactions, such as O-H:-:O, N-H-:--:O, and N-H:-N, are the
main noncovalent driving force for aligning azide and alkyne or
ene-substituted derivatives in orientations suitable for their
proximity-driven cycloaddition reaction in crystals. The
arrangement of azide and alkyne or ene. Carbohydrates (1D-P-
22, 29, 30), nucleosides (1D-P-23), and peptides (1D-P-24, 25,
26, 27, 28, 31, 32, 33, 34) have been successfully exploited for
their topochemical azide-alkyne and azide-ene cycloadditions.
is the main driving force for the
topochemical cycloadditions. Depending on the activation

Thermal activation
barrier in each case, the cycloaddition reaction can happen
spontaneously at room temperature (or even at lower
temperatures) or necessitate heating of the single crystals.

In summary, the "click" reaction has shown widespread
adoption in various scientific and industrial contexts due to its
high efficiency, versatility, and robustness. The discovery by
Sureshan and co-workers verified that the widely used "click"
reaction can also undergo a topochemical process in a single
crystal state and provide triazole or triazoline-linked 1D SPC
products. This implemented in diverse
molecular categories and has a high potential to enrich the
variety of the 1D SCPs.

reaction can be
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Fig. 13 Solution-based synthesis of single-crystal 2D COFs. (a) The synthesis of 2D-P-1.
(b) The H-bonding formation of each layer. (c) Single-crystal X-ray structure of 2D-P-1in
one layer. (d) Optical microscope image of 2D-P-1. (e) The packing mode of 2D-P-1in a
single crystal. Reproduced with permission from ref. 167, Copyright 2020, American
Association for the Advancement of Science.

2. 2D Architectures

The planar nature of 2D architectures can limit their solubilities,
making it challenging to obtain single crystals through

recrystallization from polymer solutions, as seen in 1D polymer
cases. For a long time, researchers have wondered if highly
ordered and covalently linked 2D architectures can be made in
a laboratory, even though such structures exist in nature, such
as crystalline graphite made of 2D graphene layers. However,
recent advancements in 2D architecture synthesis have shown
promising results in the creation of these types of structures. In
2005, the first crystalline 2D COF material was successfully
prepared by Yaghi via the solvothermal method in solution.*
This breakthrough discovery has opened up a new era of 2D
crystalline polymers, and since then, thousands of 2D COF
materials with diverse structures have been designed and
synthesized in solution.> 16:44-46,159 The reversible covalent bond
is necessary for the formation of highly ordered structures.
Compared to crystalline hydrogen-bonded organic framework
(HOF) materials or coordination-bonded metal-organic
framework (MOF) materials, COFs are typically more
challenging to crystallize.'6%1%6 Most of the reported COF
materials are polycrystalline powders. The structure
characterization has been limited to the analysis of PXRD
combined with computer simulation modelling. Despite the
challenges involved in achieving the atomic-level definitive
structures through SCXRD, there have been remarkable
breakthroughs in the synthesis of 2D COF single crystals from
solutions.

2.1 Solution Synthesis

Yaghi and co-workers designed a simple organic linker 2D-M-1
consisting of boronic acid and phosphonic acid groups (Fig.
13a).1%7 Through a simple molecular dehydration reaction, a
single crystal of 2D layered COFs with a rod unit of an infinite
valency structure was obtained, which was referred to as

Please do not adjust margins
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"infinity" (rods) in this study. The single crystals of 2D-P-1 had a
block shape (Fig. 13d). The SCXRD structure analysis showed the
1D B—O-P rods consist of alternating tetrahedral boron and
phosphorus groups (Fig. 13c, e). These rods were connected by
phenylenes, forming a 2D structure with an interlayer spacing
of 5.47 A (Fig. 13b). The layers were stacked along the a axis and
arranged in a honeycomb pattern.

Generally, 2D COFs have been obtained as polycrystalline
solids with a small crystalline domain size. This could be
attributed to the poor control of the nucleation process.
Currently, the formation mechanism of 2D COFs remains poorly
understood, and the influence of the reaction rates and defect
repair process is still largely unknown. Dichtel and co-workers
have conducted mechanistic studies on the boronate ester-
linked 2D COFs.'%8 They found that the nucleation-elongation

process was crucial for the growth of the single-crystal COFs (Fig.

14). However, this process is usually disturbed by the
precipitation and aggregation of COF microcrystals. A two-step
approach is adopted that separates the nucleation and growth
processes. A second growth step in which additional monomers
were introduced slowly suppressed the further nucleation. The
COF colloids can be enlarged into faceted single crystals with
lateral dimensions greater than 1.5 um. Preventing premature
precipitation and aggregation of the microcrystalline COF could
help stabilize the colloidal suspensions of single-crystalline
boronate ester- and boroxine-linked 2D COF nanoparticles, thus
improving the crystalline quality of the products.58

Dichtel and co-workers found that this colloidal suspension
method was also applicable to imine-linked COFs.%®® Micron-
sized single crystals of two 2D COFs (2D-P-2 and 2D-P-3) were
successfully synthesized by using a Schiff base reaction within
as little as 5 min (Fig. 15a). The nitrile-containing solvent was
used with aniline as a monofunctional modulator and benzoic
acid as a catalyst. Large crystals, 4 um-wide squares of 2D-P-2,
and 20 pm-sized hexagons of the 2D-P-3 were obtained by
varying the crystallization conditions (Fig. 15b-h). Besides the
traditional PXRD characterization, continuous rotation electron
diffraction (cRED) was used to elucidate the unit cells of 2D-P-2
and 2D-P-3 single crystals (Fig. 15j-m). Relatively accurate
structure models were obtained by the Rietveld refinement.
They also proposed that a possible slip-stack happens along the
c-axis to minimize the free energy.

