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Single crystal covalent organic frameworks

Yongzhi Chen,† Zhihao Zhang† and Donglin Jiang *

Covalent organic frameworks (COFs) are crystalline porous polymers that provide a versatile platform for

designing dimension-specific organic architectures via topology diagrams and constructing diverse

materials with structure-originated unique functions. Their synthesis relies on the organization of

organic building units through coupled physicochemical processes, including covalent polymerization,

supramolecular polymerization, nucleation and crystallization. As a result, the polymerization system

develops a highly complex reaction landscape, characterized by the coexistence of oligomers and

polymers of diverse sizes and shapes, concurrent covalent bond formations and noncovalent

interactions, and competing thermodynamic and kinetic pathways that respond sensitively and

distinctively to conditions. This intrinsic complexity limits precise structural control in polycrystalline

COFs and poses great challenges for the synthesis of single crystal COFs, which remain scarce in terms

of structural diversity, scalability and accessibility. In this review, we inspect current strategies and

methodologies for the design and synthesis of single crystal COFs, scrutinize polymerization, nucleation

and crystallization mechanisms to identify key control parameters, correlate structure–property relation-

ships and compare their properties and functions with polycrystalline COFs to elucidate the impact of

structural integrity on performance. We envision the key challenges and outline future major directions.

By building a full picture, this review provides a conceptual framework and roadmap for advancing single

crystal COFs toward fundamental innovation and practical implementation.

1. Introduction

Single crystals offer an irreplaceable platform for both basic
research and advanced applications. They share a general yet
unique structural feature, i.e. extended and well-defined lattices
across the material. Their grain-boundary free nature paves an
excellent approach to inherent characteristics, such as
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mechanical, optical and electrical properties. These distinct
features make single crystals invaluable, playing indispensable
roles in various industries, particularly in optics and
electronics.1–4 Whilst great progress has been made in synthe-
sizing single crystals of organic and inorganic compounds,
there still lacks efficient methodology to grow single crystals
of macromolecules, especially extended covalent polymers
obtained through step-growth polymerization. The difficulty
lies in the complexity of the polymerization system, which
consists of rapidly generated oligomers of different sizes and
shapes that undergo uncontrollable reactions among them-
selves, and concurrently involves different processes such as
step-growth polymerization, supramolecular polymerization,
aggregation, precipitation, nucleation and crystallization.
Developing single crystals from such complexity remains a
substantial challenge. Achieving breakthroughs in these meth-
ods and syntheses would not only uncover the hidden struc-
ture–function relationship but also shift the regime toward
materials design and implementations.

As novel crystalline porous polymers, covalent organic fra-
meworks (COFs) are attracting ever increasing attention due to
their predesignable structures and unique functions (Fig. 1).5–11

COFs are diverse in structure in terms of both their
skeleton and pores, offering an irreplaceable molecular plat-
form for designing specific properties and functions, ranging
from gas adsorption12–21 to molecular separation,22–29 light
emission,30–37 proton conduction,38–49 semiconductors,50–56

sensors,57–63 catalysis,64–96 drug delivery97–104 and energy con-
version and storage.105–115 COFs are composed of light ele-
ments, such as C, H, B, N, O and S, synthesized via one-pot
polymerization reactions and obtained as insoluble powders.

These powders are usually in a polycrystalline form other than
the expected single crystal.116–119 This precludes the possibility
of using single-crystal X-ray diffraction (SCXRD) analysis to
resolve their atomic coordinates, leading to large uncertainties
regarding their true structures. An essential subject of the field
is how to synthesize single crystals.

One distinct feature of COFs in terms of design and synthe-
sis is that their building units are diverse in geometry (Fig. 2).3

Depending on the geometric combination of building
blocks, COFs form covalently linked one-dimensional, two-
dimensional or three-dimensional (1D, 2D or 3D) structures.
This covalently-linked bonding feature is unique and disti-
guishes COFs from metal-organic frameworks (MOFs), in which
coodination bonds between metal ions and organic ligands
drive the structural formation. Noticeably, the structural
growth patterns of 1D, 2D and 3D COFs are different.3–5 For
1D COFs, the four-substituted C2-or C4-symmetric knots com-
bine with V-shaped linkers to form extended porous belts
(Fig. 1a, x dimension). For 2D COFs, knots and linkers are
connected via covalent bonds to generate polygonal backbones,
which extend over 2D planes to form polymeric networks
(Fig. 1b, x–y dimension).116 The resultant 2D networks stack
at sub-nanometre intervals along the z direction through non-
covalent interactions (Fig. 1b, z dimension), creating extended
crystalline porous materials.116 In contrast, 3D COFs require at
least one building unit with 3D or orthogonal geometry to
ensure 3D covalent growth of polymeric backbones (Fig. 1c,
x–y–z dimensions).119–125

Notably, the different growth patterns inherently require
different design considerations. The synthesis of single crystal
COFs must therefore be approached from different perspec-
tives, with careful attention to the specific types of interactions
involved and the strategies used to regulate them. For single
crystal 2D COFs, their growth is anisotropic due to the involve-
ment of both covalent bond formations and noncovalent inter-
actions, which exhibit distinct yet related responses to synthetic
conditions. It is worth noting that the noncovalent

interaction, i.e. p–p stacking, is not merely an auxiliary
interaction in 2D COFs but constitutes a structural prerequisite
for stabilizing their layered periodic framework. Indeed, 2D
COFs reported universally to date rely on interlayer p–p stack-
ing to maintain long-range order. In contrast, the growth of 3D
COFs is predominantly governed by the covalent chemistry,
though supramolecular interpenetration with less effective p–p
stacking is commonly observed in the crystal structures of 3D
COFs. Non-interpenetrated single crystal 3D COFs were suc-
cessfully synthesized,126 and hence the absence of this non-
covalent interaction has less effects on the formation of 3D
COFs. Therefore, the supramolecular interpenetration is
neither essential nor the structural driving force determining
the synthesis of single crystal 3D COFs. Consequently, in view
of complicated interactions in 2D systems, 3D COFs exhibit
comparatively fewer barriers to single crystal growth, originat-
ing from the fact that their lattice growth is driven simply by
covalent bonds with less effects from noncovalent interactions.
Synthesizing single crystal 2D COFs requires control over both
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covalent bond formations and noncovalent interactions, which
are distinctively and strongly associated with the kinetics and
thermodynamics of the polymerization systems. Thus, in the
case of 2D COFs, the key is to balance the growth of 2D covalent
polymers over the x–y plane via polymerization and the exten-
sion of layers along the z axis through supramolecular poly-
merization, as well as nucleation and crystallization processes
(Fig. 1b).127 These processes are affected by synthetic condi-
tions with different sensitivities.127

To grow single crystal 2D COFs, synthetic conditions, includ-
ing monomer concentration, temperature, catalyst, solvent,
reaction time and reactor, need to be extensively optimized to
find a critical zone, in which covalent polymerization, supra-
molecular polymerization, nucleation and crystallization can be
well matched for the growth of single crystals other than

polycrystals or amorphous polymers. Nonetheless, this critical
zone is determined by multidimensional factors, while in most
cases, a specific synthetic condition either favours the covalent
growth or facilitates the supramolecular polymerization pro-
cess. Thereby, systematic and concurrent control over the
above two processes is a prerequisite for the formation of
single crystal 2D COFs. In contrast, 3D COFs simplify the
reaction system to form single crystals due to the reduced
involvement of supramolecular polymerization (Fig. 1c). From
the viewpoint of chemistry, the growth rate of single crystals in
each dimension is equal due to the same chemical reactivity of
functional groups, benefiting the formation of single crystal
3D COFs.

Progress over the past two decades in the design, synthesis
and structural explorations has established the chemistry basis

Fig. 1 Growth patterns of COFs. (a) Topology Design of 1D COFs. (b) Topology design of 2D COFs. (c) Topology design of 3D COFs.
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of the COF field, establishing a molecular platform for
designed construction of diverse functional materials and
systems.3–5,128–133 Looking toward the next decade, single crys-
tal COFs are becoming important to advancements in design,
functional exploration and practical applications, whilst syn-
thetic methods towards single crystals need to be further
explored. In this review, we summarize the advancements in
single crystal COFs, by highlighting the unique structural
features in these single crystals in comparison with their
polycrystalline and/or amorphous counterparts. We scrutinize
different synthetic strategies from the design of building units
to the screening of reaction conditions, showing insights into
diverse chemical approaches to single crystals. We compare
limitations of different synthetic methods and predict future
directions, with an aim to develop high-quality single crystal
COFs and unlock their unique structures and intrinsic
potentials.

2. Fundamentals, thermodynamics
and kinetics

Single crystal COFs represent the highest degree of structural
perfection in this class of materials, enabling precise determi-
nation of their atomic arrangements and correlation of

structure–property relationships.134–138 The synthesis of single
crystal COFs differs significantly from their polycrystalline
counterparts in terms of reaction conditions, where regulating
the thermodynamics and kinetics is critical throughout the
whole process of polymerization, nucleation and crystallization
(Fig. 3). Nonetheless, the inherent trade-offs and interdepen-
dencies between these processes make the growth of single
crystal COFs challenging.

2.1. Fundamental aspects

The development of single crystal COFs has revolutionized
structural studies, shifting them from uncertainty to certainty.
The pure and true structures from single crystals reveal intrin-
sic properties of COFs, which are inaccessible from polycrystal-
line and amorphous materials. In particular, polycrystalline
COFs usually exhibit structural defects and disordered grain
boundaries, which set additional barriers to accessing the
ordered structures and pose great uncertainty to the structural
accuracy. The properties and functions derived from the poly-
crystalline COFs represent an average level of both ordered and
disordered structures. Unlike polycrystalline COFs, single crys-
tal COFs exhibit rare or even no structural defects and exhibit
excellent structural integrity throughout the whole crystal
(Fig. 3). This marks a cornerstone in research, where single

Fig. 2 Monomer structures for the synthesis of single crystal COFs.
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crystal COFs provide a unique platform for exploring their
hidden structural features and original functions.127

From the aspect of chemistry, developing methodologies for
synthesizing single crystal COFs is challenging but highly
desirable. It not only advances our capabilities in solving
crystallization problems in crystallology but also provides new
knowledge for better understanding of polymerization and
supramolecular chemistry. Notably, innovation in such meth-
odologies would inspire other fields, with transformative and
long-lasting impacts.

From a materials science perspective, single-crystal COFs
reveal their true nature to the field. Particularly for 2D COFs,
their macroscopic morphology remained unknown until the
synthesis of single crystal COFs. Remarkably, single crystal
COFs with perfect structures do not exhibit the phase
impurity-induced side effects of polycrystalline and amorphous
materials and reveal the most relevant structure–function
correlations.

From an application perspective, single crystal COFs have
broad scopes ranging from optics to electronics, adsorption,
separation, energy conversion and storage and many others.
Notably, they usually show exceptional performances compared
with their polycrystalline and amorphous counterparts.

2.2. Thermodynamics

Single crystal COFs have been synthesized through highly
reversible chemical reactions to facilitate the error-correcting
process, which is important throughout the nucleation
and crystallization processes. Indeed, one-pot polymerization
generates rather complicated reaction systems, in which

crystallites, oligomers of different sizes, aggregates of different
species and disordered segments inevitably co-exist. In this
context, highly reversible reactions are necessary for the de-
composition or de-assembly of structural defects, allowing
monomers to be covalently linked and crystalize into single
crystal COFs (Fig. 3).5,129

Noteworthily, crystal formation must follow the thermody-
namic criteria, which determine the equilibrium state of a
crystallization system, generating thermodynamically stable
crystals. For a specific polymerization reaction (DG = DH � TDS),
polymerizing small molecular units into large and continuous
polymeric networks and macromolecules in an ordered
manner is an entropy-decreasing process (DS o 0) but usually
releases large amounts of heat (DH o 0). In this context, the
reaction temperature determines whether this process can
proceed spontaneously or not. Although lowering the tempera-
ture favours the supramolecular polymerization process, as
monomers and oligomers need to have sufficient activation
energy to overcome the energy barrier to promote the covalent
polymerization, elevated temperatures are favourable for
the kinetic process. Thermodynamics drives the formation of
the most stable product and minimizes the surface energy
to govern the morphological structures of single crystals
(Fig. 3), and prolonging the reaction time is essential to reach
a near-thermodynamic minimum and to reach the final
equilibrium state.

2.3. Kinetics

The synthesis of single crystal COFs requires slowing down the
kinetic processes, where nucleation, crystallization and crystal

Fig. 3 Single crystal COFs: fundamentals, thermodynamics and kinetics.
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growth need to be carefully controlled to avoid and/or minimize
structural defects, disorders and wrong connections. Nonethe-
less, there are many external and internal factors affecting
kinetic processes (Fig. 3), rendering the synthesis of single
crystal COFs a challenge.134

Usually, a fully dissolved system is highly desired, as
it provides a homogeneous solution to achieve suitable mono-
mer concentrations. This is critical as nucleation occurs at the
initial stage and is sensitive to the monomer concentration.127

On the one hand, a highly concentrated solution accelerates the
polymerization and nucleation, resulting in rapid precipitation
of products and unbalancing the concentration of different
species in the reaction system. Consequently, polycrystalline
COFs with disordered boundaries would generate concurrently.
On the other hand, a too-diluted system slows down both
polymerization and crystallization, hardly forming large
enough single crystals due to the lack of sufficient building
blocks. Therefore, a suitable concentration of monomers is
necessary for the synthesis of single crystal COFs. For this
reason, the solvent selection is key to the growth of single
crystals, as concentration is related to the solubility of mono-
mers and oligomers, where molecular backbone, size, rigidity,
polarity and functional groups are factors that change the
solubility.127

In addition, reaction kinetics is also affected by other
external factors (Fig. 3), such as temperature, modulator,
catalyst and reaction time. Among these factors, reaction
temperature is one of the most important conditions to evalu-
ate. For a typical 2D COF system, increasing the temperature
usually accelerates covalent polymerization but disfavours
supramolecular polymerization, resulting in low crystalline or
even amorphous products. On the other hand, decreasing the
temperature slows down polymerization but promotes nonco-
valent interactions, leading to -precipitates or aggregates of
oligomers other than single crystals.

The above considerations unveil that the key is to find the
reaction parameters that can achieve a good balance between
polymerization, defect correction and supramolecular polymer-
ization. Only systems that establish such a balance have the
chance to generate high quality single crystals.

2.4. Phase diagram

The growth of single-crystal COFs is complex due to competitive
thermodynamic and kinetic factors. Crystallization phase dia-
grams are useful tools in understanding the formation of single
crystal COFs by providing specific zones of monomers, oligo-
mers, polymers, temperature, catalyst and solvent. Clearly, the
phase diagram is multi-component in nature, and should be
divided into monomer–temperature, monomer–catalyst, mono-
mer–polymer, polymer–temperature and polymer–catalyst
diagrams.

Crystallization phase diagrams have four typical zones –
undersaturated zone, metastable zone, liable zone and precipi-
tation zone.139–141 In the undersaturated zone, the monomer is
fully dissolved, and there is no crystal growth. The metastable
zone allows sluggish nucleation and slow growth of crystals. In

contrast, rapid nucleation and fast growth of crystals occur in
the labile zone, which usually results in polycrystalline or
amorphous polymers due to supersaturation. In the precipita-
tion zone only polycrystalline and disordered polymers are
generated because of supersaturation.

Although crystallization phase diagrams guide the growth of
single crystal COFs, not much is known due to the complicated
polymerization systems and crystallization processes involved.
In contrast, phase diagrams have been investigated for supra-
molecular assemblies, linear polymer systems and branched
polymer networks, providing valuable conceptual frameworks
for understanding complex self-assembly and crystallization
processes.141–151 In supramolecular systems, phase diagrams
are typically established via systematic variation of tempera-
ture, concentration, solvent composition or pH, combined with
in situ spectroscopic and scattering techniques to resolve
assembly pathways, nucleation thresholds and metastable
intermediates.142–144 Accordingly, how cooperative and assem-
bly mechanisms govern the emergence of ordered architectures
can be revealed. In linear polymer systems, phase behaviour
has been revealed by using thermodynamic models such as
Flory–Huggins theory, which enables the mapping of miscibil-
ity windows and phase separation boundaries.141,145–147

Furthermore, block copolymer systems have demonstrated
how competing interactions and compositional parameters
dictate the formation of distinct ordered domains and
morphologies, including lamellar, cylindrical and gyroid
structures,148,149 which are commonly represented in composi-
tion–interaction parameter phase diagrams. In branched and
network polymers, phase diagram studies reveal gelation tran-
sitions and connectivity percolation thresholds. Combining
rheological analysis with theoretical gelation models identifies
network formation pathways.150,151

These approaches highlight that phase diagram construc-
tion generally relies on multidimensional parameter mapping
coupled with multiscale structural characterization and theore-
tical modelling. Such methodologies offer important guidance
for investigating crystallization phase behaviour in COFs. Given
the complex processes involving covalent bonding, supramole-
cular polymerization, nucleation and crystallization, adopting
similar systematic mapping strategies and in situ analytical
techniques may provide insights into nucleation regimes,
crystallization windows and growth pathways in framework
materials, revealing the phase diagram.

3. Design principles and structural
resolution
3.1. Design principles

The development of single crystal COFs is more difficult than
the synthesis of their polycrystalline and amorphous counter-
parts, and the monomer, topology and reaction conditions
required are critical factors to be investigated.127,130,134,138

The requirements for building units (Fig. 2) are three-fold: (1)
a rigid backbone enables a specific growth direction, for which
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polyaromatic skeletons are frequently deployed; (2) geometry-
matched monomers generate well-defined yet extended poly-
gonal networks, where the topology diagram guides the for-
mation of frameworks; (3) the polymerization of monomers
under suitable reaction conditions forms linkages, which are
able to correct defects through a self-healing process.

One important factor is the solubility of monomers and the
resultant oligomers, which exert profound effects on polymer-
ization and crystallization.117,152 Monomers with high
solubility accelerate polymerization, quickly generating large
amounts of oligomers, which however, tend to precipitate out
from the reaction system; it is likely difficult to form single
crystal COFs from these precipitates and may even result in
amorphous polymers. On the other hand, poorly soluble mono-
mers are difficult for polymerization, so that harsh conditions,
such as polar solvents and/or high temperature, are needed to
enhance the solubility. As a result, these systems hardly form
single crystals. The monomers deployed for the synthesis of
single crystal COFs to date are summarized in Fig. 2. Therefore,
designing building units with structure and geometry to bal-
ance covalent and supramolecular polymerizations, nucleation
and crystallization in a controllable fashion is important.

By introducing suitable functional groups, the crystal-
lization process can be tuned to improve the crystallinity of
COFs and even produce single crystal COFs. For example, as a
milestone in the field of COFs, TPB-DMTP-COF (Fig. 4) has
proven to be a great success in both synthesis and
applications.78 TPB-DMTP-COF was synthesized through con-
densation of 1,3,5-tri(4-aminophenyl) benzene (TAPB) with 2,5-
dimethoxyterephthalaldehyde (DMTP) and obtained as poly-
crystalline powders. TPB-DMTP-COF is unique as it is easily
synthesized, tolerant of different conditions and usually exhib-
its high crystallinity, porosity and stability. This contrasts to
TAPB-PDA-COF, an analogue synthesized by condensing TAPB
and terephthalaldehyde (TA).153 Introducing two electron-
donating methoxy groups to the pore walls induces a resonance
effect of the two lone pairs from the oxygen atoms over the
central phenyl ring, weakens the polarization of the CQN
bonds and softens the interlayer charge repulsion (Fig. 4),
consequently facilitating the crystallization to improve crystal-
linity and porosity and stabilizing TPB-DMTP-COF against
water, organic solvents, strong acids and strong bases.78

TPB-DMTP-COF has become a landmark for COF research,
ranging from fundamental synthetic chemistry to various
applications.154–157 Through tuning the reaction conditions,
single crystals of TPB-DMTP-COF have been obtained by many
research groups, highlighting its exceptional reliability and
versatility.158–160

Stacking mode is important for 2D COFs because it affects
their pore structures as well as physicochemical properties and
functions. The stacking mode can be identified by the diffrac-
tion patterns, while controlled synthesis of stacking modes is
still difficult and has not yet been fully explored. This is because
the stacking mode is associated with the configuration of
polygons116,161 and dominated by noncovalent interactions,
such as p–p interactions, hydrogen bonds and van der Waals

forces. In general, there are AA-, AB- and ABC-stacking modes
reported to date for COFs.161–164 The AA-stacking manifold
consists of eclipsed AA stacking, inclined AA stacking and
antiparallel AA (= reversed AA) stacking modes.165 Notably,
these modes are affected by both monomer structures and
reaction conditions, and probably exist in a mixed form in
polycrystalline COFs.116,117

Tuning reaction conditions, such as catalyst, temperature
and solvent, influences the stacking mode through the thermo-
dynamic process, forming the most stable frameworks. In
comparison, designing monomers by introducing additional
yet prominent interactions, such as steric hindrance, dipole–
dipole forces and hydrophobic/hydrophilic interactions, affects
the stacking mode via internal factors.161

Interestingly, the frequently used monomers with aromatic
structures provide rigid backbones to ensure the correct pro-
pagation of the framework over the x–y plane and promote the
stacking process along the z dimension via p–p interactions to
favour an AA stacking mode, which is the dominant
stacking mode in the single crystal 2D COFs reported so far.
Notably, a strong p–p interaction from building blocks does
not always aid in the formation of single crystals, as it accel-
erates the nucleation and crystallization process over the z
direction, resulting in heterogeneous polycrystalline aggre-
gates. Tuning the strength and rate of interlayer interactions
via elaborate design of monomers has proven to be an effective
way to synthesize single crystal 2D COFs. For instance,
by introducing three methyl groups at the core of triphenylben-
zene, the resultant 1,3,5-trimethyl-2,4,6-tris(4-aminophenyl)-
benzene (TTAB) and 1,3,5-trimethyl-2,4,6-tris(4-formylphenyl)-
benzene (TTFB) (Fig. 2) weaken the p–p interactions, balances
covalent and supramolecular polymerization processes and
slows down the nucleation and crystallization, thereby leading
to the formation of single crystals of 2D COFs.166

Fig. 4 A typical and representative design principle for the synthesis of
stable TPB-DMTP-COFs.
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The formation of 3D COFs is driven by polymerization over a
3D fashion and in principle does not involve a z-direction
supramolecular polymerization. Indeed, the development of
non-interpenetrated 3D COFs has proven that fully covalent
connectivity along three spatial directions (Fig. 1c, x–y–z dimen-
sion) can independently sustain the framework without relying
on supramolecular stacking as the primary structural driving
force. Therefore, weak noncovalent interactions are not the
structural foundation for 3D COFs, whereas for 2D COFs,
interlayer supramolecular interactions are indispensable to
the formation and stabilization of the extended frameworks.
Thus, tuning reaction conditions to balance polymerization
and crystallization becomes the main factor to grow single
crystals of 3D COFs.126 Exploring reaction conditions that
reduce and/or eliminate defects offer a direct route to single
crystal 3D COFs. Moreover, the growth of single crystals is often
reported to be more feasible for 3D COFs relative to 2D COFs,
accompanying well-defined shapes of single crystals under the
identical synthetic conditions.167,168

Topological design of 2D COFs affects the pore struc-
tures and density of p-units significantly.169 A valid topo-
logical combination of monomers generates 2D COFs with
well-defined and extended lattices, including the represen-
tative trigonal,169 tetragonal,96 rhombic,170 pentagonal,171–173

hexagonal51 and Kagome topologies (Fig. 5).33 Notably, the pore
size, shape and wall can be predesigned by the combination of
monomers.116 In particular, pore surface engineering offers a
general strategy to construct tailor-made pores.64,69,133,174 In
general, the trigonal topology produces COFs with the smallest
pore size and most confined pore environment as well as the
highest density of p-units among different polygons,71 while
hexagonal topology gives COFs the biggest pore size, largest
pore volume and lowest density of p-units.

Until now, there have still been limited topologies reported
for single crystal COFs due to the synthetic difficulties. Typi-
cally, a [C3 + C2] strategy generates a hexagonal topology
(Fig. 5a),127 which can also be realized by co-condensation of
two C3-symmetric knots, i.e., the [C3 + C3] strategy (Fig. 5b).166

The combination of a C4-symmetric knot and C2-symmetric
linker formulates a [C4 + C2] scheme,175 which yields a tetra-
gonal diagram (Fig. 5c), while decreasing the knot geometry
from C4-symmetry to C2-symmetry generates a [C2 + C2] diagram
(Fig. 5d),176 leading to a rhombic topology. Self-condensation of
C2-symmetric monomers generates a hexagonal lattice
(Fig. 5e).177

Different from 2D COFs, the synthesis of 3D single crystal
COFs needs 3D or orthogonal knots to enable the 3D propaga-
tion of lattices. A [Td + C2] strategy generates a dia network
(Fig. 5f),178 while keeping the symmetry but increasing the
number of reaction sites to 4 gives another [Td + C2] combi-
nation, generating an pts topology (Fig. 5g). Combination of
two different Td monomers, i.e., [Td + Td] creates lon topology
(Fig. 5h),179 while self-condensation of three Td monomers
produces a ctn topology (Fig. 5i).177 Using another [Td + C2]
strategy, in which the Td-symmetric monomer has a higher
valency of 6 formed by structural rotation, due to the steric

hindrance of methyl groups, produces an acs topology
(Fig. 5j).180 Using this twisted Td to condense with a C3-
symmetric monomer generates a [Td + C3] combination, which
produces a rare self-catenated alb topology (Fig. 5k).181 Corre-
spondingly, using two monomers twisted by methyl groups
gives another [Td + Td] combination, resulting in qtz topology
(Fig. 5l).182 Thus, the development of twisted high-valent
monomers brings a new approach to synthesize 3D COFs.

Interestingly, weaving helical organic units to generate a
new [Td + Td] formula produces woven COFs with dia topologies
(Fig. 5m).183 In contrast, disassembling the helical organic
units generates two monomers with crescent shapes to offer a
new combination, i.e., [C1 + C1]. The crescent monomers with
different reactive sites can be copolymerized under the gui-
dance of dynamic covalent chemistry and coordination bonds
to form 1D woven COFs (Fig. 5n).184 Self-condensation of
bifunctional monomers [C1 + C1] which contain high-valency
atoms, forms COFs with bcu topology (Fig. 5o).185

Connecting a knot and linker through different covalent
bonds forms COFs with different physicochemical properties.
To date, around thirty linkages have been developed,4 includ-
ing boronate ester, boroxine, borosilicate, borazine, spirobo-
rate, borophosphonate, imide, amide, ester, amine, dioxin,
hydrazone, urea, triazine, imine, squaraine, azine, thiazole,
oxazole, azodioxide, azobenzene, viologen, phenazine, vinylene,
ketazine, nitrone, polyphenyl, ethynyl and diacetylene linkages.
Nonetheless, only boroxine, boronate ester and imine linkages
have been applied for direct synthesis of single crystal COFs
due to their high reversibility (Fig. 6).178,186 Linkage conversion
via post-synthetic modification results in more stable yet irre-
versible chemical bonds, such as amide, amine, triazole-
functionalized amine, aminonitrile, olefin and formamide

Fig. 5 Topology diagrams for designing 2D and 3D COFs. (a)–(e) Typical
topology diagrams for 2D COFs. (f)–(o) Typical topology diagrams for 3D
COFs.
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(Fig. 6).182,187–191 Developing single crystal COFs with other
linkages is highly desired to broaden their applications but
remains a great challenge due to the low reaction reversibility
and strong covalent bonds.

3.2. Structural resolution

Single crystals offer a distinct form of materials that provide
more precise structural information on COFs compared to
polycrystalline analogues. The most straightforward techniques
used to resolute structures of single crystals are single-crystal
X-ray diffraction (SCXRD) and electron diffraction (ED).138

3.2.1. SCXRD. SCXRD is a powerful and widely used analy-
tical tool for determining the atomic and molecular structures
of single crystal COFs. Unlike powder X-ray diffraction (PXRD),

which provides average structural information from polycrystal-
line materials, SCXRD resolves the structure of a single crystal,
enabling the precise determination of atomic coordinates.134,135

The fundamental principle behind SCXRD is based on the
interaction between X-rays and the electrons in a crystal. When
a monochromatic beam of X-rays is directed at a single crystal,
the X-rays are scattered by the atoms in the crystal lattice. The
resulting diffraction pattern has information about the posi-
tions of the atoms within the crystal. By measuring the angles
and intensities of the diffracted beams, it reconstructs the
electron density distribution within the crystal, determining
the positions of the atoms with atomic precision. The diffrac-
tion pattern produced by SCXRD has Bragg peaks, which
represent constructive interference between X-rays scattered
by different planes of atoms in the crystal. The angle at which
these peaks appear provides crucial information about the
spacing between the planes (the d-spacing), while the intensity
of each peak is related to the number of atoms in the planes
and the type of atoms present. Using this information, the
phase problem and the positions of all atoms in the unit cell
can be deduced, yielding a complete structural model.

For skeleton resolution, SCXRD is particularly important as
COFs exhibit complex yet periodic skeletal structures that need
to be characterized at the atomic level. SCXRD can accurately
show the connectivity between building units, the arrangement
of functional groups and the lattice topology.

For porous structural analysis, SCXRD enables the precise
measurement of pore size, shape, distribution and connectivity,
offering key insights into the performance in these applica-
tions. By analysing the diffraction patterns, the exact arrange-
ment of atoms that form the pores can be determined. COFs
often confine guest molecules, such as solvents or even gases,
within their pores. SCXRD allows for the study of host–guest
interactions at the atomic level, revealing how guest molecules
are confined in the pores and how they interact with the
framework. This information is crucial for optimizing COFs
for molecular adsorption, catalysis and drug delivery.13,73,97,157

For dynamic transformation, SCXRD enables structural
changes to be captured and offers insights into the adaptability
of single crystal COFs. This is specially informative by showing
dynamic behaviour, such as flexibility or reversible structural
changes in response to external stimuli, such as temperature,
pressure or humidity.61,182,192–194 By conducting SCXRD at
different temperatures or under different environmental con-
ditions, it is facile to uncover structural transformation and
elucidate the properties and applications of materials.182,187

For quality control, SCXRD offers an ideal tool for assessing
the quality of COF crystals. It allows for the detection of defects,
imperfections and disorders within the crystal lattice. Under-
standing the nature and extent of defects is important because
they can affect or even control properties, such as stability,
porosity and reactivity. SCXRD reveals phase purity and ensures
that the targeted structure has been successfully achieved in
the COF samples.

For establishing structure–function correlations, SCXRD is
unparalleled in providing atomic-level structural details to

Fig. 6 Reactions for the synthesis of single crystal COFs.

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
4/

20
26

 1
1:

09
:5

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00526d


Chem. Soc. Rev. This journal is © The Royal Society of Chemistry 2026

unveil the origin of properties. For COFs, this kind of precision
is essential for understanding how their topology, pore struc-
ture and functionality are related to their properties. SCXRD
reveals intricate details about the 3D structure of COFs, includ-
ing the spatial arrangement of functional groups, the degree of
interpenetration and the connectivity of building blocks.127,159

This comprehensive structural information is key to correlating
structure–property relationships and provides a base on which
to design COFs with specific properties.

SCXRD requires high-quality single crystals, which can be
difficult to obtain for COFs. Most COFs tend to yield small-size
polycrystalline products, making it challenging to conduct
SCXRD analysis. Advances in synthetic methods have improved
the situation; for example, seeded growth or modulator-
assisted synthesis177,186 produces single crystals of large
enough and high quality for SCXRD. COFs with high structural
flexibility or multiple interpenetrating frameworks may pose
challenges in obtaining an unambiguous structural solution. In
such cases, complementary techniques like solid-state 13C
nuclear magnetic resonance (ssNMR) or ED may be used along-
side SCXRD to clarify the structure.127,178

3.2.2. ED. ED is a crucial technique for analysing the
atomic structure of COFs.138,195–197 The primary classifications
of ED include 2D electron crystallography, 3D microcrystal
electron diffraction (MicroED), precession electron diffraction
(PED), automated diffraction tomography (ADT), rotation elec-
tron diffraction (RED) and continuous rotation electron diffrac-
tion (cRED).198–200 The strong interaction between electrons
and matter makes ED highly sensitive, enabling detailed struc-
tural insights with minimal sample volume. Its strong point lies
in its ability to investigate extremely small crystals, often in the
nanometre range, which are challenging to study with SCXRD
due to insufficient size. This capability is particularly beneficial
for COFs, which frequently fail to yield large-size single crystals
suitable for SCXRD. Widely speaking, this sensitivity is valuable
for biological macromolecules, nanocrystals, thin films and
other radiation-sensitive materials.138

Techniques such as RED and continuous-rotation MicroED
allow the collection of high-quality diffraction data from sub-
micrometre single crystals.201 These methods effectively sam-
ple reciprocal space, reducing artifacts from dynamical scatter-
ing and yielding reliable structural information.

ED can determine stacking arrangements, topologies and
interlayer intervals. For example, stacking faults and interlayer
slipped shifts in 2D COFs can significantly influence their
electronic and optical properties. ED provides detailed insights
into stacking modes, such as AA, AB or other alignments, which are
challenging to discern through PXRD.127,159 Additionally, ED is
highly sensitive to pore structures and framework distortions,
enabling accurate resolution of pore size and symmetry.159

The use of ED has expanded the scope of functional COFs.
For instance, chemically modified COFs and those with intri-
cate interpenetrated structures have been successfully analysed
using ED.182 These studies reveal how functional groups and
framework connectivity affect the overall stability and porosity.
In cases where solvent exchange, post-synthetic modifications

or dynamic transformations are involved, ED captures stepwise
structural changes, offering a spatial and time-resolved per-
spective on framework structural evolution.138

4. Polymerization method

Single crystal COFs provide high-resolution structural informa-
tion, exhibiting distinct and intrinsic physicochemical proper-
ties, in comparison with polycrystalline analogues. Hence,
exploring synthetic methods and properties of single crystal
COFs has attracted tremendous attention over the past decade.
In this section, we summarize representative methods for the
synthesis of single crystal COFs and compare different strate-
gies by disclosing reaction conditions and deploying unit cell
parameters to unveil structural features.

4.1. Modulator-assisted polymerization

Modulators are mono-functionalized monomer analogues that
influence the reaction kinetics and thermodynamics, allowing
for controlled polycondensation, nucleation and growth of
large-size single crystals. The use of modulators in the synthesis
of single crystal COFs has emerged as a useful tool to overcome
challenges associated with polymerization and crystallization,
such as defect formation and rapid nucleation.178,179 Acting as
competitive inhibitors or reversibility enhancers, modulators
facilitate the formation of crystalline structures with long-range
order. As a result, single crystal COFs with high structural
precision and complexity became accessible. The modulator-
assisted synthesis controls the size of single crystal COFs at
both micro and macro scales. Introducing suitable modulators
allows control over key characteristics, such as crystallinity,
porosity, morphology and surface functionality. These advance-
ments address the longstanding challenges of COF synthesis,
including rapid nucleation, structural defects and limited
crystallinity.

4.1.1. Modulator-assisted synthesis of 3D COFs. A series of
high-quality single crystal 3D COFs have been synthesized with
imine bonds by using excess aniline modulator as a competitive
regulator and nucleating inhibitor (Fig. 7).178 Aniline has
similar reactivity to amine building blocks, but it is monofunc-
tional and acts as an inhibitor of lattice growth. Therefore, the
presence of excess aniline increases the reversibility of imine
bond formation reaction, improves the defect-correction pro-
cess and optimizes crystallization. In the absence of an aniline
modulator, the imine-formation equilibrium is shifted toward
amorphous products or polycrystalline COFs, whose formation
is governed by fast nucleation and limited crystal growth. In the
presence of aniline, the initial imine bond formation is com-
parably fast; however, slow imine exchange enables the growth
of single crystal COFs. In addition, the imine bond is more
susceptible to nucleophilic attack by aniline than water.

A variety of imine-linked 3D COFs, including COF-300
(Fig. 7a), COF-303 (Fig. 7b), LZU-79 (Fig. 7c) and LZU-111
(Fig. 7d), with single crystals between 10 and 100 microns in
size (Fig. 8), have been synthesized.178 Interestingly, the
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crystal size can be controlled by adjusting the added aniline
amount. For example, in the case of COF-300, with tetra(4-
aminophenyl)methane (TAM) and TA as monomers and in the
absence of aniline, the reaction forms polycrystalline COF-300
with a size of 500 mm. Adding aniline of 0.6 to 15 equivalents
forms high-quality single crystals of COF-300 to reach a maximum
size of 100 microns after 80 days of reaction. The single crystal
structure is resolved with a resolution of 0.85 Å through SCXRD
technology. Table 1 summarizes the reaction conditions and
structural resolutions of COF-300, COF-303, LZU-79 and LZU-111.

Synthesizing single crystal 3D COFs without interpenetrated
structures remains a challenging task due to the use of Td and/
or orthogonal knots. The single crystal LZU-306 COF (Fig. 7e
and Table 2) was synthesized using an aniline modulator in the
reaction of adamantane-1,3,5,7-tetracarbaldehyde (ADA-CHO)
as the tetrahedral node and tetrakis(4-aminophenyl)ethylene
(TPE-NH2) as the quadrilateral linker, generating a non-
interpenetrated 3D COF with pts topology.126

This non-interpenetrated COF features an open framework
constructed entirely through covalent bonds and exhibits a
high void volume of 80% and a low density of 0.33 g cm�3,
outperforming typical interpenetrated 3D COFs. The shortest
p–p distance in LZU-306 is 10.6 Å, which is much larger than
those (4.6–5.1 Å) of interpenetrated 3D COFs.

SCXRD and RED (Fig. 9a and b) confirmed the non-
interpenetrated pts structure with a tetragonal unit cell. N2

adsorption–desorption isotherms demonstrated a high Bru-
nauer–Emmett–Teller (BET) surface area of 2059 m2 g�1 and a
pore size of 10.9 Å (Fig. 9c and d).126 The ssNMR spectra
indicated the completeness of covalent bonds with sharp and
well-defined carbon signals, verifying the high degree of struc-
tural order. LZU-306 is thermally stable, retaining its structure
up to 530 1C under N2 (Fig. 9e).

Employing a novel CF3CO2H/CF3CH2NH2 protocol with a
CF3CO2H catalyst and CF3CH2NH2 as the modulator
enables rapid synthesis of single crystal COFs (Fig. 10a and
Tables 1–3).179 CF3CO2H is a strong catalyst for promoting
backward reactions compared to acetic acid (AcOH), while
CF3CH2NH2 is distinct from aniline and allows for rapid imine
bond formation.

This method accelerates the crystallization process and
produces single crystals in 1–2 days, which is 52 times faster
compared to the previously reported 15–80 days under AcOH/
aniline conditions. This system replaces weaker acids like AcOH
and aniline to catalyse imine exchange more effectively. This
method achieves rapid crystallization of 10 different COFs, includ-
ing COF-300 (Fig. 7a and 10b), COF-303 (Fig. 7b and 10c), LZU-79
(Fig. 7c and 10d), LZU-111 (Fig. 7d and 10h), LZU-306 (Fig. 7e and
10f), LZU-310 (Fig. 11a and 10g), LZU-311 (Fig. 11b and 10e), LZU-
307 (Fig. 11i and 10c), LZU-308 (Fig. 11d and 10j) and LZU-309
(Fig. 11e and 10k), producing single crystals up to 150 mm.8

The high-resolution XRD data with a 0.79 Å resolution enables
detailed structural analysis, including the identification of inter-
penetration patterns and host–guest interactions. The single-
crystal structures revealed intricate topologies, such as the
sevenfold-interpenetrated dia-c7 framework of COF-300 and a
novel fourfold-interpenetrated pts framework in LZU-307
(Fig. 11c and 10i). Dynamic transformations are confirmed with
reversible structural changes upon interaction with guest mole-
cules, such as solvents or water.179

Rapid production of single crystal COFs is important to
promote their applications. A binary solvent-supersaturation
method has been developed for enabling fast growth of single
crystal COFs within one week (Table 4).202 This method utilizes
two kinds of solvents, i.e., 1,4-dioxane (D) as a good solvent and
mesitylene (M) as a poor solvent, to tune their ratio, thereby

Fig. 7 Modulator-assisted synthesis of single crystal 3D COFs. (a)–(e)
Structures of (a) COF-300, (b) COF-303, (c) LZU-79, (d) LZU-111 and
(e) LZU-306.