Zhao and co-workers obtained a single crystal of 2D COF (2D-
P-4) (Fig. 16a), which has the same chemical structure as 2D-P-
2.179 As shown in Fig. 16a, 2D-M-6 was chosen because the
aniline-protected aldehyde groups can react with the amine
groups of 2D-M-2 at a much lower rate than the unprotected
aldehyde groups in 2D-M-7. This provides sufficient time for the
pre-arrangement of monomers and oligomers to facilitate
crystal growth. Rhombus plate-like single crystals with a size of
2-5 um were obtained after 30 days of growth (Fig. 16b, c). The
authors speculated that the monomers and oligomers go
through self-assembly and pre-arrangement process before the
polymerization. Thus, the pyrene-based 2D-M-2 (Fig. 16a) is
likely preferred over the benzene core for single crystal growth
because the large m-conjugated planar structure would likely
enhance inter-molecular binding interactions. The crystal
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Fig. 14 Schematic of controlled 2D polymerization through a two-step seeded growth
approach. Reproduced with permission from ref. 168, Copyright 2018, American
Association for the Advancement of Science.
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Fig. 15 Solution-based synthesis of single crystal 2D COFs: (a) Synthesis of 2D-P-2 and
2D-P-3. (b) SEM and (c, d, ) HRTEM images of 2D-P-2 single crystals. (f) SEM and (g, h,
i) HRTEM images of 2D-P-3 single crystals. (j, k) 3D reciprocal lattices of the 2D-P-2 at
4.4 A resolution and (I, m) 2D-P-3 at 4 A resolution, as determined by low-dose cRED.
Reproduced with permission from ref. 169, Copyright 2022, American Chemical Society.

structure of 2D-P-4 was successfully characterized by cRED with
a resolution of 0.76 A (Fig. 16d-f). Interestingly, only 10% of the
crystals adopt the widely predicted AA stacking structure (Fig.
16g, h). The remaining 90% of the crystals have a previously
unknown stacking structure, containing 6 stacking layers within
one unit cell. Unfortunately, this unknown single-crystal
structure could not be resolved due to its high complexity.
Although the above examples of single-crystal 2D COFs
reported by the Dichtel and Zhao groups were obtained under
different reaction conditions and the research goals are also
different, both results indicate the possibility of diverse stacking
along the c-axis in the pyrene-based 2D COFs. In fact, the
synchronized offset stacking in 2D COFs has been well
investigated previously by Bein and co-workers.'’% 172 The
consecutive COF sheets can be locked in position during crystal
growth, thus minimizing the occurrence of stacking faults and
dislocations. The propeller-shaped molecular building units,
such as tetraphenylethylene and triphenylamine, or pyrene
units with substituents on the core, can generate well-defined
periodic docking sites, which guide the assembly of successive
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Fig. 16 Examples of solution phase synthesis of single crystal 2D COFs: (a) Synthesis of
2D-P-4; (b) SEM image of 2D-P-4 crystals; (c) TEM image of 2D-P-4 crystals; (d)-(f) 3D
reciprocal lattice of 2D-P-4 reconstructed from the cRED data viewing along the (d) [100],
(e) [010], and (f) [001] directions. (g) Single crystal structure of 2D-P-4 (view from c-axis).
(g) Single crystal structure of 2D-P-4 (view from b-axis). Reproduced with permission
from ref. 170, Copyright 2022, Springer Nature.

layers. As a result, the long-range ordered stacking was
promoted during the COF formation.

2.2 Topochemical polymerization

As discussed previously, confining the polymerization within a
2D plane and creating long-range order along the c-axis through
stacking in solution could be challenging. In this context, SCSC
transformation provides a viable alternative, which involves the
preorganization of monomers in a crystal lattice and their
polymerization in the solid state. Similar to the 1D SCPs cases,
this approach requires a proper packing of monomers with a
specific orientation of reactive sites in each layer so that the
polymerization can occur later between monomers within the
2D layer and form 2D SCPs. However, the control of crystal
packing of monomers in the desired manner is challenging. It
has been mainly based on chemical intuition and the continuous
trial-and-error process, which frequently leads to undesired

Chemical Society Reviews

packing motifs. Additionally, during the SCSC transformation,
cracking of the single crystal sometimes happens because of the
lattice contractions or expansions during the polymerization
process, which can also make SCXRD analysis not feasible.
Although there have been many challenges in such a process,
researchers have achieved several successful examples of 2D
SCPs through topochemical polymerization.

In 2009, Schluter raised an interesting question: "Two-
dimensional polymers: just a dream of synthetic chemists?"'"3
The synthesis of these polymeric materials, which are atomic
thin, covalently bonded, and in long-range order, represents a
grand challenge. In 2014, Schliter and co-workers reported the
first successful synthesis of a 2D SCP through SCSC.° The rotor-
shaped anthracene-based monomer 2D-M-8 is composed of
three anthracenes as blades (Fig. 17b). The packing behavior of
the solvent for growing the crystal. After many attempts, 2D-M-
8 in solid state (single crystals) was highly dependent on
cyanopyridine was finally found to be a suitable solvent in which
a face-to-face arrangement of anthracene units was achieved
(Fig. 17c). A model study was conducted using a simple
anthracene derivative, which confirmed the feasibility of such
an approach (Fig. 17a). A successful formation of the extended
2D network with an interlayer distance of around 3.6 A was then
followed. In detail, the monomer single crystals with sizes >200
pm were irradiated for 48 hours with blue light (465 nm) to form
2D-P-5 via [4 + 4] photo-cycloaddition (Fig. 17d). The size of 2D-
P-5 is dependent on the monomer single crystal grown from the
solution. Both the exact structures of the monomer 2D-M-8 and
the obtained 2D-P-5 were confirmed by regular SCXRD analysis.

During the same period, King and co-workers also
independently designed a triptycene-based monomer (2D-M-9)
which contains three anthracene moieties as blades (Fig. 17¢).8°
Every "blade" contains four fluorine atoms at the outer rim of
the anthracene. By using the same [4+4] cycloaddition
chemistry, a similar 2D SCP was obtained. The single crystal of
the monomer 2D-M-9 was grown in chloroform, which has a 2D
layered packing based on SCXRD. Each layer consists of 2D-M-9
monomers stacked facing each other in a quasi-hexagonal
packing arrangement (Fig. 17f). The blue light (400-460 nm)
triggered the [4 + 4] photo-dimerization, which led to the SCSC
transformation to yield a 2D SCP 2D-P-6 (Fig. 17f). Notably, an
intermediate dimer crystal was observed during the early stage
of photopolymerization (460 nm) in the single crystal state. The
2D-P-6 single crystal was obtained after elongated ultraviolet
irradiation (400 nm) of the dimer crystal at 223 K (Fig. 17f).
These pioneering works in the preparation of 2D SCPs have
received significant scientific attention,” 8 and opened new
possibilities for making 2D SCPs by controlling the growth of
single crystals of well-designed monomers rather than
controlling the conditions (conventional
approach).

Besides the [4 + 4] photo-dimerization of anthracenes in a
solid state for making the 2D SCPs, the [2 + 2] cycloaddition was
also successfully applied in the SCSC process. Schliter and co-
workers designed a pyrylium-based triolefinic monomer 2D-M-
10 (Fig. 18a).17% A single crystal of 2D-M-10 was obtained in a
mixture of acetic and formic acids. Monomer 2D-M-10

polymerization
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Fig. 17 The pioneering topochemical polymerization approaches to obtain 2D SCPs: (a) A model reaction of the photochemical dimerization of anthracenes derivatives. (b) Molecular
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Nature.

Fig. 18 Topochemical polymerization approach to obtain 2D SCPs through [2+2] cycloaddition: (a) Structure of 2D-M-10; (b) Single-crystal structure of one layer of 2D-M-10; (c)
Single-crystal structure of one layer of 2D-P-7; (d) Dimerization of the model compound; (e) Chemical structure of 2D-M-11; (f) Single-crystal structure of one layer of 2D-M-11; (g)

Single-crystal structure of one layer of 2D-P-8.

crystallized into a layered structure with a distance of 3.9 A
between the neighboring olefin moieties of 2D-M-10 (Fig. 18b),
which meets the Schmidt criterion for the topochemical
reaction.’®

Irradiation (530 nm) at 4 °C induced a color change of the
crystals from orange to yellow, indicating the interrupted
conjugation and the occurrence of polymerization. A novel 2D

polymer (2D-P-7) with pyrylium units was formed upon the
completion of the polymerization. As shown in Fig. 18c, six
pyrylium units point inside each pore of 2D-P-7, fully decorating
the pores with positively charged pyrylium groups. This feature
may endow the novel 2D polymer with excellent polyelectrolyte
properties.

Zhao and co-workers reported another example of a 2D SCPs
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through SCSC transformation using monomer 2D-M-11, which
is similar to monomer 2D-M-10 (Fig. 18e).17¢ Triazine was used
as the core instead of the benzene ring. Fortunately, the
structural alteration does not cause a significant change in the
crystal packing of 2D-M-11 compared to monomer 2D-M-10. In
2D-M-11, three arms were packed head-to-tail to form a
hexagon (Fig. 18f). Given the distance between neighboring
styryl units (3.919 A), the [2 + 2]-photo-cycloaddition could take
place. Upon irradiation with 530 nm light for 12 hours, the
crystal underwent a color change from dark yellow to light
yellow, while still maintaining the translucent feature. SCXRD
confirmed the successful polymerization and the formation of a
2D polymer (2D-P-8). The hexagonal honeycomb porous
structures were formed in each layer with a pore diameter of
2.7 nm (Fig. 18g). Notably, it was found that a minor change in
the monomer structure could play a critical role in the layer
exfoliation process. The addition of CF3COOH (TFA) led to the
protonation of the triazine core and introduced repulsive forces
between layers due to charge and/or steric effects, thus
facilitating the exfoliation process. More than 60% of the
monolayered 2D polymer was found in a clear solution-like
sample in TFA/gamma-butyrolactone (GBL).

All the examples mentioned above involve the topochemical
polymerization of a single type of rigid monomer. Simultaneous
integration of the features with high flexibility and high
crystallinity into porous polymers is particularly challenging. Ke
and co-workers reported a series of single-crystal organic
frameworks crosslinked by H-bonds, which are named
hydrogen-bonded cross-linked organic frameworks (HcOF). The
flexibility and crystallinity are integrated into a single
framework of HcOF (Fig. 19).Y77 Similar to the topochemical

polymerization, it is necessary to preorganize the monomers
through H-bonding interactions.'®% 178 Subsequently, a second
component, such as alkyldithiols, was introduced as flexible
crosslinkers. The single crystals were photo-polymerized via
thiol-ene or thiol-yne reactions through SCSC transformation.

As shown in Fig. 19a and b, monomer 2D-M-12, containing
tetraphenylethylene core with four melamine units and eight
allyl groups, was designed and synthesized. A single crystal of
monomer 2D-M-12 was obtained through slow vapor diffusion
of MeCN into DMF solutions. Subsequently, flexible alkyldithiols
with different lengths (2D-M-13, 2D-M-14) were introduced
into the monomer crystal as the crosslinkers through diffusion.
UV irradiation yielded 3D-P-1 and 2D-P-9. SCXRD analysis
showed that 2D-P-9, which was synthesized with a short
crosslinker, formed a 2D network, whereas 3D-P-1, which was
synthesized with a longer crosslinker, formed a 3D
interconnected network (Fig. 19a). As shown in Fig. 19c and d,
2D-P-9 is a 2-nodal 3,4-connected 2D network in which two
neighboring layers of the monomer 2D-M-12 are covalently
crosslinked and extended along the [010] plane. By contrast,
3D-P-1 is an interconnected 3D network exhibiting a 3-nodal
3,3,4-connected self-entangled structure.

The same group subsequently reported another 2D SCP
through a similar strategy.l’® As shown in Fig. 20a, a 2D
hexagonal H-bonded structure was first formed via a co-
crystallization of 2D-M-15 and 2D-M-16. 2D-P-10 was then
obtained via an SCSC transformation through the thiol-ene
crosslinking (Fig. 20a). The heteromeric co-crystallization of two
COOH-based monomers led to a suitable packing mode of the
crystal, allowing the subsequent thiol-ene reaction. In 2D-P-10,
the dithioether linkage A was found to connect 2D-M-15 in non-
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adjacent 1,4-layers, while the linkages C and D connect two allyl
groups in 1,3-layers (Fig. 20b, c). The linkage B connects 1,2- and
1,3-layers, forming 2D structure with flexible interlayer cross-
linkages. This example showcases an interesting strategy for
achieving the desired packing of monomers with the positioning
and orientation necessary for interlayer crosslinking to form 2D
polymers through co-crystallization using a complementary set
of monomers.

Ke and co-workers recently reported 2D porous single
crystals that are formed from a three-arm monomer (2D-M-17)
consisting of piperazine and diallylmelamine moieties (Fig.
21a).'8% Due to piperazine's semi-rigid chair conformation, the
n—Tt interactions between stacked layers in the solid state are
reduced. The assembly of 2D-M-17 with an anion, HSOy,
formed porous single crystals with unique tris-anion (HSOz)3
clusters. The subsequent thiol-ene SCSC transformation
through photo-irradiation covalently crosslinked the allyl
groups in the preorganized molecular crystal, forming a 2D SCP
(2D-P-11) with large voids (Fig. 21c). Notably, 2D-P-11 exhibited
rapid and reversible size expansion and contraction (>200%)
upon a guest uptake and switching between crystalline and
amorphous phases due to the guest-induced disruption of the
anion cluster.