Fig. 8 SEM and optical microscopy images of (a) and (b) single crystal
COF-300, (c) and (d) COF-303, (e) and (f) LZU-79 and (g) and (h) LZU-111.
Reprinted with permission from ref. 178. Copyright 2018 American Asso-
ciation for the Advancement of Science.
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accelerating a high supersaturation environment to facilitate
rapid nucleation and crystal growth.

Accordingly, single crystal scFZU-908 (Fig. 11f) with different
morphologies and sizes have been prepared through condensation

of TAM with 4,40-(naphthalene-1,4-diyl)dibenzaldehyde at D/M volume
proportions of 10/0, 9/1, 8/2, 7/3, 6/4, 5/5, 4/6 and 3/7, respectively.

Increasing the volume ratio of mesitylene increases the
crystal size of scFZU-908 from 12.5 mm to 140 mm (Fig. 12),

Table 1 Synthetic conditions and structural resolution of single crystal COF-300, COF-303, LZU-79 and LZU-111

COFs Synthetic conditions
Crystal
parameters Resolution Method Ref.

A mixture of TA (12.0 mg, 0.089 mmol) and aniline (0.12 mL, 15 equiv.) in 1,4-
dioxane (0.5 mL) and AcOH (0.2 mL, 6 M) with TAM (20.0 mg, 0.052 mmol)
dissolved in 1,4-dioxane (0.5 mL) formed 60 mm crystals within 30 to 40 days.

a = b = 26.23 Å 0.85 Å SCXRD 178
c = 7.57 Å

A mixture of TA (12.0 mg, 0.089 mmol) and aniline (81 mL, 10 equiv.) in 1,4-
dioxane (0.5 mL) with CF3CO2H (0.1 mL, 6 M) with TAM (20.0 mg, 0.052 mmol)
dissolved in 1,4-dioxane (0.5 mL) formed 10 mm crystals within 2 hours at 40 1C.

a = b = 26.27 Å 0.83 Å SCXRD 179
c = 7.56 Å

A mixture of TA (12.0 mg, 0.089 mmol) and CF3CH2NH2 (70 mL, 10 equiv.) in
1,4-dioxane (0.5 mL) and CF3CO2H (0.1 mL, 6 M) with TAM (20.0 mg,
0.052 mmol) in 1,4-dioxane (0.5 mL) formed 60 mm crystals in 2 days at 40 1C.

179

C16-L-AlaA (32.8 mg, 0.1 mmol) and 0.1 mmol sodium hydroxide were dissolved
in 10 mL of water. Stirring at 50 1C for 10 minutes to obtain an emulsion, HCl
(0.5 mL, 0.2 mol L�1) was added, then linker (6.7 mg, 110.05 mmol) was added
and stirred in. A solution of TAM (9.5 mg, 0.025 mmol) in PTSA (0.5 mL, 0.2
mol L�1) was added and stirred for 5 minutes. Single crystals were collected by
centrifugation and washed with THF and water three times before immersing
in THF for 24 h. The sample was dried at ambient temperature for 12 h and
100 1C for 12 h to afford COF-300 powder.

Not available (NA) 1.1 Å SCXRD
cRED

167

At room temperature, terephthalaldehydebis(diethylacetal) (29 mg, 0.1 mmol),
TAM (19 mg, 0.25 mmol), aniline (10, 20, 40, 60, 80, 100, 120, 140 or 160 mL)
and 1,4-dioxane (1 mL) were added into a sample vial (10.0 mL). At this
moment, a series of light-yellow transparent solutions were obtained. AcOH
(1 mL) was added into this sample vial and sealed after being degassed in a liquid
N2 bath for 20 min, flamed sealed, and warmed to room temperature. The sample
vial was placed in an oven preheated to 80 1C. After 48 hours, the vials were
opened. Next, a dropper was used to separate the liquid and solid phases.

a = b = 26.5565 Å 0.79 Å SCXRD 203
c = 7.4431 Å

A mixture of tetrakis(4-formylphenyl)methane (TFM, 10.8 mg, 0.025 mmol),
aniline (0.12 mL, 52 equiv.) in 1,4-dioxane (0.25 mL) and AcOH (0.1 mL, 6 M) with
phenylenediamine (PDA, 5.4 mg, 0.05 mmol) in 1,4-dioxane (0.25 mL) formed
15 mm crystals within 15 days.

a = b = 26.47 Å 1.10 Å SCXRD 178
c = 7.45 Å

A mixture of TFM (10.8 mg, 0.025 mmol), CF3CH2NH2 (50 mL, 25 equiv.), THF
(0.25 mL), MeCN (0.25 mL) and CF3CO2H (0.1 mL, 6 M) with PDA (5.4 mg,
0.05 mmol) in THF (0.25 mL), MeCN (0.25 mL), formed 100 mm crystals in
2 days at 30 1C.

a = b = 25.87 Å 0.81 Å SCXRD 179
c = 7.7 Å

A mixture of 4,7-bis(4-formylbenzyl)-1H-benzimidazole (BFBZ, 17.0 mg,
0.052 mmol), aniline (0.12 mL, 25 equiv.), 1,4-dioxane (0.75 mL) and AcOH
(0.2 mL, 6 M) with TAM (10.0 mg, 0.026 mmol) in 1,4-dioxane (0.75 mL),
formed 50 mm crystals in 20 days and further reached 100 mm in 50 days.

a = b = 27.84 Å 1.25 Å SCXRD 178
c = 7.51 Å

A mixture of BFBZ (8.5 mg), THF (0.25 mL), MeCN (0.25 mL) and CF3CO2H
(0.1 mL, 6 M) with TAM (5 mg, 0.013 mmol) in THF (0.5 mL) and MeCN
(0.5 mL) formed 100 mm crystals within 2 days at 30 1C.

NA NA 179

A mixture of tetrakis(4-formylphenyl)silane (TFS, 22.4 mg, 0.05 mmol), aniline
(0.36 mL, 80 equiv.), 1,4 dioxane (0.5 mL) and AcOH (0.2 mL, 6 M) with TAM
(19.0 mg, 0.05 mmol) in 1,4 dioxane (0.5 mL) formed 45 mm crystals in 47 days
and further reached 55 mm in 80 days.

a = b = 20.40 Å 1.20 Å SCXRD 178
c = 33.77 Å

A mixture of TFS (11.2 mg, 0.025 mmol), CF3CH2NH2 (102 mL, 52 equiv.), THF
(0.25 mL), MeCN (0.25 mL) and CF3CO2H (0.1 mL, 6 M) with TAM (9.5mg,
0.025 mmol) in THF (0.25 mL) and MeCN (0.25 mL) formed 50 mm crystals
within 1.5 days and further reached 50 mm in 1.5 days at 30 1C.

a = b = 20.56 Å 1.20 Å 179
c = 33.72 Å
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while the morphologies of these crystals under different solvent
ratios remained unchanged, showing elongated rhombic
dodecahedrons.202 A mechanism study revealed that the growth
kinetic of single crystal COFs gradually shifted from the
reaction-controlled to the diffusion-controlled upon increasing
the supersaturation of the reaction system. SCXRD revealed the
tenfold interpenetrated dia structure of scFZU-908 with a tetra-
gonal P42/n space group and unit parameters of a = b = 25.708 Å,

c = 7.632 Å, a = b = g = 901, and a unit-cell volume of 5044.0 Å3.
Notably, this approach showed excellent generality to produce
isostructural single crystal scFZU-215 (Fig. 11g), scFZU-518
(Fig. 11h) and scFZU-917 (= COF-304, Fig. 11i) with the incor-
poration of benzothiadiazole, methoxy and phenolic hydroxyl
groups into linker units, respectively.202 These single crystal
COFs displayed prominent nonlinear optical properties due to
the non-centrosymmetric nature of the crystal structures, which
will be detailed in Section 5.2.

To accelerate the growth of single crystal COFs, an acetal/
AcOH protocol has been developed.203 A notable difference
from previous synthetic methods is the use of acetal-
substituted aldehyde monomers as precursors. This strategic
adjustment has several effects: (1) increasing the solubility of
the monomer to provide a homogeneous reaction system, (2)
preventing the direct polycondensation of amino and aldehyde
monomers to slow down the reaction, and (3) avoiding concen-
tration gradients and transient thermal fluctuations during the
mixing of TA and TAM monomers in a hot-injection technique.

Table 2 Synthetic conditions and structural resolution of single crystal COF-306

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

Adamantane-1,3,5,7-tetracarbaldehyde (ADA-CHO, 9.9 mg, 0.04 mmol), aniline
(184 mL, 50 equiv.), 1,4-dioxane (0.5 mL) and AcOH (0.2 mL, 15 M) with
tetrakis(4-aminophenyl)ethene (TPE-NH2, 15.7 mg, 0.020 mmol) in 1,4-dioxane
(1 mL) formed 50 mm crystals in 25 days at 30 1C.

a = b = 15.32 Å
c = 24.89 Å
a = b = 15.72 Å
c = 24.05 Å

1.80 Å SCXRD 126

A mixture of ADA-CHO (5 mg, 0.02 mmol), aniline (64 mL, 35 equiv.), 1,4-
dioxane (0.25 mL), MeCN (0.25 mL) and CF3CO2H (0.1 mL, 9M) with TPE-NH2

(7.8 mg, 0.020 mmol) in 1,4-dioxane (0.25 mL) and MeCN (0.25 mL), formed
54 mm crystals in 12 hours at 30 1C.

NA NA NA 179

A mixture of ADA-CHO (5 mg, 0.02 mmol), CF3CH2NH2 (71 mL, 45 equiv.), 1,4-
dioxane (0.25 mL), MeCN (0.25 mL) and CF3CO2H (0.1 mL, 9 M) with TPE-NH2

(7.8 mg, 0.020 mmol) in 1,4-dioxane (0.25 mL) and MeCN (0.25 mL) formed
150 mm crystals in 1.5 day at 30 1C. In addition, comparable products can be obtained
under conditions of CF3CO2H (0.1 mL, 6 M)/CF3CH2NH2 (55 mL, 35 equiv.).

a = 15.4155 Å 1.15 Å SCXRD 179
b = 15.4155 Å
c = 24.741 Å
a = b = g = 901

Fig. 9 (a) Reciprocal planes of SXRD data from a 50 mm-sized solvent-
exchanged single crystal. (b) Reconstructed 3D RED data of a 500 nm-sized
activated single crystal. (c) Pore size distributions of 50 mm-sized (black) and
200 nm-sized (red) LZU-306 calculated by NLDFT. (d) BET surface area plot for
50 mm-sized crystals calculated from the adsorption isotherm. (e) TGA curves
of 50 mm-sized (black) and 200 nm-sized (red) LZU-306 under a N2 atmo-
sphere. Reprinted with permission from ref. 126. Copyright 2020 Wiley-VCH.

Fig. 10 Rapid growth of large-sized single crystal COFs. (a) Protocol devel-
oped using CF3CO2H/CF3CH2NH2 for the rapid growth of single-crystal COFs
in 1 to 2 days. (b)–(k) The optical microscopic images for single-crystal COFs
obtained in 1 to 2 days with sizes of 50 to 150 mm: (b) COF-300, (c) COF-303,
(d) LZU-79, (e) LZU-311, (f) LZU-306, (g) LZU-310, (h) LZU-111, (i) LZU-307,
(j) LZU-308 and (k) LZU-309. Reprinted with permission from ref. 179. Copy-
right 2024 American Association for the Advancement of Science.
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Remarkably, the acetal-mediated protocol allows the synth-
esis of single crystal COF-300 (Fig. 7a and Table 1) with
increased growth rate, tuneable morphology and high crystal
quality.203 Thus, this method decelerates the polymerization
reaction, accelerates crystallization and enhances structural
perfection. Single crystal COF-300 can be grown up to a large

size of 60 mm within 1 h, 120 mm within 48 h and 300 mm after
30 days. This is much faster than the previous CF3CO2H/
CF3CH2NH2 protocol, which affords single crystal COF-300,
reaching sizes of 60 mm in 2 days (Fig. 13).203

Interestingly, the shape of the single crystal COF-300 can be
modulated by using different amines. The addition of a weak

Table 3 Synthetic conditions and structural resolution of single crystal LZU-310, LZU-311, LZU-307, LZU-308 and LZU-309

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

A sample vial (5.0 mL, body length 40 mm, neck length 18 mm) was
sequentially charged with tetrakis(4-formylphenyl)silane (TFS, 22.4 mg,
0.050 mmol), BnOH (0.50 mL) and CF3CH2NH2 (106 mL, 27 equiv.). Then,
0.10 mL of CF3CO2H (9.0 M) was added. 4,40-Diaminobiphenyl (DABP, 18.4
mg, 0.10 mmol) dissolved in BnOH (0.50 mL) was added to the solution.
The mixture was filtered through a 0.20 mm Nylon-6 membrane filter, and
the reaction was allowed to stand at a temperature of 30 1C. Yellow single
crystals of LZU-310 were rapidly crystallized with uniform rod-like
morphologies, and the crystal size reached B150 mm in 2 days.

a = 24.6955 Å

0.81 Å SCXRD 179b = 24.6955 Å
c = 8.6279 Å
a = b = g = 901

A sample vial (5.0 mL, body length 40 mm, neck length 18 mm) was
sequentially charged with ADA-CHO (9.9 mg, 0.040 mmol), THF (0.50 mL)
and CF3CH2NH2 (47 mL, 15 equiv.). Then, CF3CO2H (0.10 mL, 6.0 M) was
added. DABP (14.7 mg, 0.080 mmol) dissolved in THF (0.50 mL) was added
to the solution. The mixture was filtered through a 0.20 mm Nylon-6
membrane filter, and the reaction was allowed to stand at a temperature
of 30 1C. Yellow single crystals of LZU-311 were rapidly crystallized with
uniform rod-like morphologies and the crystal size reached B60 mm in
1.5 days.

a = 20.5618 Å

1.20 Å SCXRD 179

b = 20.5618 Å
c = 33.719 Å
a = b = 901
g = 1201

A sample vial (5.0 mL, body length 40 mm, neck length 18 mm) was
sequentially charged with 1,3,5,7-tetrakis(4-formylphenyl)adamantane
(ADAT-CHO, 11.2 mg, 0.020 mmol), THF (0.50 mL) and CF3CH2NH2 (16 mL,
10 equiv.). Then, CF3CO2H (0.11 mL, 6.0 M) was added. 1,2,4,5-Tetrakis(4-
aminophenyl)benzene (TPE-NH2, 7.8 mg, 0.020 mmol) dissolved in THF
(0.50 mL) was added to the solution. The mixture was filtered through a
0.20 mm Nylon-6 membrane filter, and the reaction was allowed to stand
at a temperature of 30 1C. Yellow single crystals of LZU-307 were rapidly
crystallized with uniform rhombohedral morphologies, and the crystal size
reached B80 mm in 1 day.

a = 21.947 Å

1.05 Å SCXRD 179
b = 33.671 Å
c = 23.432 Å
a = b = g = 901

A sample vial (5.0 mL, body length 40 mm, neck length 18 mm) was
sequentially charged with ADA-CHO (5.0 mg, 0.020 mmol), THF (0.40 mL)
and CF3CH2NH2 (16 mL, 10 equiv.). Then, CF3CO2H (0.090 mL, 6.0 M) was
added. TPB-NH2 (8.9 mg, 0.020 mmol) dissolved in THF (0.40 mL) was
added to the solution. The mixture was filtered through a 0.20 mm Nylon-6
membrane filter, and the reaction was allowed to stand at a temperature of
30 1C. Yellow single crystals of LZU-308 were rapidly crystallized with uni-
form octahedral morphologies, and the crystal size reached B60 mm in
1 day

a = 17.98 2Å

1.65 Å SCXRD 179
b = 17.982 Å
c = 24.564 Å
a = b = g = 901

A sample vial (5.0 mL, body length 40 mm, neck length 18 mm) was
sequentially charged with tetrakis(4-formylphenyl)ethylene (TPE-CHO,
8.8 mg, 0.020 mmol), THF (0.40 mL) and CF3CH2NH2 (16 mL, 10 equiv.).
Then, CF3CO2H (0.10 mL, 6.0 M) was added. TAM (7.6 mg, 0.020 mmol)
dissolved in THF (0.40 mL) was added to the solution. The mixture was
filtered through a 0.20 mm Nylon-6 membrane filter, and the reaction was
allowed to stand at a temperature of 30 1C. The yellow single crystals of
LZU-309 were rapidly crystallized with uniform octahedral morphologies,
and the crystal size reached B80 mm in 1 day.

a = 20.1697 Å

1.40 Å SCXRD 179
b = 20.1697 Å
c = 30.506 Å
a = b = g = 901
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base 4-nitroaniline ((NO2)C6H4NH3
+, pKa = 1.12, 55–276 mg, 2–

10 equiv.) leads to the crystal shape of tetragonal dipyramid,
which grows in crystallographic orientation of dia-topology due
to the accelerated crystallization process. In comparison,
using strong base p-aminophenol ((OH)C6H4NH3

+, pKa = 5.65,
27–109 mg, 0.25–1 equiv.) yields spindle crystals of several
micrometres in size. Moreover, under different AcOH/aniline
dosages, the shape of single-crystal COF-300 is adjustable.

Keeping the aniline dosage at 10 mL and tuning the amount
of AcOH (100–7000 mL) results in a shape transition from
spindle (100–400 mL) to tetragonal dipyramid (500–7000 mL)
(Fig. 13a). Furthermore, increasing the amount of aniline

(40–200 mL) with a specific dosage of AcOH (100, 200, 300,
400, 500, 600, 1000, 1100, 1200, 2000 and 7000 mL) favours the
shape transformation from spindle or tetragonal dipyramid to
tetragonal quasi-prism (Fig. 13b).

This protocol generates high-quality crystals for laboratory
analysis.203 In detail, COF-300 containing 1,4-dioxane as guest
solvents exhibits unit cell parameters of a = b = 26.5565(16) Å,
c = 7.4431(5) Å and a pore volume of 5249.2(7) Å3. Interestingly,
replacing 1,4-dioxane with H2O results in the formation of
intermolecular hydrogen bonds between H2O and N atoms in
imine bonds, leading to significant framework shrinkage of
COF-300 with unit cell parameters of a = b = 19.6219(10) Å,

Fig. 11 Structures of 3D COFs. (a)–(j) Structures of (a) LZU-310, (b) LZU-311, (c) LZU-307, (d) LZU-308, (e) LZU-309, (f) scFZU-908, (g) scFZU-215,
(h) scFZU-518, (i) scFZU-917 (= COF-304) and (j) COF-305 (= COF-308).
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Table 4 Synthetic conditions and structural resolution of single crystal scFZU-908, scFZU-215, scFZU-518, scFZU-917 and BP-COF-6

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

A glass tube was charged with 1,4-di(4-aldehyde phenyl)naphthalene (Nap-
CHO, 15.0 mg, 0.044 mmol), aniline (70 mL, 17.5 equiv.), mesitylene (0.7 mL)
and 1,4-dioxane (0.2 mL). TAM (8.4 mg, 0.022 mmol) dissolved in 1,4-dioxane
(0.1 mL) and AcOH (0.1 mL, 15 M) were added to the above solution. Then the
mixture was allowed to further stand at ambient temperature (about 25 1C).
The single crystals of scFZU-908 slowly crystallized out at ambient temperature.

a = b = 25.708 Å
NA SCXRD 202c = 7.632 Å

a = b = g = 901

A glass tube was charged with BTDZ-CHO (15.0 mg, 0.044 mmol), aniline
(0.1 mL, 25 equiv.) and mesitylene (0.7 mL). Then TAM (8.4 mg, 0.022 mmol)
dissolved in 1,4-dioxane (0.3 mL) and AcOH (0.1 mL, 15 M) were added to the
above solution in succession. The mixed solution was allowed to further stand
at ambient temperature (about 25 1C). Later, the scFZU-215 single crystal was
obtained within 7 days and its size reached 200 mm-sized and some of them
even reached B420 mm in 15 days.