These studies hold great promise for achieving both high
crystallinity and flexibility in organic frameworks. Achieving the
optimal balance between rigidity and flexibility while keeping
the single crystal state before and after the reaction is the
critical factor for the success of HcOF single crystals formation.
So far, the reaction to form the HcOF is limited to the
topochemical thiol-ene cycloaddition, which requires vinyl
group in the parent molecules and thiol groups in the flexible
crosslinkers. The concept of a rigid-flexible combined strategy
has proven to be effective in the construction of 2D SCPs. By
introducing second components as crosslinkers to covalently
connect the parent molecules in an SCSC manner, the need for
extremely strict 2D packing mode for the monomers in the
single-crystal state, as in the single-component topochemical
polymerization, could be avoided. Guest-induced changes in the
void structure of HcOF could have intriguing applications in
selective adsorption and release of guests with high capacity.

2.3 Other approaches

As is well known, the key to 2D graphene preparation is
obtaining the monolayered graphene, which is normally
obtained through the exfoliation of the bulk graphite.® The
advantages of the 2D structure are most evident in the case of
monolayered graphene. Similar to the production of
monolayered graphene, the preparation of a monolayer 2D
polymer undoubtedly represents a grand challenge in this
field.176 181 |t js now possible to obtain large-sized 2D SCPs in a
synthesis lab, but controlling the exfoliation process to achieve
a monolayer with a good dispersity through the so-called "top-
down" strategy presents a significant challenge.l’® 182188 Ap
alternative approach to preparing monolayered, large-sized,
and free-standing 2D polymers is through "bottom-up"
interfacial synthesis. Such an approach takes advantage of the
template and confinement effect of an interface, allowing for
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topochemical crosslinking: (a) Synthesis of 2D-P-10; (b) Dissected sections of 2D-P-10;
(c) Single-crystal structure of 2D-P-10. Reproduced with permission from ref. 179,
Copyright 2021, Wiley-VCH.

pre-assembling the monomers at an air/water interface to yield
a single-crystalline 2D polymer film.18%193 Although there is no
direct evidence from SCXRD or cRED, the structures of these
ultra-thin 2D polymers have been assumed well-defined
according to the characterization of the selected area electron
diffraction (SAED), high-resolution
microscopy (HRTEM) or high-resolution
microscopy (HRAFM). To date, many crystalline 2D polymer
films have been successfully prepared through interfacial
synthesis.19% 194-203 Seyergl excellent reviews have summarized

transmission electron

atomic force

these examples.173:193.204,205 Thys, they are not covered in detail
here.

Just as nature creates 2D graphite or 3D diamond, Ceo-based
SCP has also been obtained under extreme conditions, such as
high pressures in the range of several GPa in a laboratory
setting.2%629% High-pressure polymerization of Cg has been
widely studied through [2+2] cycloaddition.?'% 21 Three
polymeric phases, including 1D orthorhombic (O), 2D tetragonal
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Fig. 22 2D fullerene SCP: (a) Single-crystal structure of monolayer of 2D-P-12; (b) ABC
packing mode of 2D-P-12 in a single crystal.

(T), and 2D rhombohedral (3R) phases, have been reported for
these polymers. Yamanaka and co-workers obtained the single-
domain crystals of the 3R 2D Cgo polymer (2D-P-12) under high
pressure of 5 GPa at 773 K.2%6 As shown in Fig. 21a, the crystal
structure of 2D-P-12 consists of a hexagonal 2D layered
structure formed by the polymerization of Cg molecules
through [2+2] cycloaddition. The unit cell adopts an ABC
stacking mode along the c-axis, with the layers held together
through van der Waals forces (Fig. 22b).

Since the discovery of the first fullerene Cgo, the reactivity and
different reactions of Cso have been widely studied,?'? 213
including the reaction of Cg with alkaline earth metals.?14-216
Several single-crystal examples of metal-doped fullerene
polymers prepared through vapor-phase growth at normal
pressure have been reported.?'3 217213 For example, Tanaka et
al. synthesized a single crystal of Mg-doped 2D fullerene
polymers (2D-P-13) through a binary vapor-phase mixture of
Mg and Cgo in sealed glass tubes at elevated temperatures (Fig.
23).220 The mixture was placed in a two-zone furnace with a
temperature gradient of 500-600 °C for 24 hours, and the single
crystals were obtained in the zone of lower temperature
(500 °C). The crystal structure revealed that the C¢o molecules
were connected along the a and b axis to form a 2D layer, which
is stacked along the c-axis in an AB stacking mode, with Mg

(@) Mg+ Ce Vapor phase  Singe crystals

Fig. 23 Mg-doped 2D fullerene SCP: (a) Schematic picture of the equipment for the
synthesis of Mg-doped fullerene polymer 2D-P-13. (b) Single-crystal structure of 2D-P-
13. (c) Carbon coordination surrounding the Mg atom. (d) SEM image of 2D-P-13 single
crystal. Reproduced with permission from ref. 220, Copyright 2018, American Chemical
Society.

atoms intercalated between the layers at an Mg-C distance
smaller than 2.7 A.

Recently, Zheng and co-workers successfully exfoliated the
2D magnesium-doped Cgo SCPs using a cation intercalation
method.??! Two different Mg-intercalated single crystals of 2D.
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Ceo polymers with quasi-hexagonal (2D-P-14) and quasi-
tetragonal (2D-P-15) structures were obtained through a facile
reaction at atmospheric pressure by adjusting the ratio of Mg
and Ceo (Fig. 24a, b). The subsequent introduction of
tetrabutylammonium salicylate (TBAS) cleaved the C—Mg bonds
between Ceo polymer layers and tetrabutylammonium (NBu?**)
cations and replaced Mg ions in the interlayer. The larger ionic
radius of NBu** led to an effective expansion of interlayers,
facilitating exfoliation (Fig. 24c)

Due to the asymmetric lattice structure derived from the
orderly arrangement of asymmetric Cgp cages, the single layer of
2D-P-15 exhibited in-plane anisotropic behavior, including
anisotropic phonon modes and conductivity. With a bandgap of
1.6 eV, the single-layered 2D Cgo polymer holds great potential
for applications in optoelectronics.

3. 3D Architectures

Diamond represents an excellent example of 3D SCPs. Synthetic
strategies for 3D SCPs are similar to those used for 2D SCPs,
which include solution synthesis, topochemical synthesis, and
high-pressure synthesis. It is worth noting that there are more
successful examples of solution-synthesized 3D SCPs than 2D
SCPs. Conversely, there are more examples of topochemically
synthesized 2D SCPs than 3D SCPs. Likely, the growth in 3D
orientations may favor the formation of 3D structures in
solution, whereas the possible slippage between the layers in
2D SCPs hinders the growth of single crystals. Thus, for 2D SCPs,
topochemical synthesis has been more successful than solution
synthesis.

3.1 Solution Synthesis

3.1.1 Modulator-assisted synthesis

Wang, Yaghi, and Sun developed a general strategy for the
synthesis of large-sized single crystals of 3D COFs.!! The key step
of achieving good crystallinity is the efficient self-correction of
defects. The authors envisioned improving the reversibility of
the imine bond could facilitate the formation of high-quality
crystals. This was accomplished by introducing an excess of
aniline, which could act as a competitive modulator and a
nucleation inhibitor. The excess aniline could slow down the
reaction rates and facilitate the self-correction process. As a
result, large-sized single crystals were obtained. Four 3D COF
single crystals with uniform blocks (3D-P-2, 3D-P-3, 3D-P-4, and
3D-P-5) were obtained by using such modulation strategy (Fig.
25). The large size and high quality of the single crystals enabled
unambiguous structure elucidation through SCXRD analysis. The
commonly encountered ambiguities of interpenetration in 3D
COFs, the location of the guest molecules, the imine bond
formation, and the determination of complicated topology
were clearly deciphered with atomic resolution, which could
not be accomplished by using the common PXRD
characterization.

Applying this modulation strategy, Wang and co-workers
further reported a non-interpenetrated COF (3D-P-6).2%2
Quadrilateral and tetrahedral linkers consisting of
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Fig. 24 Exfoliation of 2D fullerene SCP: (a) Single-crystal structure of 2D-P-14; (b)
Single-crystal structure of 2D-P-15; (c) Schematic of the exfoliation process
Reproduced with permission from ref. 221, Copyright 2022, Springer Nature.

tetraphenylethylene and adamantane, respectively, were used
as building blocks to construct a single-crystal 3D COF with a
new topology and less interpenetration (Fig. 26a). By using the
modulation strategy (adding nucleation inhibitor and
competitive modulator), single crystals of 3D-P-6 were obtained.
SCXRD measurement on a single crystal with a size of 50 um (Fig.
26d, e) using synchrotron light sources showed the tetragonal
unit cell. Further cRED characterization confirmed the unit cell
parameters. Based on the SCXRD and diffraction data, a non-
interpenetrated open framework with a pts topology was
established (Fig. 26b, c).

Wang, Sun, and co-workers designed a new tetrahedral node
for constructing 3D COFs by introducing steric hindrance in the
ortho positions of biphenyl cores to generate nonplanarity of
the monomer (3D-M-9). The dihedral angles resulted in the
formation of the tetrahedral building unit 3D-M-9 (Fig. 27).23
The size of 3D-P-7 crystals obtained through conventional
solvothermal synthesis was very small. However, when aniline
was added as a modulator under optimized conditions, 3D-P-7
with a larger crystal size was successfully obtained, which could
be analyzed by cRED with a resolution of 2 A. The structure
analysis showed that 3D-P-7 adopts a 7-fold interpenetrated
structure with a pts topology. Although the number of
successful examples is still minuscule, the modulation strategy
has shown great potential in synthesizing single-crystal 3D COFs
with tunable sizes, especially the preparation of large-sized
single-crystal 3D COFs for SCXRD analysis.

3.1.2 Conventional solvothermal synthesis

As mentioned previously, conventional solvothermal synthesis
typically yields polycrystalline powders instead of high-quality
single crystals. Nevertheless, under optimized reaction
conditions, the synthesis can yield single-crystal 3D COFs,
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Fig. 26 Non-interpenetrated 3D COF: (a) Synthesis of single-crystal COFs 3D-P-6; (b) Non-
interpenetrated pts topology; (c) Crystal structure of 3D-P-6; (d) The optical microscopy
image of 3D-P-6. (e) SEM image of single-crystal 3D-P-6. Reproduced with permission
from ref. 222, Copyright 2020, Wiley-VCH.

OHC

Fig. 27 Synthesis and the single-crystal structure of 3D-P-7. Reproduced with permission
from ref. 223, Copyright 2020, American Chemical Society.

although the sizes are usually too small to be analyzed by SCXRD.
cRED has emerged as a powerful alternative method for
characterizing small single crystal structures.'> ¢ In 2013, Yaghi
and co-workers reported a cRED technique for the structure
determination of a 3D COF (3D-P-8) (Fig. 28).16 After collecting
the cRED data, the 3D reciprocal lattice was reconstructed with
a resolution of up to 1.5 A (Fig. 28b) and the structure of 3D-P-
8 was successfully determined in the space group /42d (Fig. 28c).
Wang and Sun further explored such a method and employed
3D cRED technique to determine the structures.® 223 224 They
developed a novel topology design approach for constructing
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Fig. 28 The cRED technique for the structure determination of 3D COF: (a) Synthesis of
3D-P-8. (b) Morphology and electron diffraction of 3D-P-8. (c) Single-crystal structure
of 3D-P-8. Reproduced with permission from ref. 16, Copyright 2013, American
Chemical Society.

3D COFs from tetrahedral or quadrilateral building blocks.
Imine-linked 3D COF isostructures (3D-P-9, 3D-P-10, and 3D-P-
11) were synthesized through a "4 + 4" reaction (Fig. 29a).1*
After optimization of the reaction conditions, single crystals
with octahedral shape and size up to 1 um were obtained (Fig.
29c). The 3D cRED technique proved capable of resolving the
locations of the atoms except for H in the 3D structures of 3D-
P-9, 3D-P-10, and 3D-P-11, which show 5-fold interpenetrated
pts nets with a resolution of 0.9 A (Fig. 29b).