NA NA NA 202

A glass tube was charged with 3PhOMe-CHO (11.4 mg, 0.033 mmol), aniline
(50 mL, 16 equiv.) and mesitylene (0.7 mL). TAM (6.3 mg, 0.0165 mmol) dis-
solved in 1,4-dioxane (0.3 mL) and AcOH (0.1 mL, 15 M) were added to the
above solution one after another. Then the mixture was allowed to further
stand at ambient temperature (about 25 1C). The single crystal of scFZU-518
slowly grew from the mixed solution and its crystal size reached 200 mm within
15 days.

NA NA NA 202

A glass tube was charged with 2,3-dihydroxyterephthalaldehyde (23OH-CHO,
7.3 mg, 0.044 mmol), aniline (90 mL, 22.5 equiv.) and mesitylene (0.7 mL). TAM
(8.4 mg, 0.022 mmol) dissolved in 1,4-dioxane (0.3 mL) and AcOH (0.1 mL,
15 M) was added to the above solution in succession. Then the mixture was
allowed to further stand at ambient temperature (about 25 1C). The single
crystals of scFZU-917 slowly grew at ambient temperature and the crystal size
reached 100 mm within 15 days.

NA NA NA 202

DHPA (15 mg, 0.090 mmol) was dissolved in 1,4-dioxane (0.5 mL), and aniline
(60 mL) was added. The mixture was transferred to an NMR tube, and then
aqueous AcOH (0.2 mL, 15 M) was added. After being homogenously mixed,
a red-crystalline precipitate was observed, and the solution of TAM (20 mg,
0.053 mmol) dissolved in 1,4-dioxane (0.75 mL) was added carefully. The
reaction was placed at room temperature, standing still, for three weeks, and
the dark red-coloured crystals slowly crystallized out. The as-synthesized single
crystals were isolated and then exchanged by n-butanol three times for SXRD
measurement.

a = b = 26.210Å NA SCXRD 207
c = 7.582Å

DMPA (17 mg, 0.088 mmol) was dissolved in 1,4-dioxane (0.5 mL), and then
aniline (40 mL) and AcOH (200 mL, 15 M) were added to a vial (5 mL). After
homogeneously mixing the solution, the solution of TAM (20 mg, 0.053 mmol)
dissolved in 1,4-dioxane (0.75 mL) was added carefully. The reaction was
placed and left to stand at room temperature. The yellow-coloured crystals of
about 30 mm were crystallized out after 2 days, and the crystal sizes reached
about 40 mm in 4 days. The as-synthesized single crystals were isolated and
then exchanged by n-butanol three times for SXRD measurement.

a = 47.077 Å

1 Å SCXRD 207b = 67.629 Å
c = 42.547 Å
a = b = g = 901

TAM (5.6 mg, 0.01 mmol) was dissolved in 1,4-dioxane (200 mL). BDA-cis-OMe
(3.88 mg, 0.02 mmol) was dissolved in 1,4-dioxane (200 mL) separately. Sc(OTf)3
(2.56 mg, 0.0052 mmol) was dissolved in acetonitrile (80 mL). In a 4 mL sample
vial, 1,4-dioxane (400 mL), dichloromethane (300 mL), the BDA-cis-OMe
solution, aniline (11 mL), the Sc(OTf)3 solution and the TAM solution were
charged sequentially and then mixed under vibration. The reaction was
allowed to stand at 25 1C for 4 days, giving octahedral shaped yellow crystals
with sizes of 90–100 mm.

a = 41.05 Å 0.95 Å SCXRD 208
b = 46.67 Å
c = 40.94 Å
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and c = 8.9048 (6) Å and a reduced pore volume of 3428.5(4) Å3.
Noticeably, the hydrated COF-300 enables a better resolu-
tion of 0.80 Å, higher than that of the nascent COF-300
(0.83 Å).

Noteworthily, COF-300 serves as a prototype for struc-
tural change investigation of single crystal COFs. Transforma-
tions induced by 21 different solvents generate five distinct
structural conformations of single crystal COF-300 at room
temperature.204 The original COF-300 exhibited a seven-fold
interpenetrated dia topology with square channels measuring
approximately 13.1 � 13.1 Å2. Interestingly, COF-300-c showed
a closed-form structure that is induced by smaller molecules like
water, leading to a considerable lattice contraction and shrinking
the channels dramatically to 5.8 Å due to angular distortions of
the tetrahedral nodes and rotation of aromatic rings. Using
mesitylene as the molecular inducer generates the half-open form

of COF-300-ho with partial opening channels (8.7 � 11.5 Å2), due
to intermediate rotations of phenyl groups. Moreover, COF-300-r
with rectangular deformed channels can be formed through the
inclusion of 1,2,4-trimethylbenzene. Noticeably, COF-300-o with
an open-form structure can be achieved through inclusion of large
guest molecules like cyclohexane, resulting in maximal expansion
of channels (14.1 � 14.1 Å2), the largest among these different
forms (Fig. 14).204

Meanwhile, using polycyclic aromatic hydrocarbons (PAHs)
such as naphthalene, anthracene, pyrene and perylene reveals
the structural adaptability of COF-300 at elevated temperatures
(Fig. 14). Remarkably, COF-300 maintains its crystallinity even
at 280 1C, accommodating molten PAHs and demonstrating
single-crystal-to-single-crystal transformations (Fig. 14). Each
PAH orientates to unique spatial arrangements within the
channels: naphthalene retains similar geometry to the original
COF-300, while anthracene induces rectangular deformation
due to its larger molecular size204 and pyrene and perylene
develops further structural changes, allowing for only single-
column arrangements (Fig. 14).

Noticeably, the dynamic conformational regulation of COF-
300 (Fig. 15a) can be achieved by torsional adjustment of the
imine linkages and biphenyl imines, which resembles a
protein-folding-inspired design strategy for torsional motions
in polypeptide backbones (Table 5).205 By resolving distinct
anti-periplanar, syn-periplanar and anticlinal conformations
within the same topological scaffold, COF-300 exhibits confor-
mational polymorphism without altering the connectivity,
revealing a structural basis for COF conformational dynamics.

Single crystal COF-300 was prepared using a diffusion
gradient transimination method. First, a mixture of terephtha-
laldehyde (12.0 mg, 0.089 mmol), aniline (0.12 mL, 15 equiv.)
and aqueous AcOH (0.2 mL, 6 M) in anhydrous 1,4-dioxane
(0.5 mL) was placed at the bottom of a glass tube, whereupon

Fig. 12 Morphology and size of scFZU-908 after 5 days in various volume
ratios (10/0, 9/1, 8/2, 7/3, 6/4, 5/5, 4/6 and 3/7) of 1,4-dioxane and
mesitylene (scale bar = 50 mm). Reprinted with permission from ref. 202.
Copyright 2025 Wiley-VCH.

Fig. 13 Morphological tuning of COF-300 with reaction conditions. Reprinted
with permission from ref. 203. Copyright 2025 American Chemical Society.

Fig. 14 Schematics of the structural transformation of COF-300.
Reprinted with permission from ref. 204. Copyright 2025 Springer Nature.
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white crystalline flakes form. A solution of TAM (20.0 mg,
0.052 mmol) in anhydrous 1,4-dioxane (0.5 mL) was then gently
layered on top. The slow interdiffusion of reactants enables
controlled nucleation and crystal growth via transimination
(DC), yielding prismatic single crystals of COF-300-DC (Fig. 16a)
with sizes of 50 mm in 6 days.205 In comparison, COF-300-MC
(Fig. 16b) and COF-300-VC (Fig. 16c) were synthesized via
imine-exchange (MC) and solvent-ventilation controlled (VC)
crystal growth with a prolonged term of 30 and 14 days,
respectively. SCXRD revealed their single crystal nature with a
high resolution of 0.74 Å for COF-300-DC, 0.85 Å for COF-300-
MC and 0.76 Å for COF-300-VC, respectively.

This conformational adaptability is related to guest
responses and structural breathing phenomena during gas
adsorption. The ability to undergo reversible torsional adjust-
ments without losing crystallinity suggests a mechanism for
pore modulation, analogous to protein conformational transi-
tions. Such dynamic flexibility adds insights to adsorption-
induced phase behaviour, anisotropic pore response and
stimuli-responsive properties in 3D COFs.205

Isomerism in single crystal COFs has scarcely been known
due to the difficulties in controlling nucleation and crystal-
lization manners. Distinct from the above method that uses
transimination, imine-exchange and solvent-ventilation to grow
COF-300 with different conformations, a strategy with flexible
building blocks can induce multiple framework topologies
from the same molecular components.206 A linear dialdehyde
bearing two tetraethylene glycol (TEG) side chains (4EBDA) as
the linker upon condensation with TAM generates TK-COFs
(Fig. 15b). The flexibility of TAM combined with the conforma-
tional adaptability of the TEG side chains allows the framework
to adopt different packing arrangements during crystal growth,
thereby promoting structural isomerism.206

Indeed, this strategy generates three isomeric 3D COFs,
denoted TK-COF-1 (Fig. 16d), TK-COF-2 (Fig. 16e) and TK-
COF-3 (Fig. 16f) with distinct dia, qtz and dia-c3 nets, respec-
tively, demonstrating that identical molecular components can
afford multiple framework structures.

Single crystals suitable for structure resolution were
obtained through solvothermal imine condensation between
TAM and 4EBDA under carefully optimized crystallization con-
ditions (Table 5). The polymerization in 1,4-dioxane under
acidic conditions promotes reversible imine formation and
facilitates error correction during framework assembly.206 The
slow crystallization process allows the growth of large single
crystals observable with optical microscopy, enabling full struc-
tural determination by SCXRD.

SCXRD analysis revealed the single crystal structures of the
three isomers. TK-COF-1 shows unit cell parameters of a = b =
30.470 Å, c = 42.399 Å, and a = b = g = 901 and a unit-cell volume
(V) of 39364 Å3, with the I41/a space group. TK-COF-3 exhibits a
three-fold interpenetrated dia net and shares the same space
group of I41/a, with unit cell parameters of a = b = 23.4519 Å, c =
57.759 Å, a = b = g = 901 and V = 31767 Å3. In contrast, TK-COF-2
adopts the P2 space group, with unit cell parameters of a =
31.053 Å, b = 26.517 Å, c = 28.200 Å, a = 901, b = 117.7191, g = 901
and V = 20556 Å3.

All three COFs share the same chemical composition but
exhibit distinct connectivity and topology due to differences in
the spatial arrangement of the flexible building units. Morpho-
logical characterization by optical microscopy and SEM con-
firms that the COF crystals exhibit well-defined shapes and
sizes in the tens-of-micrometres range. Interestingly, TK-COF-1
is a ditetragonal-dipyramid with four vertices truncated, while
TKCOF-2 is a hexagonal prism and TK-COF-3 a slightly elon-
gated octahedron. The presence of TEG side chains contributes
to the structural adaptability during crystallization, inducing
the framework to reorganize into multiple energetically acces-
sible configurations.206 This strategy thus expands the struc-
tural diversity of single crystal 3D COFs and provides new
insight into the relationship between molecular design, crystal-
lization pathways and framework topology.

The structural complexity of COFs is important for function
exploration. The configurational flexibility of tetrahedral TAM
directs its polycondensation with linear dialdehyde linkers (2,3-
dihydroxyterephthalaldehyde) (DHPA) for COF-304 (Fig. 11i)

Fig. 15 (a) Dynamic conformational regulation of COF-300. (b) Illustra-
tion of the formation of three TK-COF isomers.
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Table 5 Synthetic conditions and structural resolution of single crystal COF-300-DC, COF-300-MC, COF-300-VC, TK-COF-1, TK-COF-2 and TK-
COF-3

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

COF-300-DC: TA (12.0 mg, 0.089 mmol) is dissolved in 1,4-dioxane
(0.5 mL), with aniline (0.12 mL, 15 equiv.) and aqueous AcOH
(6 mol L�1, 0.2 mL) added, resulting in white coloured flake-like crystals
precipitating out at the bottom of the glass diffusion tube (inner dia-
meter B4.24 mm) standing vertically. Then, a solution of TAM (20.0 mg,
0.052 mmol) dissolved in 1,4-dioxane (0.5 mL, ultradry) was then added
drop by drop onto the first layer to form stratification, yielding pris-
matic crystals of COF-300 with sizes of B50 mm within 6 days. To
completely remove dioxane and keep the framework from collapsing, we
used solvent exchange methods to completely remove the guest mole-
cules in the framework and maintain the consistency of the sample
crystal. THF, a low-boiling solvent, is used to exchange dioxane 3 times
one day and then rocked on a shaker for 3 days.

a = b = 19.5107Å 0.74 Å SCXRD 205c = 8.9850 Å
a = b = g = 901

COF-300-MC: TA (12.0 mg, 0.089 mmol), aniline (0.12 mL, 15 equiv.),
and 0.5 mL of 1,4-dioxane were added to a vial, and 0.2 mL of AcOH
(6 M) were added to the solution successively. Then TAM (20.0 mg,
0.052 mmol) dissolved in 1,4-dioxane (0.5 mL, ultradry) was added to
the vial. The mixture was placed at 25 1C and the single crystals of COF-
300 slowly crystallized out at room temperature and the crystal size
reached B40 mm within 30 days, and 60 mm within 60 days. The single
crystals were cleaned via the solvent exchange method.

NA 0.85 Å SCXRD 205

COF-300-VC: the monomer addition order is the same as for COF-300-
MC, while the vials were wrapped with perforated parafilm, allowing the
original solution to volatilize gradually at the beginning of the reaction.
Finally, single crystals grew to 50 mm within 14 days. The single crystals
were cleaned via the solvent exchange method.

NA 0.76 Å SCXRD 205

TK-COF-1: first, 4EBDA (1 equiv., 0.025 mmol, 11.46 mg) and aniline
(2 equiv., 0.05 mmol, 4.5 mL) were mixed in 1,4-dioxane (0.25 mL),
followed by ultrasonication for 5 min. Then, AcOH (36 equiv., 51 mL;
H2O: 290 equiv., 130 mL) was added to the solution. Meanwhile, TAM
(0.5 equiv., 0.0125 mmol, 4.76 mg) was dissolved in 1,4-dioxane
(0.25 mL) using another glass vial, followed by ultrasonication for 5 min.
Then, the mixture of 4EBDA, aniline, and catalyst was transferred into a
2 mL glass vial, followed by the addition of the TAM solution. A yellow
solid was immediately precipitated from the solution. The obtained
suspension was stored in a dark and noiseless Peltier incubator kept at
22 � 0.5 1C for 2 days to yield TK-COF-1.

a = b = 30.470 Å
NA HR PXRD

using syn-
chrotron
radiation

206c = 42.399 Å
a = b = g = 901

TK-COF-2: first, 4EBDA (1 equiv., 0.025 mmol, 11.46 mg) and aniline
(1.5 equiv., 0.0375 mmol, 3.4 mL) were mixed in 1,4-dioxane (0.25 mL) in
a 6 mL glass vial, followed by ultrasonication for 5 min. Then, AcOH
(200 equiv., 286 mL; H2O: 290 equiv., 130 mL) was added to the solution.
Meanwhile, TAM (0.375 equiv., 0.0125 mmol, 3.57 mg) was dissolved in
1,4-dioxane (0.25 mL) using another glass vial, followed by ultra-
sonication for 5 min. Then, the mixture of 4EBDA, aniline, and catalyst
was transferred into a 2 mL glass vial, followed by the addition of the
TAM solution. A yellow solid was immediately precipitated from the
solution. The obtained suspension was stored in a dark and noiseless
Peltier incubator kept at 8 � 0.5 1C for 2 days to yield COF crystals.

a = 31.053 Å, NA HR PXRD
using syn-
chrotron
radiation

206
b = 26.517 Å,
c = 28.200 Å
a = 901
b = 17.7191
g = 901

TK-COF-3: first, 4EBDA (1 equiv., 0.025 mmol, 11.46 mg) and aniline
(1.5 equiv., 0.0375 mmol, 3.4 mL) were mixed in 1,4-dioxane (0.25 mL) in
a 6 mL glass vial, followed by ultrasonication for 5 min. Then, AcOH
(200 equiv., 286 mL; H2O: 290 equiv., 130 mL) was added to the solution.
Meanwhile, TAM (1 equiv., 0.025 mmol, 9.51 mg) was dissolved in 1,4-
dioxane (0.25 mL) using another glass vial, followed by ultrasonication
for 5 min. Then, the mixture of 4EBDA, aniline, and catalyst was
transferred into a 2 mL glass vial, followed by the addition of the TAM
solution. The obtained suspension was stored in a dark and noiseless
Peltier incubator kept at 8 � 0.5 1C for 2 days to obtain a mixture of
TK-COF-2 and -3 crystals (the majority of the obtained crystals were
TK-COF-2 crystals). Then, the samples were moved to another Peltier
incubator kept at 22 � 0.5 1C for 3–7 days for the dissolution of TK-COF-
2 and precipitation of TK-COF3 crystals. Compared with the synthesis of
pure TK-COF-2, the transition from TK-COF-2 to -3 can occur only when
a relatively high concentration (Z2.5 � 10�2 M) of TAM is used.

a = b = 23.4519 Å NA SCXRD 206
c = 57.759 Å
a = b = g = 901
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and DMPA for COF-305 (Fig. 11j), forming diamondoid struc-
tures with different degrees of structural complexity.207 The
tetrahedral nodes capable of adopting multiple orientations pro-
pagate distinct configurations throughout the lattice, thereby
encoding ordered structural diversity within 3D COFs.

Single crystal COF-304 and COF-305 were prepared through
imine condensation reactions under solvothermal conditions
(Table 4).207 In detail, for the synthesis of single crystal COF-
305, DMPA (17 mg, 0.088 mmol) dissolved in 1,4-dioxane
(0.5 mL) was mixed with aniline (40 mL) as the modulator and
aqueous AcOH (15 M, 200 mL) as the catalyst. A solution of TAM
(20 mg, 0.053 mmol) dissolved in 1,4-dioxane (0.75 mL) was
carefully added into the reaction vial to minimize rapid nuclea-
tion. The reaction mixture was left standing at room tempera-
ture without disturbance. After 2 days, yellow crystals of 30 mm
in size formed, which continued to grow to 40 mm after 4 days, a
size suitable for SCXRD analysis. High-quality single crystal
COF-304 was prepared by reacting DHPA and TAM under a
similar condition.

SCXRD analysis at a resolution of 1 Å revealed that COF-305
with dia topology adopts the orthorhombic space group Fdd2
(no. 43) and exhibits an exceptionally large unit cell with
parameters of a = 47.077 Å, b = 67.629 Å, c = 42.547 Å and a =
b = g = 901, corresponding to a V value of 135460 Å3. This unit
cell value is among the largest reported for 3D COFs.207

Notably, the TAM units within COF-305 contain multiple orien-
tations to allow different rotational configurations and propa-
gations in an ordered fashion throughout the structure, thereby
enabling the co-existence of several independent network com-
ponents and a more intricate interpenetration pattern. In
contrast, although COF-304 adopts a dia topology it develops
a periodic porous framework by connecting TAM with dialde-
hyde linkers. In this structure, the tetrahedral TAM maintains a
uniform orientation throughout the lattice, forming a regular
pore system and defined interpenetration pattern.207 Thus,
single crystal COF-304 represents a conventional yet well-
defined diamondoid COF, in which the building units adopt
a uniform configuration.207

The above structural comparisons between single crystal
COF-305 and COF-304 highlight how subtle differences in

molecular configuration yield sharply different crystalline
architectures.207 While COF-304 forms a uniform and sym-
metric porous network, COF-305 develops a hierarchically
complex yet ordered framework. Both materials exhibit perma-
nent porosity, while the structural complexity of single crystal
COF-305 may generate diversified pore environments that may
enhance host–guest interactions or molecular recognition.207

Interestingly, the same behaviour as for the single crystal
COF-305 is observable for COF-308 (= COF-305, Fig. 11j).208 The
synthesis is based on controlling the intermolecular arrange-
ment of TAM. In contrast to a conventional COF-300 with TAM
and TA units that exhibits flexible ‘edge-to-edge’ alignment for
the TAM units, the introduction of methoxy-substituted dialde-
hyde (BDA-cis-OMe = DMPA) regulates intermolecular interac-
tions and induces a ‘face-to-face’ packing mode (Fig. 17),
thereby fixing the framework geometry. Furthermore, the intro-
duction of a Lewis acid template stabilizes this packing
configuration during crystallization, ultimately generating a
different COF topology with enhanced rigidity.208

Single crystal COF-308 was synthesized through condensa-
tion of TAM with BDA-cis-OMe.208 The reaction proceeds in a
mixture of 1,4-dioxane, with aniline as a modulator and scandium
trifluoromethanesulfonate (Sc(OTf)3) as the Lewis acid catalyst.
The aniline modulator promotes reversible imine exchange and
controls nucleation, while Sc(OTf)3 acts as a structure-directing
agent to favour the ‘face-to-face’ arrangement of the TAM units.208

Large octahedral single crystals (Fig. 18a) with sizes up to 100 mm
were obtained after slow crystallization.

SCXRD analysis with a resolution of 0.95 Å reveals that COF-
308 crystallizes in the orthorhombic space group Fddd with unit
cell parameters of a = 41.05 Å, b = 46.67 Å, and c = 40.94 Å. COF-
308 adopts a dia topology featuring an unusual [4+2] mixed
interpenetration mode, composed of two independent sets of
networks interlocked within the same crystal lattice.208 Detailed
structural analysis indicates the presence of two crystallogra-
phically independent TAM nodes, which develop two interpe-
netrating networks, whose combined interpenetration pattern
effectively locks the framework geometry. This structural

Fig. 16 (a)–(c) Optical images of single crystal COF-300 grown via (a) DC,
(b) MC and (c) VC approaches, respectively. (d)–(f) Optical images of single
crystals of (d) TK-COF-1, (e) TK-COF-2 and (f) TK-COF-3. (a)–(c) Reprinted
with permission from ref. 205. Copyright 2024 American Chemical
Society. (d)–(f) Reprinted with permission from ref. 206. Copyright 2024
American Chemical Society.

Fig. 17 Different packing modes of COF-300 and COF-308. Reprinted with
permission from ref. 208. Copyright 2025 American Chemical Society.
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arrangement restricts the relative sliding or twisting of adjacent
frameworks, leading to a mechanically rigid architecture.208

The rigid structure of single crystal COF-308 is confirmed by
gas adsorption. Nitrogen adsorption at 77 K displays a typical
type-I isotherm with negligible hysteresis, in contrast to the
flexible adsorption behaviour observed for single crystal COF-
300. The BET surface area reaches 2060 m2 g�1, close to the
theoretical value of 2260 m2 g�1, indicating the permanent
porosity and structural integrity.208 The pore size distribution
centered at 1.27 nm, is consistent with the crystallographically
determined channels. These results demonstrate that control-
ling the packing of building blocks and framework interpene-
tration can effectively tune the dynamic behaviour of 3D single
crystal COFs, offering a new strategy for designing rigid COFs
suitable for gas storage, adsorption, crystallography and struc-
ture–property relationship investigations.208

A subtle modification in linker functional groups and the
use of templating Lewis acids control the packing arrangement
of building blocks. As a result, this transforms flexible frame-
works into rigid architectures. This provides insights into the
relationship between interpenetration, molecular packing and
framework dynamics, which is critical for developing COFs with
controllable structures.

2D COFs consist of layered architectures, while their crystal
growth is typically limited to micro- or nanometre scales. In
contrast, 3D COFs form large single crystals but lack functional
advantages associated with layered frameworks. To reconcile
these limitations, the 2.5D COFs (Fig. 19a and b) develop a
stereoscopic bonding strategy by using tetrahedral tetratopic
nodes and trigonal tritopic linkers to generate laterally
extended skeletons, which are macroscopically 2D but micro-
scopically 3D.168

The tetra-functional TAM was reacted with triangular
2,4,6-tris(4-formylphenyl)-1,3,5-triazine (TFPT) or 1,3,5-tris(4-
formylphenyl) benzene (TFPB) to form two COFs, TK-COF-4

(Fig. 19a) and TK-COF-5 (Fig. 19b), respectively. Unlike conven-
tional 3D COFs constructed from similar building blocks, the
reaction proceeds in a non-stoichiometric component mode,
where only three of the four amine groups of TAM participate in
imine formation, leaving one amine protruded from the layer
plane.168 This configuration produces a layered architecture
composed of laterally interpenetrated networks, while main-
taining stereoscopic connectivity that promotes the growth of
large single crystals.

The single crystal COFs were synthesized through a con-
trolled solvothermal process in a mixed solvent system
composed of 1,4-dioxane and o-DCB (Table 6), which provides
an appropriate balance between solubility and crystallization
kinetics.168 AcOH serves as the catalyst, while aniline or m-
toluidine functions as the modulator to regulate nucleation and
crystal growth. Optimizing conditions yields large prismatic
single crystals (Fig. 18b and c) with sizes exceeding 0.1 mm,
among one of the largest single crystal dimensions reported for
layered COFs to date.168 The use of modulators plays a crucial
role in slowing the polymerization kinetics and enabling defect
correction through dynamic imine exchange, thereby facilitat-
ing the formation of highly ordered crystalline frameworks
suitable for SCXRD analysis.168

SCXRD measurements unambiguously resolve the crystal
structures of the 2.5D COFs. Single crystal TK-COF-4 adopts
the monoclinic space group P21/n with unit cell parameters of
a = 9.8024 Å, b = 36.6977 Å, c = 18.2022 Å, a = g = 901, b = 99.6081
and V = 6455.95 Å3. Similarly, single crystal TK-COF-5 adopts
the same P21/n space group but with slightly expanded lattice
parameters (a = 10.2481 Å, b = 37.3978 Å, c = 18.6451 Å, a = g =
901, b = 103.0781 and V = 6960.51 Å3).168 The crystal structures
reveal a distinctive structural motif, in which two laterally
displaced hcb-type networks interpenetrate within the same
plane, forming a layered architecture. Importantly, the
unreacted amines are periodically arranged and oriented

Fig. 18 (a)–(f) Optical images of single crystals of (a) COF-308, (b) TK-
COF-4, (c) TK-COF-5, (d) COF-300-AR, (e) COF-300-CHO and (f)
NKCOF-155. (a) Reprinted with permission from ref. 208. Copyright 2025
American Chemical Society. (b) and (c) Reprinted with permission from ref.
168. Copyright 2025. Springer Nature. (d) and (e) Reprinted with permis-
sion from ref. 189. Copyright 2025 American Chemical Society. (f) Rep-
rinted with permission from ref. 209. Copyright 2025 American Chemical
Society.

Fig. 19 Structures of (a) TK-COF-4, (b) TK-COF-5, (c) COF-300-AR, (d)
COF-300-CHO, (e) COF-300-1,2,3-triazole, (f) COF-300-1,2,4-triazole,
(g) COF-300-pyrazole and (h) NKCOF-155.
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perpendicular to the layers, producing an exceptionally high
density of functional groups accessible to guest molecules.168

The frameworks develop interlayer N–H� � �N hydrogen bonds
between primary amines and neighbouring imine nitrogen
atoms, which contribute to the stabilization of layer
growth.168

The development of new linkage chemistry in single crystal
3D COFs remains a challenging goal.189 Post synthetic mod-
ifications of single crystal COFs provide an available method
but often cause partial loss of crystallinity. A multistep single
crystal to single crystal (SC–SC) transformation enables the
construction of the formamide-linked single crystal COF-300-
CHO (Fig. 19d), from the imine-linked single crystal COF-300
(Fig. 7a).189

This approach sequentially transforms the dynamic imine
linkage into more robust functional linkages while preserving
the crystalline order.189 Thus, the imine bonds in single crystal
COF-300 are transformed to amine bonds to yield COF-300-AR
(Fig. 19c), followed by a formylation reaction that introduces
formamide linkage to generate single crystal COF-300-CHO
through a multistep SC–SC process.189

The parent COF-300 single crystals were synthesized
through a reversible imine condensation between TAM and
TA.189 The reaction is performed in 1,4-dioxane in the
presence of glacial AcOH and aniline, together with ionic liquid
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([BMIm][NTf2]) to regulate crystallization kinetics. The reaction
mixture was maintained at room temperature for 5 days

Table 6 Synthetic conditions and structural resolution of single crystal TK-COF-4, TK-COF-5, COF-300-AR and COF-300-CHO

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

First, the powder of TFPT (9.44 mg, 0.024 mmol) was taken in a screw-cap glass
vial (capacity: 5 or 10 mL). Then, o-DCB (2.16 mL) was added to the vial, which
was sonicated for 10 min using an ultrasonic bath (3510-DTH, Branson). Next,
AcOH (252 mL, 182 equiv.) and aniline (136 mL, 62 equiv.) were added to the vial,
after which an additional 3 min sonication was applied. Subsequently, a 1,4-
dioxane solution (360 mL) of TAM at 50 mM concentration, which was prepared
in a separate vial and passed through a PTFE filter (pore size: 200 nm,
SLLGX13NL, Merck-LG), was added to it. Finally, the mixture was homogenized
quickly either by sonication for 1 min or by gently shaking the vial by hand.
The capped vial was stored in a temperature-controlled incubator at 22 1C until
crystals of sufficient size for the intended measurement were generated.

a = 9.8024 Å

NA SCXRD 168

b = 36.6977 Å
c = 18.2022 Å
a = 901
b = 99.6081
g = 901

First, the powder of TFPB (9.36 mg, 0.024 mmol) was taken in a screw-cap glass
vial (capacity: 5 or 10 mL). Then, o-DCB (2.16 mL) was added to the vial, which
was sonicated for 5 min using an ultrasonic bath (3510-DTH, Branson). Next,
AcOH (252 mL, 182 equiv.) and m-toluidine (110 mL, 42 equiv.) were added to the
vial, after which an additional 3 min sonication was applied. Subsequently, a
1,4-dioxane solution (360 mL) of TAM at 50 mM concentration, which was
prepared in a separate vial and passed through a PTFE filter (pore size: 200 nm,
SLLGX13NL, Merck-LG), was added to it. Finally, the mixture was homogenized
quickly either by sonication for 1 min or by gently shaking the vial by hand.
The capped vial was stored in a temperature-controlled incubator at 22 1C until
crystals of sufficient size for the intended measurement were generated.

a = 10.2481 Å

NA SCXRD 168

b = 37.3978 Å
c = 18.6451 Å
a = 901
b = 103.0781
g = 901

The as-synthesized single-crystal COF-300 (50 mg) was dispersed in 25.0 mL of
methanol. Terephthalic acid (BDC, 60 mg) was added to a single-crystal COF-
300 suspension. The reaction mixture was cooled to 0 1C. NaBH4 (0.5 g) was
added to small portions over a period of 20 min. The mixture was slowly stirred
at 0 1C for 1 h and then allowed to warm to room temperature for another 10 h.
The reduced COF-300-AR was washed with water and methanol. The resulting
single-crystal COF-300-AR was immersed in DMF for 1 day and subjected to
SXRD measurements.

a = b = 27.327 Å,
c = 7.2710 Å 0.91 Å SCXRD 189
a = b = g = 901

A mixture of formic acid (5.0 mL) and acetic anhydride (5.0 mL) was stirred at
70 1C for 1 h and then cooled to room temperature. The as-synthesized single-
crystal COF-300-AR (50 mg) was dispersed in 5.0 mL of acetic anhydride. A
single-crystal COF-300-AR suspension was added to a mixture of formic acid
and acetic anhydride. The resulting mixture was stirred slowly at 50 1C for 10 h.
After the reaction was complete, the resulting single-crystal COF-300-CHO was
immersed in DMF for 1 day and subjected to SXRD measurement.

a = b = 25.8963 Å,
c = 7.0109 Å 0.98 Å SCXRD 189
a = b = g = 901
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(Table 6), producing yellow prismatic single crystals suitable for
SCXRD analysis. SCXRD analysis at a resolution of 0.90 Å
revealed that COF-300 exhibits the tetragonal space group I41/a
with a seven-fold interpenetration structure, showing unit cell
parameters of a = b = 26.6062 Å, c = 7.4389 Å and a = b = g = 901.

The subsequent SC–SC transformation involves two sequen-
tial reaction steps. First, the imine linkages of COF-300 are
reduced by NaBH4 to form the amine-linked COF-300-AR
(Fig. 18d), while preserving the crystal morphology and long-
range order.189 SCXRD analysis confirmed that COF-300-AR
maintains the same I41/a space group as the parent single
crystal COF-300 with slightly expanded lattice parameters of
a = b = 27.327 Å and c = 7.2710 Å. In the second step, the amine
linkages are converted into formamide groups by reaction in a
solution of formic acid and acetic anhydride, generating the
formamide-linked single crystal COF-300-CHO (Fig. 18e).189

Structural refinement revealed that the introduction of for-
mamide groups induced significant lattice contraction due to
steric effects and additional hydrogen-bond interactions.
The lattice parameters decreased to a = b = 25.8963 Å and c =
7.0109 Å, resulting in a 13.4% reduction in the unit-cell volume.
This could be attributed to the shortening of the organic linker
and the formation of intermolecular C–H� � �O hydrogen bonds
within the framework. Moreover, compared to the parent
COF-300 and COF-300-AR, single crystal COF-300-CHO has
improved chemical stability toward strong acids and bases,
demonstrating that post-synthetic linkage transformation
effectively enhances the robustness of COFs while preserving
crystallinity.189

Noticeably, a solvent-free melt-phase PSM strategy using
1,2,3-triazole, 1,2,4-triazole and pyrazole enables the transfor-
mation of single crystal COF-300 (Fig. 7a) into amine-linked
COF-300-1,2,3-triazole (Fig. 4e), COF-300-1,2,4-triazole (Fig. 4f)
and COF-300-pyrazole (Fig. 4g), respectively (Table 7).190 This
approach enables precise chemical modification of COF lin-
kages while preserving single-crystal integrity, thereby allowing
atomic-level characterization of chemical transformations in
porous frameworks. Under molten conditions, these azoles
diffuse uniformly throughout the framework without solvent
interference, enabling efficient chemical modification of the
imine linkages.

The structural integrity of the resultant COFs is confirmed
by SCXRD, which demonstrated that the framework topology
remained intact after modification. The three COFs are iso-
structures and crystallize in a tetragonal system with the I41/a
space group. Detailed crystallographic analysis on COF-
300-1,2,3-triazole reveals the atomic-level structural changes
associated with the modification. Its imine bond length
(1.245 Å) is converted into an amine linkage with a bond length
of 1.415 Å, while the attached azole groups form additional
hydrogen-bond networks within the pores. Moreover, COF-300-
1,2,3-triazole retains a similar structure to the parent COF-300,
featuring a seven-fold interpenetrated dia-c7 topology.190

Developing biocomposites of single crystal 3D COFs with
biomacromolecules is fundamentally important for application
but remains a challenge. A new single crystal 3D COF designed

for enzyme assembly and biomolecule integration highlights
the potential of 3D COFs for biohybrid materials. The proposed
strategy was based on the dynamic nature of imine bonds in
COFs to enable covalent attachment of biomacromolecules
through reversible bond exchange processes.209

Single crystal NKCOF-155 (Fig. 5h) was obtained through a
condensation reaction between TAM (9.5 mg, 0.025 mmol)
and spirobifluorene-based linker 2,200,7,700-tetramethoxy-9,9 0-
spirobi[fluorene]-3,30,6,60-tetracarbaldehyde (TMSFTA, 13.7 mg,
0.025 mmol) by using CF3COOH as the catalyst and
CF3CH2NH2 as the modulator (Table 7). Noteworthily, the
spirobifluorene core introduces a rigid and bulky geometry
that stabilizes the resulting framework while generating well-
defined pores suitable for biomolecule immobilization.209 After
3 days of reaction, the system yields well-defined melon-seed-
shaped crystals of 80 mm in size (Fig. 18f), which can be directly
observed by optical microscopy and SEM. The crystal structure
of NKCOF-155 is obtained using SCXRD with a resolution of
0.79 Å. It adopts a tetragonal space group P%42m, with unit cell
parameters of a = b = 11.1981 Å, c = 18.3516 Å, a = b = g = 901 and
V = 2315.23 Å3.

The dynamic nature of imine linkages plays a key role in
enabling enzyme immobilization.209 In aqueous environments,
imine bonds undergo hydrolysis to generate aldehyde groups,
which react with amino groups present on enzyme surfaces.
This dynamic exchange mechanism allows enzymes to be
covalently integrated into COFs without disrupting its crystal-
linity. The resulting enzyme–COF composites exhibit promising
performance in biocatalytic reactions due to the synergistic
combination of the ordered porous structure and the catalytic
activity of the enzymes.209 Details of the reactions and catalytic
performance are analyzed in Section 5.5.

These results show a strategy for assembling biomolecules
within single crystal 3D COFs through dynamic covalent chem-
istry. The approach not only expands the functional scope of 3D
COFs but also provides a new platform for designing biohybrid
materials.

The valency of COFs has been long limited to 6. A series
of single organic linkers, BPA-1 to 5, were designed to
combine boronic and phosphonic acid functionalities in one
molecule.185 Through an ingenious in situ strategy based on
isoelectronic replacement, these linkers self-condensed to form
borophosphonate cubes with a valency of 8, yielding a 3D
polycubane COF, BP-COF-1 (Fig. 20a) and its isoreticular ana-
logues BP-COF-2 to 5.185 The structure of microcrystalline BP-
COF-1 was solved from PXRD data, with Pawley refinement
confirming a body-cantered cubic (bcu) topology with a unit cell
of a = 12.39(5) Å, b = 12.52(3) Å and c = 12.93(5) Å (Fig. 21a).
Comprehensive characterization, including ssNMR (11B, 31P
and 13C), revealed the tetrahedral coordination of boron within
the cubes (Fig. 21b–d), while N2 sorption isotherm analysis
showed a BET surface area of 519 m2 g�1, confirming perma-
nent porosity.