The development of the cRED technique allows us to explore
the changes in topology through steric control. As shown in Fig.
30a and b, Wang and Sun synthesized three 3D COFs from
similar precursors. The change in the substituents from
methoxy groups to phenyl groups in the monomers changed the
topology of the corresponding 3D COFs accordingly.??> Two 3D
COFs with totally different topologies were obtained. Based on
cRED analysis, 3D-P-12 adopts a pts topology with a 5-fold

"Z -H,0
HN Onn,

NH,

3D-M-1

(a) OHC. . CHO
+

OHC' O B O cHo

R=H 3D-M-11

R=Me 3D-M-12
R=F 3D-M-13

.
~ R=H 3D-P-9
R=Me 3D-P-10
R=F  3D-P-11

interpenetrated structure, whereas 3D-P-13 was found to have
a new ljh topology. When the substituents were changed to OH
groups (3D-P-14), a reversible transformation was found in the
switchable 3D COF through a quinone/hydroquinone redox
reaction (Fig. 30c).2?%

As is widely recognized, rigid building blocks are typically
used in synthesizing 3D COFs due to their preorganized
structure, which can minimize system entropy loss and facilitate
the formation of ordered structures. Although the concept of
constructing 3D COFs with flexible linkers is appealing, there
have been only few successful examples reported due to the
challenges in the synthesis and structure characterization.
Flexible framework structures have demonstrated intriguing
characteristics such as reversible expansion/contraction upon
vapor adsorption/desorption and distinctive breathing behavior,
establishing them as a new type of soft porous crystals. Recently,
Wang and Sun reported a 3D COF (3D-P-15) with flexible ether
linkages in the backbone (Fig. 31a).2?* Despite achieving a
resolution of approximately 1 A, the direct determination of the
structure of 3D-P-15 using cRED data was not possible due to
the signal-to-noise ratio below 2 at high resolution (>1.5 A) and
a completeness of around 40%. They, therefore, implemented
an advanced data procession method typically used in protein
structure determination, involving the scaling and merging of 17
cRED data sets. This ultimately led to the successful
establishment of a complete structure model of 3D-P-15,
adopting a pts topology with a 6-fold interpenetration (Fig. 31b)
The flexibility of 3D-P-15 enabled by the flexible ether linkage
allowed for a reversible expansion/contraction process upon
vapor adsorption and desorption. However, the successful
preparation of single crystal 3D-P-15 presented a significant
challenge due to the free rotation of the C-0 single bonds in the
building block 3D-M-17. Achieving success required a judicious
combination of the flexible 3D-M-17 and the rigid 3D-M-1
building block and numerous trials to identify optimized
reaction conditions contributed to the success.

Conventional solvothermal synthesis has yielded many

successful examples of small-sized, single-crystalline 3D

Fig. 29 The cRED technique for the structural determination of 3D COFs: (a) Synthesis of three 3D COFs (3D-P-9, 3D-P-10, and 3D-P-11); (b) Structural representations of 3D-P-9,
3D-P-10, and 3D-P-11; (c) SEM images of 3D-P-9 (top), 3D-P-10 (middle), and 3D-P-11 (down). Reproduced with permission from ref. 14, Copyright 2019, Wiley-VCH.
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Fig. 30 Substituent effect on the topologies of 3D COFs: (a) Synthesis of 3D-P-12, 3D-P-
13, 3D-P-14; Reproduced with permission from ref. 225, Copyright 2021, American
Chemical Society. (b) Tuning the topology of 3D-P-12 (pts) and 3D-P-13 (ljh) via steric
control; (c) The oxidation and reduction process of 3D-P-14. Reproduced with
permission from ref. 226, Copyright 2020, Springer Nature.

COFs.227 228 Unlike the case for 2D COFs, the growth in 3D
directions in solution appears to favor the formation of ordered
structures, while interlayer slippage, common in 2D COFs, is
detrimental to crystallization. Nonetheless, optimizing reaction
conditions for the preparation of single-crystal 3D COFs typically

requires costly and time-consuming trial-and-error experiments,

with no proven effective guidelines yet identified. With the
technological development of characterization, particularly the
cRED technique and the emergence of commercial instruments,
it is expected that more and more diverse single-crystal 3D COFs
will emerge. Moreover, the development of new types of
organic reactions beyond the Schiff-base reaction would be of
great interest, given that current examples are all based on the
formation of imine bonds.

3.1.3 Amphiphilic amino-acid assisted aqueous-phase
synthesis
Recently, Zheng, Sun, Liu, and co-workers reported an

amphiphiliccamino-acid-assisted strategy to prepare single-
crystal imine-linked COFs in aqueous solutions under ambient
conditions.??® The amphiphilic amino-acid molecules can self-

Chemical Society Reviews

assemble into micelles and serve as dynamic barriers to prevent
the precipitation of materials from the polymerization of the
monomers in water, thus synthesizing single-crystal COFs (Fig.
32). This strategy shows good universality, and five types of 3D
single-crystal COFs were obtained. 3D-M-1 is selected as the
amine monomer, 3D-M-18, 2D-M-3, 3D-M-10, and 3D-M-19
3D-M-20 containing electron-accepting, electron-donating, and
heterocyclic groups next to the aldehydes are chosen as the
aldehyde-based monomers. Palmitoylglycine (C16-GlyA) acts as
the amphiphilic amino-acid and can assemble into micelles with
a layered supramolecular structure in water, affording a
hydrophobic compartment. The aldehyde-based monomer was
first dissolved into the Ci6-GlyA emulsion. The subsequent
addition of p-toluenesulfonic acid-protonated 3D-M-1 led to
gel-like mixtures, which are oligomers of polyimines. As the
reaction proceeded, the disordered phase gradually
transformed into crystals. Pure single-crystal COFs were
obtained after a long-time reaction (14 days). The single-crystal
structure of 3D-P-16 exhibits a diamond-type topology with
seven-fold interpenetration. 1D straight channels along the
interpenetration direction were observed. The removal of Cj6-
GlyA leads to a notable framework distortion. Similar to the case
of 3D-P-16, all non-hydrogen atoms of the 3D-P-2, 3D-P-8, 3D-
P-17, and 3D-P-18 crystals were identified. Notably, the single-
crystal sizes of 3D-P-16 and 3D-P-18 are large enough for SCXRD
analysis. The three left structures were resolved by the cRED
technique.

3.1.4 Metal-coordinated synthesis

Besides the traditional 3D COFs, Yaghi and co-workers
developed a single-crystal 3D woven structure made of helical
threads. The term "weaving" was used to describe the
interlacing of 1D units that make 2D and 3D structures.?3°
Although these woven structures are made of 1D chains, the
overall structures are 2D or 3D due to the metal-coordinated
interaction to weave the 1D chains together.?3® A starting
material with tetrahedral geometry, the phenanthroline-Cu
complex containing four aldehyde groups (Fig. 33a), was chosen
for the synthesis of a 3D COF via a Schiff base reaction with the
linear linker benzidine. The resulting imine-linked threads were
precisely brought together by copper ions, which act as
templates, vyielding a 3D framework with a weaving
arrangement. Thanks to the tetrahedral geometry of the
phenanthroline-Cu complex, the threads can be assembled into
framework. The structure was resolved using 3D electron
diffraction tomography (3D-EDT), which showed that 3D-P-19
has an orthorhombic Bravais lattice with a C-center. According
to the refined model, 3D-P-19 crystallizes in a two-fold
interpenetrated 3D framework with a dia topology. Notably,
this material exhibits an unusual behavior in elasticity, likely
because of its unique weaving structure. Subsequently, the
same group used similar tetrahedral building units based on
metal complexes to achieve a symmetrical arrangement of the
organic threads to obtain a 3D woven structure with diamond
topology (Fig. 33b).23! The complex of cobalt and
bis(diiminopyridine) acts as the tetrahedral building blocks with
a dihedral angle of 80°. Unlike the previous study, the Boc-
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Fig. 31 An example of flexible 3D COF: (a) Synthesis of 3D-P-15; (b) The single-crystal structure and the interpenetration of 3D-P-15. Reproduced with permission from ref. 224,

Copyright 2021, American Chemical Society.
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Fig. 32 Schematic diagram of the amphiphilic amino-acid-assisted aqueous-phase synthesis; chemical structures of monomer and single crystal structures of the prepared 3D COFs.

Reproduced with permission from ref. 229, Copyright 2023, Springer Nature.

protected amine was used as the starting material, which was
gradually deprotected to slow down the imine condensation
reaction and facilitate the crystallization process. The structure
of 3D-P-20 was solved by electron crystallography and X-ray

analysis, showing 3D-P-20 has a very simple 3D woven structure.

Only two sets of straight and parallel threads were observed in
the structure to form one point of the registry.

Based on the previous work of 3D-P-20, Yaghi and co-workers
further reported a new isoreticular woven metallated 3D-P-21

(Fig. 33c).?32 In this work, the BF4; counter anions were
exchanged with PO,Ph,™ anions to fill the internal voids of the
COFs. Thus, the interpenetration during the framework
formation was successfully prevented in the case of 3D-P-21.
3D-EDT revealed a monoclinic Bravais lattice of 3D-P-21. The
experimental PXRD pattern and HRTEM showed that 3D-P-21
belongs to the monoclinic space group Pc. Notably, 3D-P-21,
which contains a 3D pore system with a large channel, exhibits
adaptive dynamics for vapor and dye inclusion.
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Fig. 33 Chemical structures of four examples of 3D woven COFs: (a) 3D-P-19. Reproduced with permission from ref. 230, Copyright 2016, American Association for the Advancement
of Science. (b) 3D-P-20. Reproduced with permission from ref. 231, Copyright 2017, American Chemical Society. (c) 3D-P-21. Reproduced with permission from ref. 232, Copyright
2018, American Chemical Society. (d) 3D-P-22. Reproduced with permission from ref. 233, Copyright 2019, American Chemical Society.
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Fig. 34 3D woven COF: (a) The strategy of constructing 3D woven COF (3D-P-23); (b) The
synthesis and the crystal structure of 3D-P-23. Reproduced with permission from ref. 63,
Copyright 2023, Springer Nature.

In a recent study, Yaghi and co-workers developed a new
extended 3D COF structure with mechanical entanglement.?33
The framework was created by interlocking 1D ribbons of
corner-sharing squares constituted entirely of covalently linked
organic molecules (Fig. 33d). Similar to their previous work, they
used the copper(l)-bisphenanthroline complex salt as the
tetrahedral tetratopic units. However, instead of a linear ditopic

benzidine linker, the square-planar tetratopic units were used
to construct an extended 3D COF (3D-P-22) through interlocking
of 1D corner-sharing square ribbons. The structure of 3D-P-22
with pts topology was revealed by electron microscopy and X-
ray powder diffraction.

Loh and co-workers reported a 3D woven COF (3D-P-23),
which was synthesized via the reaction between two stable
metal complexes 1D-M-5 and 3D-M-21 (Fig. 34).%3 The structure
of the 3D woven COF was characterized by 3D ED and PXRD. 3D-
P-23 exhibits a dia topology with a three-fold interpenetrated
structure. Cu ions in the tetrahedral building units serve as a
node to organize the interlacing of the threads.

Crystalline woven materials are a valuable addition to the
field of reticular chemistry, enriching the library of materials. It
is possible to grow single crystals of these woven COFs. The
presence of the metal may facilitate their crystallization. The
structures of 3D woven COFs could be elucidated through a
combination of techniques, including the electron diffraction
technique, PXRD, and HRTEM.

3.1.5 Exploration of new linkages

The majority of single-crystal 3D COFs that have been reported
in the literature are based on Schiff base chemistry and are
synthesized by polycondensation of aldehydes and amines. The
dynamic self-adjusting process is critical for achieving the
thermodynamic equilibrium and ultimately forming highly
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Fig. 35 Diamondoid azodioxy 3D SCPs: (a) Synthesis of three covalent organic networks
3D-P-24, 3D-P-25, and 3D-P-26 by reversible self-addition polymerizations; (b) Single-
crystal structures of 3D-P-24, 3D-P-25, and 3D-P-26; (c) Optical microscopy images of
the single crystals 3D-P-24, 3D-P-25, and 3D-P-26. Reproduced with permission from
ref. 10, Copyright 2013, Springer Nature.