Interestingly, acid induces rearrangement of BP-COF-1 into
BP-COF-6 (Fig. 20b), a constitutional isomer featuring infinite
B–O–P rods (valency of ‘infinity’). Crucially, BP-COF-6 (Table 8)
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was obtained as large single crystals up to 50 mm (Fig. 22a),
enabling its structure to be resolved via single-crystal X-ray
diffraction.185

The structure in the space group Pc revealed unit cell
parameters of a = 5.4728(16) Å, b = 4.3774(12) Å, c = 14.285(4) Å,
b = 95.402(7)1 and V = 340.71(16) Å3. Key structural details
include B–O and P–O bond lengths of 1.47 Å and 1.54 Å within
the rods and a layered architecture stabilized by interstitial
water molecules via hydrogen bonds (O� � �O distances of 2.58–
2.60 Å). The proposed ‘slice-and-slide’ mechanism for this
topological transformation from a polycubane to a rod-based
framework is illustrated in Fig. 22b.185 These results introduce

a novel linkage chemistry for COFs and provides one of the rare
atomic-level structural characterizations of a COF via single-
crystal diffraction, thereby demonstrating a new aspect of
higher valency and complexity in porous organic materials.185

Recently, two chiral 3D COFs (CCOFs) (Fig. 23 and Table 8)
were successfully synthesized in the form of single crystals.210

In detail, (R)-39 and (R)-39-SH were obtained by condensing
TAM with chiral tetraaldehyde building blocks derived
from optically active 1,10-biphenol-phosphoric/thiophosphoric
acid ((R)-BTAP/(R)-(BTAT)), respectively, in the presence of
CF3CH2NH2 as the modulator. Structurally, both frameworks
crystallize in the chiral tetragonal space group I4. Single crystal

Table 7 Synthetic conditions and structural resolution of single crystal TK-COF-4, TK-COF-5, COF-300-AR, COF-300-CHO, COF-300-1,2,3-triazole,
COF-300-1,2,4-triazole, COF-300-pyrazole and NKCOF-155

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

The single crystals of COF-300 (1 mg) and azole reagents (100 mg), including
1,2,3-triazole (melting point: 25 1C), 1,2,4-triazole (121 1C), and pyrazole
(70 1C), were combined in a sample vial (5.0 mL). The mixture was heated at
90 1C (1,2,3-triazole and pyrazole) and 125 1C (1,2,4-triazole) for 12 h. Subse-
quently, the mixture was washed with ethanol, and the resulting single crystals
of COF-300-azole were isolated. The single crystal was sealed in a capillary tube
for single-crystal X-ray crystallography analysis.

a = b = 26.01 Å,
c = 54.30 Å 0.86 Å SCXRD 190

See above NA NA NA 190

See above NA NA NA 190

A sample vial (8.0 mL, body length 50 mm, neck length 18 mm) was sequen-
tially charged with 2,20,7,70-tetramethoxy-9,90-spirobi[fluorene]-3,30,6,60-
tetracarbaldehyde (TMSFTA, 13.7 mg, 0.025 mmol), THF (0.25 mL), acetonitrile
(0.25 mL) and CF3CH2NH2 (102 mL, 52 equiv.). Then, CF3COOH (0.10 mL,
6.0 M) was added. TAM (9.5 mg, 0.025 mmol) dissolved in THF (0.25 mL) and
acetonitrile (0.25 mL) was added to the solution. The reaction was allowed to
stand at 30 1C. The yellow single crystals of NKCOF-155 formed rapidly, exhib-
iting uniform morphology. The crystal size reached 80 mm in 3 days. The as-
synthesized crystals were immersed in 1,4-dioxane to obtain fully solvent-
occupied single crystals of NKCOF-155.

a = b =11.1981 Å,
c = 18.3516 Å,
a = b = g = 901

0.79 Å SCXRD 209
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COFs were prepared using either a solvothermal method or a
modulation strategy, with sizes up to 100 mm (Fig. 24), which
enabled structural resolution at 0.90 Å for (R)-39 (Fig. 23a). It
crystallizes in the chiral space group I4 with unit cell para-
meters of a = b = 27.31 Å, c = 23.57 Å and a = b = g = 901. (R)-39-
SH (Fig. 23b) has nearly identical building units to (R)-39,
making them isostructural, with unit cell parameters of
a = b = 27.25 Å, c = 23.89 Å and a = b = g = 901, achieving a
resolution of 1.1 Å.210

These two single crystal CCOFs demonstrated remarkable
performance as heterogeneous Brønsted acid catalysts in asym-
metric organic transformations, including asymmetric acetali-
zation, transfer hydrogenation of ketimines and anti-selective
Mannich reactions. The exceptional catalytic performance is
largely attributed to the confined and precisely defined frame-
work environments, which facilitate effective interaction and
orientation of reactants at the catalytic sites, thereby ensuring
high stereo-control and reactivity. Moreover, the catalysts
exhibited remarkable durability and recyclability, retaining
high catalytic efficiency and enantioselectivity after multiple

cycles of use. The detailed catalytic performance will be pre-
sented in Section 5.

Morphological control in single crystal COFs has proven to
be difficult due to the complicated nucleation and crystal-
lization processes. By using fluorine-substituted triptycene
derivatives with different amounts of aniline modulators, a
series of high-quality single crystals of JUC-663-X (X = 30
to 135, the equivalent of aniline) have been synthesized
(Fig. 25 and Table 8).211 The reason for using triptycene
derivatives is that their aromatic backbones enable the precise
directional propagation of networks throughout the crystal-
lization process, thereby facilitating ordered structural for-
mation. However, their low solubility, on the other hand,
limits the development of large and high-quality single crystals.

To promote the solubility of triptycene derivatives,
fluorine atoms were introduced into the triptycene structure,
resulting in two monomers, i.e., 2,3,6,7,14,15-hexa (30-fluoro-4 0-
formylphenyl) triptycene (HFFPTP) and 2,3,6,7,14,15-hexa (40-
amino-20-fluorophenyl) triptycene (HAFPTP), with desirable
solubility. Notably, through varying the aniline amount (30 to
130 equiv.), eight single crystals, i.e., JUC-663-30 (Fig. 26a), JUC-
663-45 (Fig. 26b), JUC-663-60 (Fig. 26c), JUC-663-75 (Fig. 26d),
JUC-663-90(Fig. 26e), JUC-663-105 (Fig. 26f), JUC-663-120
(Fig. 26g) and JUC-663-135 (Fig. 26h), were obtained by using
1,4-dioxane as the solvent and AcOH as the catalyst at room
temperature for 5 days.211

Notably, increasing the amounts of aniline resulted in
notable variations in both crystal morphology and size
(Fig. 26i). The aspect ratio of JUC-663-X increased almost
linearly from 0.10 to 2.84 upon increasing the aniline dosage
from 30 to 135 equiv. (Fig. 26j). SAED analysis with RED
technology revealed unit cell parameters of a = b = 32.4119 Å,
c = 15.2924 Å, a = b = 901 and g = 1201. JUC-663-30 exhibited a
two-fold interpenetrated acs topology with one mesopore of
2.3 nm and two micropores of 1.0 and 1.5 nm, respectively.

Using aniline below 30 equiv. yields amorphous polymers,
while no solid is formed with aniline over 135 equiv. A
mechanism study revealed that: (1) at low aniline concen-
tration, the aldehyde groups of HFFPTP were not protected,
resulting in high polymerization rates that typically generate
amorphous products; (2) increasing the aniline concentration
partially protects the aldehyde groups to slow down the reac-
tion rate, thus favouring the growth of single crystals; (3)
further increasing to excess amounts of aniline inhibits the
polymerization, resulting in no products. This mechanism
revealed the role of aniline in controlling the kinetics of single
crystal growth.211

The single-crystal forms of 3D sp2c-COFs are fundamentally
essential for many applications but have not yet been synthe-
sized due to the irreversible and/or less reversible CQC bond
formation reactions.8,75,170,212 A post-synthetic modification
method via imine-to-olefin transformation provided a feasible
route for the synthesis of single-crystal sp2c-COFs (Table 8).188

In detail, single crystal COF-303 (Fig. 7b) was synthesized via
condensation of tetrakis(4-formylphenyl) methane (TFM,
10.8 mg, 0.025 mmol) and p-phenylenediamine (PDA, 5.4 mg,

Fig. 21 Characterization of BP-COF-1. (a) XRD refinement of BP-COF-1,
showing the experimentally observed XRD pattern (black), Pawley fitting
(red) and the simulated XRD pattern (blue). (b) SEM images of BP-COF-1.
(c) Overlay of the 11B solid-state (ss) NMR spectra of BP-COF-1, a
molecular borophosphonate model compound and BPA-1. (d) 31P and
13C NMR spectra of BP-COF-1. Reprinted with permission from ref. 185.
Copyright 2020 American Association for the Advancement of Science.

Fig. 20 Structures of (a) BP-COF-1 and (b) BP-COF-6.
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0.05 mmol) in the presence of aniline (0.12 mL) as the mod-
ulator and AcOH (6 M, 0.1 mL) as the catalyst at 40 1C for 3
days. The resultant single crystal COF-303 was isolated in yellow
powder and was used as parent crystals for structural transfor-
mation. Structural analysis by using continuous cRED revealed
its single crystal structure at a high resolution of 0.9 Å and the
I%42d space group, showing unit cell parameters of a = b =
23.87 Å and c = 7.83 Å.

Subsequently, structural transformation was conducted at
ambient temperature via linker exchange, where the p-phenyl-
enediamine linker was replaced by 1,2,6-trimethylpyrazin-1-
ium iodide with trifluoroacetic acid (TFA) as the catalyst,
resulting in single crystal sp2c-linked sc-sp2c-COF-1 (Fig. 27
and Table 8) with a red colour (Fig. 28a and b). This reaction is

based on the imine-to-olefin transformation rather than the
direct aldol polycondensation, thus slowing down the reaction
rate of crystal growth. In this context, TFA is essential to control
the hydrolysis rate of the imine bonds and the reconstruction
rate of the olefin bonds. The successful linkage transformation
was verified by using XRD, FTIR spectroscopy, Raman spectro-
scopy, ss NMR and XPS spectroscopy. Due to the isostructural
crystals, sc-sp2c-COF-1 exhibited the same I%42d space group
with a structural resolution of 1.1 Å. Structural transformation
resulted in crystal shrinkage with reduced unit cell parameters
of a = b = 20.4 Å and c = 8.8 Å (Fig. 28c). This post synthetic
method provided a robust and feasible protocol for the synthe-
sis of single crystal sp2c-COFs that cannot be completed in a
one-pot reaction.188 Notably, this strategy is applicable to the

Table 8 Synthetic conditions and structural resolution of single crystal (R)-39, (R)-39-SH, JUC-663 and sc-sp2c-COF-1

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

(R)-BTAP-Cl (10.7 mg, 0.015 mmol) was added to a centrifuge tube (1 mL),
followed by THF/acetonitrile (0.5 mL; 2 : 1 by vol). The mixture was ultra-
sonicated until fully dissolved, then CF3CH2NH2 (47 mL, 40 equiv.) and
CF3CO2H (100 mL, 1 M) were added sequentially. TAM (5.7 mg, 0.015 mmol)
was added to the solution and shaken gently until dissolved. The mixture
was filtered through a 0.45 mm PTFE filter membrane, and the clear filtrate
was transferred to a 1-dram glass vial and sealed. The vial was left undis-
turbed at room temperature for 28 days, during which yellow single crystals
of (R)-39 with uniform rice-like morphology were formed, with an average
size of approximately 100 mm. The as-synthesized crystals were soaked in
DMF for 24 h to exchange the guest molecules in the pores and then sub-
jected to SCXRD measurements

a = b = 27.31 Å,
c = 23.57 Å,
a = b = g = 901

0.90 Å SCXRD 210

(R)-BTAT-Cl (10.9 mg, 0.015 mmol) was added to a centrifuge tube (1 mL),
followed by THF/acetonitrile (0.5 mL, 6 : 1 by vol). The mixture was ultra-
sonicated until fully dissolved, then CF3CH2NH2 (40 mL, 33 equiv.) and
CF3CO2H (50 mL, 2 M) were added sequentially. TAM (5.7 mg, 0.015 mmol)
was added to the solution and shaken gently until dissolved. The mixture
was filtered through a 0.45 mm PTFE filter membrane, and the clear filtrate
was transferred to a 1-dram glass vial and sealed. The vial was left undis-
turbed in a 35 1C oven for 28 days, during which colourless single crystals of
(R)-39-SH with uniform polyhedron morphology were formed, with an
average size of approximately 60 mm. The as-synthesized crystals were
soaked in DMF for 24 h to exchange the guest molecules in the pores and
then subjected to SCXRD measurements.

a = b = 27.25 Å,
c = 23.89 Å,
a = b = g = 901

1.1 Å SCXRD 210

A vial (5 mL) was charged with HFFPTP (9.86 mg, 0.01 mmol), aniline
(30–135 eq.) and anhydrous 1,4-dioxane (0.5 mL). The mixture was soni-
cated until the solid was just dissolved, and glacial AcOH (0.4 mL)
was successively added into the vial. Immediately, HAFPTP (9.19 mg,
0.01 mmol) in anhydrous 1,4-dioxane (1 mL) was added to the solution. The
mixture was allowed to stand at ambient temperature for crystallization.
The light-yellow single crystals of JUC-663-X with sizes up to 5–30 mm
appeared after 120 h

a = b = 32.4119 Å,
c = 15.2924 Å,
a = b = 901,
g = 1201

NA SAED/RED 211

A pyrex tube (d = 10 mm) was charged with COF-303 (8 mg), 1,2,5-
trimethylpyrazin1-ium iodide (p-TPI, 13.2 mg, 52.73 mmol), mesitylene
(0.5 mL), 1,4-dioxane (0.5 mL) and acetonitrile (0.02 mL). Then CF3CO2H
(0.18 mL) was added slowly along the interior surface of the pyrex tube.
The pyrex tube was sealed under vacuum after pumping for 15 mins and set
at 120 1C for three days. The as-synthesized sc-sp2c-COF-1 was washed with
tetrahydrofuran and acetone six times with interval times of 2 h each and
dried at 120 1C under vacuum conditions to yield a dark red powder with an
average yield of 83%.

a = 20.4 Å,
b = 20.4 Å,
c = 8.8 Å,
a = b =g = 901

1.0 Å SCXRD 188
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synthesis of another CQC-linked 3D COF, i.e. sc-sp2c-COF-2
(Fig. 27), by using the 1,2,6-trimethylpyrazin-1-ium iodide (o-
TPI) as the substitution linker. Interestingly, sc-sp2c-COF-2
adopts the same I%42d space group with a five-fold interpenetra-
tion structure. sc-sp2c-COF-2 exhibits unit cell parameters of a =
b = 19.9 Å, c = 8.7 Å and a = b = g = 901.

4.1.2. Modulator-assisted synthesis of 2D COFs. Synthesiz-
ing single crystal 2D COFs presents grand challenges compared
to 3D COFs. The difficulty in the growth of single crystal 2D
COFs arises from their structural nature, reaction and error-
correction mechanisms as well as complex processes.

The fundamental difference between 2D and 3D COFs lies in
their bonding and dimensionality. In 2D COFs, 2D layers are

formed through covalent bonds within the x–y plane, but these
layers undergo supramolecular polymerization along the z-axis
driven by noncovalent interactions. The key problem is that this
additional z-directional supramolecular polymerization of 2D
layers is less correlated with the polycondensation reaction,
requiring additional measures to control the z-directional
growth into ordered structures. However, it remains difficult
to form uniformly ordered structures via supramolecular poly-
merization, and it is especially difficult to form the same
stacking mode across the entire crystals.

Fig. 22 Single crystal BP-COF-6. (a) Optical microscopy and SEM images
of BP-COF-6. (b) Polycubane-to-1D rearrangement of BP-COF-1 to BP-
COF-6. Reprinted with permission from ref. 185. Copyright 2020 American
Association for the Advancement of Science.

Fig. 23 Single crystal chiral 3D COFs. (a) and (b) Structures of (a) (R)-39
and (b) (R)-39-SH.

Fig. 24 Morphologies of single crystal (R)-39 and (R)-39-SH. (a)–(d)
Optical microscopy and SEM images of (a) and (b) (R)-39 and (c) and (d)
(R)-39-SH. Reprinted with permission from ref. 210. Copyright 2025
American Chemical Society.

Fig. 25 Schematic of JUC-663.
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Dynamic covalent chemistry facilitates reversible bond for-
mation, allowing for error correction. While this mechanism
works efficiently within the x–y plane of the covalent 2D layers,
it is less effective for affecting interlayer alignments along the z-
axis due to the nature of noncovalent interactions. As a result,
defects, such as misaligned layers, are more likely to persist and

are hard to correct once formed in 2D COFs. Unlike 3D COFs
formed by covalent bonds, 2D COFs involve interlayer interac-
tions, making it difficult to achieve long-range order along the z
direction and high-quality single crystals.

Indeed, in 2D COFs, the nucleation process within the x–y
plane is rapid due to the high reactivity of building units and
efficient covalent bond formation.116,119 However, the growth
along the z-axis is much slower and less controlled. This
imbalance between fast planar growth and slow vertical stack
results in the formation of polycrystalline or amorphous pro-
ducts. The rapid nucleation leads to many small domains,
making it challenging to merge them into large defect-free
single crystals. In contrast, 3D COFs grow more uniformly
because the covalent network extends isotropically, balancing
the growth rates across all dimensions. The anisotropic growth
nature of 2D COFs makes it difficult to control the crystal-
lization process uniformly. Modulators, such as aniline,
decrease polycondensation and nucleation to enhance crystal-
linity, but their influence is primarily limited to the x-y plane.
Controlling the stacking mode along the z-axis remains chal-
lenging, as modulators are not directly involved in interlayer
interactions.

High-quality crystals of 2D COFs have been synthesized by
using acetonitrile as the solvent, aniline as the modulator and
benzoic acid as the catalyst (Table 9).213 The structures of
TAPPy-PDA-COF (Fig. 29a, Py-1P-COF) and TAPB-DMPDA-COF
(Fig. 29b, = TPB-DMTP-COF) are resolved by fast Fourier trans-
form (FFT) at resolutions of 24 Å and 31.5 Å, respectively. At this
resolution it is difficult to gain atomic coordinates. However,
they improved porosity to achieve BET surface areas of 2600–
2640 m2 g�1 and narrow pore size distributions (Fig. 30). The
size of crystals is tuneable, ranging from hundreds of nano-
metres to several micrometres, depending on reaction condi-
tions. High-resolution transmission electron microscopy (HR
TEM) and cRED confirmed the single crystal nature in the x–y
plane, while the z dimension consists of stacking disorder.213

Fig. 26 (a)–(h) Morphology tuning of JUC-663 by using different
amounts of modulator. (i) Variation in aspect ratios of single crystals upon
modulating agent concentration. (j) Correlation between aniline dosage
and aspect ratio. Reprinted with permission from ref. 211. Copyright 2024
American Chemical Society.

Fig. 27 Single-crystal-to-single-crystal transformation of COF-303 to
sc-sp2c-COF-1 and sc-sp2c-COF-2.

Fig. 28 (a) and (b) Colour change of COFs after structural transformation.
(c) Crystal unit cell shrinkage after structural transformation. Reprinted
with permission from ref. 188. Copyright 2025 Springer Nature.
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Crystals of TAPPy-PDA-COF and TAPB-DMPDA-COF demon-
strated efficient separation of benzene and cyclohexane – two
industrially important compounds with close boiling points.
Notably, TAPPy-PDA-COF exhibited reversed adsorption selec-
tivity, preferentially retaining cyclohexane over benzene – a
unique behaviour attributed to its high quality and well-defined
pores.213 In contrast, polycrystalline samples showed poor or
no separation, underscoring the importance of single crystal
quality for achieving superior performance. The detailed
separation performance will be discussed in Section 5.

By developing an intermediate tracing method, key factors
driving the crystallization process, including nucleation and
self-healing have been elucidated for the synthesis of single
crystal Py-1P-COF (Fig. 29a).176 The combination of 1,3,5-tris(4-
aminophenyl)benzene/terephthalaldehyde was used to synthe-
size a 2D COF (TAPB-TA) as an example for revealing the growth
mechanism with mass spectrometry (Fig. 31a). Nucleation
growth involving monomer condensation and self-assembly at
the initial stage into small crystallite is heavily influenced by
monomer concentration and solvent selection. During the self-
healing growth stage, amorphous phases are converted into
crystalline domains through partial decomposition and reas-
sembly of intermediates, driven by reversible covalent bonding.
By using mass spectrometry (MS), soluble growth intermediates
in the reaction solution are traced to show the presence of TAPB
monomers, intermediate oligomers and their aggregates, where
the TAPB monomer exhibits distinct aggregation and self-
assembly in different solvents.176 Aggregation is energetically
favourable in 1,4-dioxane/mesitylene for crystallization, but

unfavourable in methanol, leading to amorphous products
(Fig. 31a). The self-assembly of TAPB monomers is energetically
favourable in 1,4-dioxane/mesitylene, as revealed by DFT calcu-
lations and UV-vis spectroscopy.176 This environment promotes
p–p stacking and ordered pre-arrangement of monomers,
which reduces their degrees of freedom and directs polymer-
ization toward crystalline COF structures. In contrast, methanol
disrupts this self-assembly due to its strong polarity and
hydrogen-bonding interactions with monomers, making self-
assembly energetically unfavourable. As a result, random con-
densation occurs, leading to amorphous products.176

These findings revealed that weak interlayer interactions
and fast polymerization would result in poorly crystalline or
amorphous domains. Density functional theory (DFT) calcula-
tions revealed that self-assembly of TPB reduces the degree of
freedom of monomers, directing polymerization toward highly
ordered structures. Guided by these insights, the researchers
successfully grew single crystals of a Schiff-base COF, Py-1P
(Fig. 29a), by controlling monomer structure and reaction
speed. Using cRED, they resolved the framework’s triclinic unit
cell with parameters of a = 3.93 Å, b = 23.39 Å, c = 23.53 Å,
a = 84.51, b = 87.11 and g = 87.11, and revealed the AA stacking
mode and a six-layer stacking arrangement, at a resolution of
0.76 Å (Fig. 31b–d).