Fig. 36 Single-crystal structure of the 3D C60 SPC 3D-P-27. Reproduced with permission
from ref. 208, Copyright 2023, American Physical Society.

ordered structures. However, exploring new reaction pathways
for preparing single-crystal 3D COFs with new linkages beyond
the imine bond is highly encouraged and attractive. Despite
numerous attempts to synthesize 3D COFs using novel linkages,
successful examples of non-imine-bonded single-crystal 3D
COFs with an unambiguous structure elucidation are very rare.
In 2013, Wuest and co-workers reported several examples of
single crystals of 3D covalent organic networks (3D-P-24, 3D-P-
25, 3D-P-26).1° The reversible self-addition polymerization of
nitroso was utilized to realize the error-correction process. The
authors found that the azodioxy linkers are suitable for the
construction of single-crystal covalent organic networks due to
their good reversibility, which is the key to this strategy. Three
different monomers with nitrous groups all converted to the
corresponding diamondoid azodioxy networks as single crystals,
which were characterized by SCXRD (Fig. 35a, b, and c).

3.2 Topochemical polymerization

Unlike the topochemical approach used for the preparation of
2D SCPs, successful examples of 3D SCPs preparation are
extremely rare. Ke and co-workers reported one successful
example (3D-P-1), which was discussed in section 2.2 (Fig. 19)
together with the 2D-P-9 with a 2D structure for the sake of
organizational coherence. The design concept and synthetic
strategy for 3D SCPs are similar to those of the 2D SCPs
discussed in section 2.2. While there are certainly challenges to
overcome, as is also the case with the preparation of 2D SCPs,
the current scarcity of successful examples is both intriguing
and motivating for researchers to continue exploring this field.
For example, Dinca and co-workers recently reported the
preparation of crystalline 3D porous organic polymer with C—C

bond linkages by wusing topochemical polymerization.
Photoactive anthracene derivatives were connected to a
tetraphenylmethane core to single-crystal
monomer.?3% Although the transformation from monomer to
polymer through [4+4] photo-dimerization between the
anthracene preserved crystallinity, efforts to obtain single
crystals of the polymer were unsuccessful due to the large
displacement of monomer molecules during the
photopolymerization. While efforts to obtain single crystals of
3D polymers through [4+4] photo-dimerization have been
unsuccessful. It is important to note that significant progress
has been achieved, and the researchers were on the brink of
success. Furthermore, the achievements in the field of 2D SCPs
preparation through topochemical polymerization provide a
solid foundation for the belief that rational monomer design
and continued exploration will lead to the realization of 3D SCPs
with promising properties.

form the

3.3 Others

In addition to the traditional synthetic strategies, high-pressure
synthesis offers an alternative method for preparing single-
crystal samples of 3D architectures,?®® as demonstrated by
Yamanaka and co-workers in their work on 2D Cg SCP
(discussed in section 2.3).2%% 20% |n 2006, they were able to
convert the 2D Cgo SCPs into 3D Cgo SCPs (Fig. 36) using high
pressure and temperature (15 GPa and 600 °C).2%%, The
conversion occurred topochemically, preserving the basic
structure of the individual 2D structure. The resulting single-
crystal structure of 3D-P-27 revealed that each Cgo unit was
deformed into a cuboid-shaped rectangular parallelepiped and
linked to 8 cuboid neighbors in the body-centered cell by [3+3]
cycloaddition. Unlike the nonconductive 2D Cgo polymer, 3D-P-
27 is electron conductive. The success of synthesizing 3D SCPs
under high-pressure conditions is a promising development,
which opens up possibilities for the synthesis of other 3D SCPs
using similar methods. Further research in this area is highly
recommended to explore these possibilities.

Conclusions

The study of SCPs has emerged as a highly popular research
subject over the past decade. The synthesis of such SCPs
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presents a challenging task for chemists, as they must exert
complete control over the formation of chemical bonds as
opposed to random polymerization. An atomic-level
determination of atom positions, bond connections, and
secondary interactions through single-crystal structure analysis
can potentially offer solutions to many long-standing questions
and concerns in polymeric architectures, including
understanding polymerization mechanisms, controlling factors
of structural orders, exploring potential applications based on
their structures, and studying the physical properties of
polymers.

Despite the potential benefits, the lack of general strategies
to grow high-quality single crystals remains a significant
challenge in SCPs synthesis. To date, solution synthesis and
topochemical polymerization have been the primary strategies
employed for the formation of SCPs. Although these methods
offer great potential for the development of efficient and
versatile SCP synthesis methods, both of these methods have
limitations in terms of the choice of reaction types, and highly
time-consuming trial-and-error experiments are unavoidable.
Solution synthesis is highly dependent on imine-bond reactions,
while topochemical polymerization is limited to irradiation- or
heating-triggered reactions. Solution synthesis has the
advantage of extending the topologies of the obtained
structures, as the design of diversified monomers for structural
diversity is much easier in this method. The polymerization
kinetics are deemed to be critical based on the current
understanding of solution synthesis. In contrast, topochemical
polymerization is advantageous for the preparation of large-
sized single crystals, as the size of the single-crystal monomers
determines the size of the SCPs. Further studies in this area are
highly encouraged to develop more efficient and versatile
methods for the synthesis of SCPs.

The structure determination of the obtained SCPs at an
atomic level is still limited to SCXRD and cRED. The cRED
technique has become a well-accepted characterization
technique for the structure determination of SCPs and will
continue to play a key role in SCPs materials. The cRED
technique, although demanding in terms of technical expertise
and optimization of operating conditions, requires smaller
single crystals compared to SCXRD. However, it has not gained
as much popularity as SCXRD for structure determination due
to its technical demands. Moreover, successful applications of
cRED to 2D SCPs are scarce, underscoring the importance of the
further investigation. Additionally, since both SCXRD and cRED
demand high-quality single crystals, alternative techniques are
needed to determine the crystal structures of polycrystalline
samples and circumvent the need for growing large single
crystals. Any advancements in instrumentation and
characterization techniques should be leveraged for the
structure determination of SCPs. Cross-disciplinary approaches,
such as cryo-transmission electron microscopy (cryo-TEM), are
also encouraged to overcome existing limitations.

Advancements in the development of strategies to obtain
SCPs are expected to significantly improve the structural
diversity of SCPs, particularly 2D and 3D SCPs, realizing their full
potential in the near future. These SCPs possess highly ordered
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structures, well-defined pores, and channels that offer unique
characteristics, making them ideal for precise separation
technology, nano-confinement catalysis, organic single-crystal
device, and many other applications. With an atomic-level
determination of atom positions, bond connections, and
secondary interactions through single-crystal structure analysis,
researchers can gain insight into the structure-property
relationship of these materials and reveal their intrinsic
properties. Even though the application of SCPs has not been
extensively studied, their immense potential is clear, and
further research in this area is highly encouraged.
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