The structural insights gained have profound implications
for understanding its potential optoelectronic behaviour. The
single-crystal structure of Py-1P, resolved for the first time by
cRED, confirmed the existence of the long-predicted AA stack-
ing model in a minority (B10%) of crystals. More significantly,

Table 9 Synthetic conditions and structural resolution of single crystal TAPPY-TA (= Py-1P-COF = sc-COFTP-Py) and TPB-DMTP-COF

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

Terephthalaldehyde (TA, 5.4 mg, 0.04 mmol), aniline
(41 mL, 0.44 mmol), 1,4-dioxane (0.3 mL) and AcOH (90 mL,
6 M) reacted with 1,3,6,8-tetrakis(4-aminophenyl) pyrene

(TAPPy, 10.0 mg, 0.018 mmol) and 1,4-dioxane (0.5 mL) at
65 1C, 2–5mm crystals crystallized out within 1 or 3 months.

a = 3.93 Å,
b = 23.39 Å,
c = 23.54 Å

0.76 Å RED 176

TA (12 mg, 0.089 mmol) in benzonitrile (0.5 mL), aniline
(0.7 M, 3.2 equiv.) in benzonitrile (0.460 mL) and benzoic acid
(0.938 g, 7.7 mmol) in benzonitrile (4.54 mL) reacted with
TAPPy (28 mg, 0.050 mmol) in benzonitrile (0.5 mL) at 100 1C,
2–4 mm crystals crystallized out within 2 days.

a = 32.55 Å,
b = 34.29 Å,
c = 3.85 Å

4.4 Å RED 213

A mixture of TA (5.4 mg, 0.04 mmol) and TAPPy (11.3 mg,
0.02 mmol) was dissolved in n-BuOH (100 mL, 0.25 vol%,
as a cosolvent) and AcOH (100 mL), then transferred to a
stainless-steel reactor (40 mL). The system was charged with 8
MPa CO2, heated to 80 1C, and reacted for 5 min. After the
reaction, the reactor was slowly depressurized at a rate of
1–2 MPa min�1. The precipitate was collected by filtration,
washed with acetone and tetrahydrofuran, and dried in a
vacuum oven at 100 1C.

NA NA SAED 201

2,5-Dimethoxyterephthalaldehyde (DMTA, 11.6 mg,
0.06 mmol), anisole (0.5 mL), aniline (54 mL, 10 equiv.) and
AcOH (200 mL) reacted with 1,3,5-tris(4-aminophenyl)benzene
(TAPB, 14.0 mg, 0.04 mmol) and anisole (0.5 mL) at 150 1C.

a = b = 64.02 Å,
c = 7.2 Å 1.37 Å RED 127

2,5-Dimethoxyterephthalaldehyde (DMTA, 28 mg,
0.144 mmol) in benzonitrile (0.5 mL), aniline (0.4 mL, 0.7 M,
1.6 equiv.) in benzonitrile and benzoic acid (1.35 g, 11 mmol)
in benzonitrile (4.72 mL) were reacted with 1,3,5-tris(4-
aminophenyl)benzene (TAPB, 34 mg, 0.096 mmol) in benzo-
nitrile (0.5 mL), and the solution was left to stand at 150 1C;
10–20 mm crystals crystallized out within 2 days.

a = b = 36.36 Å,
c = 3.51 Å

4 Å RED 159
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the discovery of a previously unknown, predominant multi-
layer stacking structure (Py-1P-6, B90% of crystals) with 6
layers per unit cell reveals a much more complex structural
landscape than previously assumed.176 This finding is critical
because the interlayer stacking arrangement (e.g., AA vs. the
complex offset in Py-1P-6) directly governs the through-space
electronic coupling between adjacent layers, which is a funda-
mental factor dictating key optical properties such as exciton
migration, energy transfer and ultimately electronic properties.
Therefore, this structural disclosure offers more structural
insights into the intrinsic optical properties of 2D COFs, which
were previously inferred only from polycrystalline or predicted
models.176

These results enable the molecular mechanisms that govern
2D COF growth to be revealed, highlighting the interplay of self-
assembly, nucleation and self-healing. The findings not only

enable the rational design of high-quality single crystals but
also broaden the structural and functional versatility, paving
the way to advanced applications.176

Fig. 29 Modulator-assisted synthesis of 2D COFs. (a) and (b) Structures of
(a) TAPPy-PDA-COF (= Py-1P-COF) and (b) TPB-DMTP-COF (= TAPB-
DMPDA-COF).

Fig. 30 Porosity. (a) N2 sorption isotherm and (b) pore size distribution of
single crystal TAPPy-PDA COF. (c) N2 sorption isotherm and (d) pore size
distribution of single crystal TAPB-DMPDA COF. Reprinted with permission
from ref. 213. Copyright 2022 American Chemical Society.

Fig. 31 (a) MS spectra of TAPB-TA growth solution using methanol versus
1,4-dioxane/mesitylene mixture as the solvent. (b)–(d) 3D reciprocal lattice
of Py-1P reconstructed from the cRED data viewing along the (b) [100],
(c) [010] and (d) [001] directions. Reprinted with permission from ref. 176.
Copyright 2022 Springer Nature.
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The scale-up synthesis of high-quality COFs is important for
applications. A modulator method has been applied to contin-
uous flow systems for scale-up synthesis of single crystal CF-
TAPB-DMPDA and CF-TAPPy-PDA (Fig. 32).158 An optimized
condition for continuous flow reaction involves heating the
benzonitrile solutions to 90 1C.158 For the hexagonal CF-TAPB-
DMPDA COF, a benzoic acid catalyst at 38.4 equivalents and
aniline modulator at 1.6 equivalents per aldehyde group were
used, with a residence time of 60 seconds in the flow reactor.
For CF-TAPPy-PDA COF, the same catalyst loading was
employed, while the aniline modulator is 2.0 equivalents to
facilitate the formation of well-defined square-shaped particles.
After exiting the reactor, both reaction mixtures were cooled at
25 1C for 60 minutes, during which smaller nanoparticles fused
into uniform single crystal particles, achieving sizes up to
1.4 mm for CF-TAPB-DMPDA and 1.9 mm for CF-TAPPy-PDA.

The single-crystal structures of these two COFs have not
been resolved, while their high quality was confirmed through
multiple complementary techniques, including PXRD data as
the most direct structural evidence.158 For CF-TAPB-DMPDA,
the PXRD results displayed a sharp primary diffraction peak at
2y of 2.781, corresponding to the (100) facet of a primitive
hexagonal lattice, along with higher-order reflections that
match well with the simulated pattern of an eclipsed stacking
structure, indicating long-range order and high crystallinity.
Similarly, CF-TAPPy-PDA exhibited a strong (100) diffraction
peak at 2y of 3.661, consistent with a square planar lattice, also
supported by additional higher-order peaks in agreement with
simulated diffraction profiles. These sharp, well-defined peaks

are absent in amorphous or polycrystalline materials, suggest-
ing high quality crystals. Notably, this method achieves con-
tinuous production of single crystal COFs over 1 gram per hour,
greatly improving the yield compared to batch synthesis.158

COFs synthesized under continuous flow achieve high BET
surface areas exceeding 2000 m2 g�1 with narrow pore size
distributions (3.2 nm for CF-TAPB-DMPDA). PXRD and 13C
NMR spectroscopy confirmed the structural integrity and
crystallinity. A demethylation reaction transforms CF-TAPB-
DMPDA into hydroxyl-functionalized CF-TAPB-DHPDA.158 This
modification preserves the hexagonal morphology, porosity
and structural integrity of the original framework, while intro-
ducing solvent-dependent optical properties.

We have developed a methodology for synthesizing single
crystal 2D COFs and identified key parameters that govern their
crystallization.127 Using the imine-linked TPB-DMTP-COF
(Fig. 29b) as a model system, we systematically varied synthetic
conditions, including glassware setup, degassing method, sol-
vent choice, temperature, modulator type and amount and
reaction time, and found that each plays a critical role in
polymerization and crystal formation (Fig. 33). Notably, a
homogeneous reaction mixture with all components dissolved,
combined with an aniline modulator and a reaction tempera-
ture of 50–70 1C, enables the growth of TPB-DMTP-COF single
crystals as isolated rod-like structures with tunable diameters
(200 nm–3 mm) and lengths (1–20 mm). An important finding is
that structural characterization by 3DED revealed two linker
conformations, i.e. trans and cis within the 2D polymer sheets,
which stack antiparallel to form frameworks with double-sized
unit cells. These findings reveal previously overlooked struc-
tural features and offer invaluable insights into the synthesis of
high-quality single crystal 2D COFs.127

Moreover, to investigate the effects of solvothermal condi-
tions, we systematically examined reaction temperatures, from
room temperature to moderate (50–70 1C) and high (90–120 1C)
ranges. We found that high temperatures accelerate polycon-
densation, giving rise to polycrystalline particles. In contrast,
conducting the reaction at moderate temperatures (50–70 1C)
allows for better control over polycondensation, supramolecu-
lar polymerization and crystallization, enabling the growth of
high-quality single crystals.127

Fig. 32 Continuous flow synthesis of single crystal COFs. (a) and (b)
Schemes for the synthesis of (a) CF-TAPB-DMPDA COF and (b) CF-
TAPPy-PDA COF. (c) and (d) Scanning electron microscopy images of (c)
the hexagonal CF-TAPB-DMPDA COF and (d) the rhombic CF-TAPPy-PDA
COF. Reprinted with permission from ref. 158. Copyright 2024 Royal
Society of Chemistry.

Fig. 33 Synthesis of single crystal TPB-DMTP-COF. Reprinted with per-
mission from ref. 127. Copyright 2024 American Chemical Society.
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Over the past decade of experimenting with various hetero-
geneous solvothermal conditions for synthesizing TPB-DMTP-
COF,78 we found that successful single-crystal growth requires
starting from a homogeneous solution in which all components
are fully dissolved at an appropriate concentration. To identify
suitable solvents for dissolving TPB and DMTP, we tested a
wide range of organic solvents, including o-dichlorobenzene
(o-DCB), mesitylene, xylene, anisole, tetrahydrofuran (THF),
dioxane, dichloromethane, chloroform, acetone, cyclohexane,
dimethylformamide (DMF), dimethylacetamide (DMAc), dimethyl
sulfoxide (DMSO) and N-methyl-2-pyrrolidone (NMP). Among
these, anisole proved to be particularly effective, yielding clear
solutions of both TPB and DMTP. Notably, anisole also demon-
strated good solubility for intermediates and oligomers, offering a
distinct advantage over the commonly used o-DCB/n-butanol
solvent system.127

Through the systematic condition screening, we established
a reliable protocol for synthesizing single crystals of TPB-
DMTP-COF, as outlined below.127 First, DMTA and TAPB were
each weighed into separate glass vials, followed by the addition
of anisole. Aniline and AcOH were added to the vial containing
DMTA. Both vials were sonicated and heated at 60 1C for at least
15 minutes to ensure complete dissolution and equilibration.
Next, the two solutions were combined and transferred into a
Schlenk tube pre-heated to 60 1C (Fig. 33). The tube was
immediately degassed gently for 10 seconds, sealed with a
Teflon cap and maintained at 60 1C. The initial reaction
mixture appeared as a transparent red solution, with red
precipitates beginning to form within 10–15 minutes. After
the desired duration, the resulting red, rod-like precipitate
was collected by centrifugation, washed via Soxhlet extraction
with THF and activated with a supercritical carbon
dioxide dryer.

The resulting TPB-DMTP-COF single crystals are readily
dispersible in various solvents, such as THF, methanol, acet-
onitrile (MeCN), and dioxane.127 Optical microscopy revealed
well-isolated rod-like crystals, exhibiting greenish-yellow rods
up to 20 mm in length (Fig. 34a). Remarkably, these rods
displayed high uniformity in both shape and size and were
free of entanglement, standing in stark contrast to the irregular
and heavily entangled nanoparticle aggregates typically
observed in polycrystalline COFs (Fig. 34b and c).127

The TPB-DMTP-COF microrods exhibit a characteristic
type IV N2 adsorption isotherm, indicative of mesoporous
materials.127 The BET surface area was measured to be
2730 m2 g�1, comparable to that of polycrystalline counter-
parts. Analysis using nonlocal density functional theory
(NLDFT) revealed a narrow pore size distribution centred at
3.2 nm and a total pore volume of 1.18 cm3 g�1. Notably, the
isotherm shows negligible gas uptake at relative pressures
(P/P0) above 0.25, suggesting that N2 adsorption arises primarily
from the uniform 3.2 nm mesopores.127

The single crystal nature of these microrods was verified
using cross-polarized optical microscopy under dark-field con-
ditions, where uniform extinction of light was observed across
individual rods as the sample stage was rotated (Fig. 34d–f). FE

SEM further revealed their morphology, showing well-defined
hexagonal facets (Fig. 34c). The domain sizes exceeded 1 mm in
diameter, corresponding to the underlying 2D polymer lattice
structure of TPB-DMTP-COF.127

3DED is a state-of-the-art technique for structural analysis of
nanosized crystals.138 The collected 3DED data achieved a
resolution of 1.37 Å, the highest reported for TPB-DMTP-COF
to date, with a data completeness of 91.9%. Despite this high
resolution, ab initio structure determination was not feasible.
Consequently, plausible structural models were manually con-
structed to interpret the framework.127

Notably, the reconstructed 3D reciprocal lattice revealed unit
cell parameters of a = 65.319 Å, b = 64.959 Å, c = 7.232 Å,
a = 90.841, b = 90.281 and g = 120.111, indicating a unit cell that is
approximately twice as large as those previously reported, both in
the ab plane and along the c-axis stacking direction. Analysis of 2D
slices from the 3D reciprocal lattice yielded the reflection condi-
tions: h–h**l: l = 2n; hh**l: l = 2n; 00l: l = 2n. Based on these
conditions, two candidate space groups were identified for TPB-
DMTP-COF: P6cc (no. 184) and P6/mcc (no. 192).127

By carefully analysing the PXRD pattern of the TPB-DMTP-
COF single crystals, we observed a weak diffraction peak at 2y =
1.641, which corresponds to the (100) reflection and is consis-
tent with the large unit cell determined by 3DED.53 Further-
more, selected area electron diffraction (SAED) measurements
yielded d spacings of d110 = 31.82 Å and d�120 = 31.39 Å, which
closely match the theoretical values of d110 = 32.72 Å and d�120 =
32.72 Å calculated from the 3DED-derived unit cell model.127

These findings prompted the re-evaluation of the commonly
assumed AA stacking model for 2D COFs (Fig. 35). To explore
alternative structural possibilities, four candidate models were
constructed based on the unit cell parameters, incorporating
varying combinations of trans and cis connectivity between the
TPB knot and DMTP linker units (Fig. 35).127 In these models,
the in-plane framework exhibits alternating TPB–DMTP con-
nectivity, consistent with the large a-axis parameter, while the
layers are arranged in an antiparallel stacking fashion,

Fig. 34 Morphology of TPB-DMTP-COF single crystals. (a) OM image. (b)
and (c) SEM images. (d)–(f) Cross-polarized OM images under a dark field
with the stage rotated to 0, 45 and 901, respectively. Reprinted with
permission from ref. 127. Copyright 2024 American Chemical Society.
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accounting for the doubled c-axis parameter and accessible
pore channels.

Although all four models share the same number of imine
bonds, they differ in the spatial arrangement of the framework.
Symmetrical analysis revealed that two of the models, AA0-3 and
AA0-4, are incompatible with the space groups indicated by the
3DED data. Therefore, only the AA0-1 and AA0-2 models were
subjected to further evaluation via least-squares refinement
against the 3DED dataset.127 Refinement of the structural
model AA0-1 was carried out using SHELXL, based on 3DED
data with a resolution of 1.37 Å.53 The refinement successfully
converged, yielding an R1 value of 0.331. In contrast, when the
AA0-2 model was refined under identical conditions, conver-
gence could not be achieved, and the refinement resulted in a
higher R1 value of 0.401. Since refinement evaluates the agree-
ment between calculated and observed structure factors from
3DED, these results indicate that AA0-1 provides a better fit to
the experimental data and is therefore the more plausible
model.127

The AA0-1 model features two distinct types of pores: one
composed of six inward-facing trans linker conformations, and
another formed by three pairs of alternating trans and cis
linkers.126 The layers stack in an antiparallel fashion through
p–p interactions, giving rise to a vertically extended framework.
This arrangement accounts for the doubling of the c-axis
parameter, a structural detail that was overlooked in previous
reports.78,149,192 Additionally, the electrostatic potential map of
the refined structure shows localized potential peaks surround-
ing the atomic positions, further supporting the accuracy and
reliability of the AA0-1 structural model (Fig. 35).

To further validate the structural model of TPB-DMTP-COF,
Pawley fitting was performed using the AA0-1 model to refine
the unit cell parameters. The refinement yielded lattice para-
meters of a = b = 64.02(9) Å and c = 7.2(6) Å, with convergence to
R values of Rp = 0.0667, Rwp = 0.0989 and Rexp = 0.0557.126 To

assess the consistency of the structural model, the simulated
PXRD pattern using the 3DED-refined atomic structure and the
Pawley-refined unit cell were compared with the experimental
PXRD data, showing excellent agreement and further support-
ing the validity of the AA0-1 model.

The observed doubled unit cell and antiparallel stacking
structure are not unique to the synthetic method developed in
this method.127 Similar PXRD features, including the character-
istic peak at 2y = 1.641, were also observed in single crystals
synthesized via alternative routes, as well as in polycrystalline
samples. This suggests that the doubled unit cell and stacking
mode may be a common structural motif among 2D COFs. For
example, we obtained single crystals of TPB-BPTA-COF, a
structural analogue of TPB-DMTP-COF under comparable con-
ditions and identified a corresponding diffraction peak at 2y =
1.531 in its PXRD pattern.127

This study revealed the key aspects in the synthesis of single
crystal 2D COFs.127 (1) The single crystals exhibit well-defined
hexagonal rod morphologies, with lengths reaching up to 20
mm and domain sizes extending to 3 mm – markedly distinct
from the irregular, aggregated particles typically seen in poly-
crystalline samples. (2) Electron microscopy reveals that TPB-
DMTP-COF exhibits an extended hexagonal lattice featuring
uniform, well-ordered pores. (3) The framework adopts both
trans and cis linker conformations, resulting in a significantly
enlarged unit cell of 64.019 � 64.019 � 7.215 Å, which is
approximately twice the dimensions reported for previously
characterized single crystals and polycrystalline counterparts.
(4) TPB-DMTP-COF favours an antiparallel stacking arrange-
ment, representing a notable departure from the conventional
AA stacking mode commonly observed in 2D COFs. (5) The
structure of the single crystal was resolved at a resolution of
1.37 Å, the highest achieved for TPB-DMTP-COF to date.
Further improvement in resolution remains an important goal
for gaining deeper structural insights.127 The findings of trans
and cis isomers of the linker sites and their ratio of 1/2
encourage further measures to control 2D covalent layers.

The same phenomenon was observed in the single
crystal TPB-DMTP-COF synthesized by different methods and
groups.159 The widely accepted imine-linked COF TPB-DMPDA
(= TPB-DMTP-COF) featuring hexagonal pores aligned layer by
layer is oversimplified. Using ultralow-dose HR TEM, SAXS,
3DED and ssNMR, a dual-pore structure with cis and trans
diimine linkages coexisting in a 2/1 ratio forms two distinct
types of 6-membered ring pores (Fig. 36). This dual-pore
arrangement arises from an AA0-stacking mode where alternat-
ing layers are flipped relative to each other, doubling the c-axis
of the unit cell. Supported by electron diffraction data and DFT
calculations, the AA0 structure with enhanced p–p interactions
is thermodynamically more stable than the conventional AA
mode. This structural redefinition not only renewed the funda-
mental understanding of TAPB-DMPDA and related COFs but
also has significant implications for their property and
function.159

The synthesis of imine-linked single crystal 2D COFs pre-
sents a significant step forward in the field of COFs,

Fig. 35 Probable structural models of TPB-DMTP-COF. The trans and cis
linker conformations and four different structures of TPB-DMTP-COF.
Reprinted with permission from ref. 127. Copyright 2024 American
Chemical Society.
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demonstrating superior structural and functional characteris-
tics compared to polycrystalline counterparts. The innovative
approach to achieving high-quality COFs sets a foundation for
further exploration of their properties and applications.

Recently, single crystal COF-400 (Fig. 37a) with an unprece-
dented ABCD interlayer stacking mode was developed.214 The
synthesis focuses on regulating both intralayer molecular con-
formation and interlayer interactions in COF-400, allowing the
formation of moiré superstructures in stacked COF films. COF-
400 was constructed from tetrakis(4-aminophenyl)ethene
(ETTA) and DMTA, in which the two methoxy groups were
strategically introduced to enhance interlayer interactions and
promote ordered stacking. By carefully controlling the synthetic
conditions, single crystals of COF-400 with sizes from 40 to
55 mm were obtained.214

The synthesis of single crystal COF-400 was achieved using a
‘cocktail method’ that combines dynamic covalent chemistry
with catalytic acceleration.214 The condensation reaction
between ETTA and DMTA was carried out in a solvothermal
system containing organic solvents and additives (Table 10).
Aniline was used as the modulator to enhance the reversibility
of imine bond formation through transimination processes,
while Sc(OTf)3 serves as a Lewis acid catalyst to accelerate the
reaction kinetics. The combination of these additives signifi-
cantly improves crystallization efficiency, reducing the crystal
growth time from several months to one week, while producing
high quality crystals (Fig. 38a).214

SCXRD analysis revealed that COF-400 forms a layered two-
dimensional network with a sql topology and an unusual ABCD
stacking sequence along the stacking direction.214 The crystal
structure was solved with a resolution as high as 0.95 Å
(Fig. 38b), allowing precise determination of all non-hydrogen
atoms. Detailed structural analysis revealed multiple possible
conformations of the ETTA and DMTA units within the 2D
networks. The experimentally determined structure shows
ETTA with D2 symmetry, while DMTA adopts D2h symmetry.
The imine linkages deviate slightly from the ideal plane of the
2D lattice, generating a waved sheet structure. Moreover, sol-
vent molecules such as DMF occupy the interlayer space
and interact with adjacent layers through non-covalent inter-
actions, thereby affecting the interlayer distance and lattice
parameters.214

Exfoliation of COF-400 resulted in 2D layers, which can be
restacked with various twist angles and then generate moiré
patterns analogous to those observed in layered inorganic
materials such as twisted graphene. Noticeably, TEM revealed
twisted superstructures with angles ranging from 6.41 to 69.71,
and distinct sets of COF lattices could be resolved with a
resolution of 1.6 Å. These observations provide direct evidences
of interlayer stacking relationships and demonstrate the ability
to engineer superlattice structures through controlled stacking

Fig. 36 Validation of the dual-pore AA0-stacking structure of TAPB-
DMPDA. (a) Schematic representation of the dual-pore AA0-stacking
structure. Each layer features two types of 6-MR pores, resulting from
the coexistence of cis and trans conformations of the diimine linkage in a
2 : 1 ratio. Adjacent layers (i.e., A and A0) are oriented in a flipped arrange-
ment relative to each other. (b) From left to right: Projected structural
model, simulated HRTEM image, experimental HRTEM image and electro-
static potential map rendered from 3DED data. (c) Heteronuclear correla-
tion 1H–13C NMR spectrum. The left panel shows the structural fragment
of TAPB-DMPDA with two sets of chemically distinct carbon labelled.
Reprinted with permission from ref. 159. Copyright 2024 American
Chemical Society.

Fig. 37 Structures of (a) COF-400 and (b) 2DPAV-DMP-TPB.
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of 2D COF layers.214 These results deepen the understanding of
interlayer interactions in 2D COFs and demonstrate that

precise control of stacking sequences can generate emergent
structural phenomena such as moiré superlattices. This not
only elucidates the fundamental knowledge of COFs but also
provides new opportunities for integrating 2D COF materials
into electronic, optoelectronic and device-based applications,
where controlled stacking and interlayer coupling are crucial.

In addition to the above bottom-up methods, post synthetic
modification of 2S COFs has been explored for the single crystal
to single crystal transformation of imine linkages into fully
conjugated vinylene bonds.191 A Mannich–elimination strategy
converts dynamic imine bonds into irreversible CQC linkages,
enabling the formation of poly(arylene vinylene) (PAV) 2D COFs
while preserving the crystallinity of the parent materials. The
design strategy relies on the inherent reversibility of imine-
linked COFs, which can be grown as well-ordered crystals,
followed by a controlled post-synthetic transformation that
generates robust sp2-carbon conjugated frameworks.191

The synthetic procedure begins with the preparation of a
single crystal imine-linked precursor COF, i.e. 2DPI-DMP-TPB
(= TPB-DMTP-COF, Fig. 29b), obtained via solvothermal imine
condensation. 2DPI-DMP-TPB is hexagonal flake-like single
crystals with domain sizes exceeding 2 mm. Subsequently, the
single crystal 2DPI-DMP-TPB undergoes a Mannich–elimina-
tion transformation to produce single crystal 2DPAV-DMP-TPB
(Fig. 37b), in which the imine bonds react with activated
methylene compounds to produce vinylene linkages by elim-
ination of an amine species from the parent COFs.191 Mecha-
nistic studies via model reactions revealed that the Mannich–
elimination process proceeds efficiently in a DMAc/H2O (10 : 1
v/v) mixture at 120 1C for 8 h in the presence of a base (KOH or
Cs2CO3) as the catalyst (Table 10).191

Table 10 Synthetic conditions and structural resolution of single crystal COF-400 and 2DPAV-DMP-TPB

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

Tetrakis(4-aminophenyl)ethene (ETTA) (7.2 mg, 0.01 mmol) was dissolved in
1,4-dioxane (200 mL). 2,5-Dimethoxyterephthalaldehyde (BDA-transOMe) (2.7 mg,
0.02 mmol) was dissolved in a mixture of dioxane and trichloromethane (120 mL,
1 : 2 in vol), respectively. Sc(OTf)3 (2 mg, 0.004 mmol) was dissolved in acetonitrile
(26 mL). In a sample vial (4 mL), the BDA solution, aniline (15 mL), the Sc(OTf)3

solution and the ETTA solution were charged sequentially and then mixed by
vibration. The reaction was allowed to stand at 30 1C for 5 days, giving spindle
shaped orange crystals of COF-400, with a size range from 40 to 55 mm.

a = 19.32 Å
0.95 Å SCXRD 214b = 21.19 Å HR-TEM

c = 32.33 Å

A glass ampoule was charged with 2DPI-DMP-TPB (5 mg), 2,20-(50-(4(cyano-
methyl)phenyl)-[1,10:30,100-terphenyl]-4,400-diyl)diacetonitrile (10 mg, 1.2 equiv.
per CQN bond), Cs2CO3 (50 mg, 8 equiv. per CQN bond), and a mixture of
DMAc/H2O (0.5/0.1 mL). Afterwards, the mixture was sonicated for 10 minutes
at room temperature and the ampoule was degassed by three freeze–pump–
thaw cycles, sealed under vacuum, and heated at 130 1C for 10–12 days. After
cooling to room temperature, the resulting powder was filtered and sequen-
tially washed with dimethylformamide, H2O, ethanol and acetone. After
Soxhlet extraction with acetone for 18 h, the sample was collected and dried
under vacuum at 100 1C overnight to give 2DPAV-DMP-TPB (2.6 mg) as a dark-
orange solid with a 48% yield.

a = b = 36.505 Å

NA
HR-TEM

191
c = 7.094 Å

cREDa = b = 901
g = 1201

Fig. 38 (a) Optical images of COF-400 single crystals and enlarged one
single crystal image as the inset. (b) FFT of the raw HRTEM image of COF-
400 with an interpretable resolution of 0.95 Å, marked by the 0 20 0 index.
(c) Cs-corrected HRTEM image of 2DPAV-DMP-TPB along with the SAED
pattern. (d) cRED of a hexagonal 2DPAV-DMP-TPB crystal. (a) and (b)
Reprinted with permission from ref. 214. Copyright 2025 American
Chemical Society. (c) and (d) Reprinted with permission from ref. 191.
Copyright 2025 Springer Nature.
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Remarkably, the resulting 2DPAV-DMP-TPB retains the mor-
phology and crystallinity of the parent framework, demonstrat-
ing the feasibility of SC–SC transformation for constructing
robust new linkage in 2D COFs. The crystal structure of the
resulting 2DPAV-DMP-TPB was determined by cRED combined

with Rietveld refinement (Fig. 38c). The material adopts a
hexagonal lattice with refined unit cell parameters of a = b =
36.505 Å, c = 7.094 Å, a = b = 901 and g = 1201, corresponding to a
P6/mcc space group. The single crystal 2DPAV-DMP-TPB forms a
honeycomb 2D polymer network with ordered p-conjugated

Table 11 Synthetic conditions and structural resolution of single crystal DiSTAP-1, USTB-5, USTB-5r, USTB-5o and 3D-TMTAPB-COF

COFs Synthetic conditions
Crystal
parameters Resolution Method Ref.

TTAB (393 mg, 1 mmol) and aniline (3264 mL, 36 mmol) were dissolved in
o-DCB/1,4-dioxane (100 mL, 3/1, by vol) under sonication. TTFB (432 mg,
1 mmol) and benzaldehyde (3642 mL, 36 mmol) were dissolved in another
o-DCB/1,4-dioxane (100 mL, 3/1 by vol). The two solvents were mixed in a
glass media bottle with a cap, followed by adding Sc(OTf)3 solution in
dioxane (1 mL, 14.68 mg mL�1). The reaction was conducted at room
temperature without any disturbance for 15 days.

NA NA HR TEM/
SAED/FFT 166

A vial (5 mL) was charged with TFPB (17.0 mg, 0.026 mmol), aniline
(60.0 mL, 25 equiv.) and anhydrous 1,4-dioxane (0.5 mL). The mixture was
sonicated until the solid was just dissolved, and an additional portion of
aniline (60.0 mL, 25 equiv.) and glacial AcOH (0.4 mL) were successively
added into the vial. Immediately, TAPB (15.7 mg, 0.026 mmol) in anhydrous
1,4-dioxane (0.5 mL) was added to the solution. The mixture was left to
stand at ambient temperature for crystallization. The light-yellow single
crystals of USTB-5 with sizes up to B200 mm appeared after 24 h.

a = 17.9558 Å

1.05 Å SXRD 182
b = 17.9558 Å
c = 19.8313 Å
a = b = 901
g = 1201

USTB-5a (50.0 mg, containing 0.2 mmol imine groups) was dispersed in
methanol (25.0 mL) and cracked into small pieces. To this mixture while
slowly stirring at 0 1C after 5 min, NaBH4 (500.0 mg, 13.22 mmol, 78 equiv.)
was added in small portions over a period of 2 h. After slowly stirring at 0 1C
for 1 h, the mixture was slowly stirred at room temperature for another 10 h
while monitoring with IR spectroscopy. Colourless crystalline solids of
USTB-5r were collected by vacuum filtration and washed with water three
times and then exchanged with fresh methanol three times in 24 h.

a = 18.2124 Å

1.13 Å SXRD 182
b = 18.2124 Å
c = 17.975 Å
a = b = 901
g = 1201

Before chemical amidation, USTB-5 was exchanged with 1,4-dioxane for
24 h. To a mixture of solvent-exchanged single crystals (ca. 10 mg) and 1,4-
dioxane (1.0 mL), 2-methyl-2-butene (361.0 mL, 3.4 mmol), aqueous sodium
chlorite solution (100.0 mL, 3.4 M, 0.34 mmol) and glacial AcOH (34.4 mL,
0.6 mmol) were added sequentially. The suspension was slowly stirred at
room temperature in the dark for 24 h, then an additional portion of
sodium chlorite solution (100.0 mL, 3.4 M, 0.34 mmol) and glacial AcOH
(34.4 mL, 0.6 mmol) were slowly and successively added, and the mixture
was slowly stirred for another 24 h. Sodium chlorite solution (100.0 mL,
3.4 M, 0.34 mmol) and glacial AcOH (34.4 mL, 0.6 mmol) were slowly and
successively added again, and the mixture was slowly stirred for another
24 h. After amidation, the single crystals were directly selected from the
reaction mixture for SXRD measurement. In the amidation period, the
colour of the single crystals was changed from light yellow to orange red.

a = 31.0280 Å

0.89 Å SXRD 182b = 31.0280 Å
c = 39.8735 Å
a = b = 901
g = 1201

A Pyrex tube was charged with TMTAPB (17.9 mg, 0.02 mmol), 1,4-
phthalaldehyde (8.0 mg, 0.06 mmol), o-DCB (0.8 mL), chlorobenzene
(0.2 mL) and AcOH (0.1 mL, 11 M). After being degassed via a freeze–pump–
thaw technique three times, the tube was sealed under vacuum and placed
in an oven at 120 1C for 3 d. The resulting precipitate was filtered,
exhaustively washed by Soxhlet extractions with tetrahydrofuran and
dichloromethane for 2 d, and dried at 120 1C under vacuum for 12 h to
obtain yellow crystals (10.4 mg, 42% yield).

a = 16.15 Å

NA cRED 180
b = 16.15 Å
c = 36.93 Å
a = b = 901
g = 1201
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vinylene linkages, stacked in an AA-serrated stacking arrange-
ment along the c-axis. HRTEM measurements further revealed
periodic lattice fringes with a spacing of approximately 3 nm
(Fig. 38d), consistent with the simulated honeycomb frame-
work structure.191

These results provide a method for synthesizing highly
crystalline and fully p-conjugated 2D COFs, expanding the
synthetic toolbox of COF chemistry and opens new opportu-
nities for designing structurally well-defined and robust frame-
works for various applications.

4.2. Steric hindrance modulation

Steric hindrance modulation is a method that introduces methyl
groups to monomer units to enhance steric hindrance, which
affects the solubility, planarity, rigidity, p-conjugation and rotation
of monomers, offering a way to regulate the size, quality and
crystallinity of COFs.166,180,182 This method has been developed
for the synthesis of single crystal 2D and 3D COFs (Table 11).

4.2.1. Synthesis of single crystal 2D COFs. The key to the
growth of single crystal 2D COFs is how to slow down the
reaction, so that the crystallization process can be regulated in
a controllable fashion. Nonetheless, simultaneously controlling
the polycondensation of monomers and the stacking of poly-
gonal networks is extremely challenging due to inherent trade-
offs and interdependencies. In particular, the interlayer stack-
ing governed by noncovalent p–p interactions is susceptible to
both internal and external disturbances, leading to the for-
mation of polycrystalline and/or amorphous polymers. Hence,

exploring strategies to manage interlayer stacking is critical to
the growth of single crystal 2D COFs.

Classical nucleation theory predicts that both the surface
energy and characteristic length of nuclei are related to the
energetic barrier of nucleation.166 For 2D COFs, the surface
energy includes the high-energy reactive group at the edge of
the lattice and p–p stacking between layers. To minimize sur-
face energy, introducing three methyl groups to the focal
phenyl unit leads to the synthesis of C3-symmetric monomers,
i.e. TTAB and TTFB. Unlike monomers without methyl groups,
these monomers weaken their planarity, induce an inclined
stacking mode to diminish the layer stacking and impede the
nucleation, enabling a combinatorial strategy via thermody-
namic control over dynamic control on the crystallization
process.166 As revealed by monitoring the in-situ light absorp-
tion of precursor solutions, the nucleation time is 6 minutes for
DiSTAP-1 (Fig. 39a), while monomers of TAPB and TFPB with-
out methyl substituents form nuclei within 1 minute due to the
planarity of TAPB and TFPB. In the case of TTAB-TFPB COF
with only one nonplanar monomer, the nucleation time is
2 minutes. These results indicate that decreasing the monomer
planarity reduces the nucleation rate.155 To prolong the crystal-
lization time, two monofunctional modulators, i.e. aniline and
benzaldehyde, have been applied to control polymerization, pro-
moting the formation of more thermodynamically stable struc-
ture. Combining the two orthogonal strategies, the polymerization
and crystallization processes are finely regulated to form poly-
crystals, mesocrystals and single crystals (Fig. 40a).166

Fig. 39 Structures of single-crystal COFs via modulation of monomer steric hindrance. (a)–(g) Structures of (a) DiSTAP-1, (b) USTB-5, (c) USTB-5r,
(d) USTB-5o, (e) TAM-TFPB-COF, (f) TAPB-TFS-COF and (g) 3D-TMTAPB-COF.
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The single crystal structure of DiSTAP-1 was investigated
using HRTEM, optical microscopy with a polarized light source,
and SEM, which reveal clear FFT patterns, transparent and
regular particle shapes, different but uniform colour variation
and regular morphology. SEAD analysis of DiSTAP-1 verifies a
clear sixfold diffraction pattern, indicating uniform lattice
orientation in the whole particle and the honeycomb-like
crystal structures. Interestingly, the twisted monomer inclined
stacking structure leads to a weak layer stacking in DiSTAP-1, so
that delamination is easily achieved by stick scratching or
stirring an N-methyl-2-pyrrolidone (NMP) dispersion of
DiSTAP-1 at room temperature for one week (Fig. 40b–d).166

The resultant COF sheets are uniform with a thickness of
4.7 nm and sizes of micrometres (Fig. 40c). Moreover, 1 hour
tip sonication (25 W) exfoliates DiSTAP-1 single crystals
into single layer nanoflakes with a thickness of 0.6 or 1.3 nm
and size of 32 (�15) nm (Fig. 40d). These nanoflakes are
biocompatible and pass through the cell membrane of intact
living plants, functioning as biocompatible nanocarriers for
efficient delivery of essential biomolecular cargos such as
genetic elements, agrochemicals and plant hormones
(Fig. 40d).166

4.2.2. Synthesis of single crystal 3D COFs. Interestingly,
the above structure has been developed into 3D COFs with a
totally different morphology of hexagonal prism (Fig. 42a).215

USTB-25-3D (Fig. 39a) was synthesized from TTAB and TTFB (=
TFPB) in trichloromethane (TCM) at room temperature for 3
days in the presence of aniline (100 mL) and AcOH (200 mL)
(Table 12). By introducing methyl groups to the C3-symmetric
building blocks (TTAB and TTFB), p–p stacking was hindered,
leading to inclined entanglement of hcb nets at dihedral angles
of 601. As a result, USTB-25-3D presents three interwoven sets of
parallel 2D layers.215

High-resolution 3D ED (Fig. 42d) collected at 1.0 Å revealed
its single crystal structure with unit cell parameters of a = b =
25.197 Å, c = 26.455 Å, a = b = 901 and g = 1201 (Table 12). USTB-
25-3D exhibits 1.13 nm micropores with a high surface area of
3039 m2 g�1 and pore volume of 1.16 cm3 g�1. The high surface
area and narrow pore size enables USTB-25-3D with potential
application in gas adsorption and separation at low pressure.
By constructing the first single crystal 3D COF with three
crossing sets of parallel layers, this work establishes inclined
entanglement as a valuable approach to promote 3D covalent
structural formation.215

Indeed, introducing steric hindrance to monomers induces
largely twisted conformations, which leads to the formation of
3D COFs.182 For example, condensing 3,30,5,5 0-tetrakis(4-
aminophenyl)bimesityl (TAPB) with 3,30,5,50-tetrakis(4-formyl-
phenyl)bimesityl (TFPB) forms single crystal 3D COFs, due to
the steric hindrance of the six methyl groups, which twisted the

Fig. 40 Nucleation and exfoliation of single-crystal DiSTAP-1. (a) Morphological illustrations (top panel) and SEM images (bottom panel) of DiSTAP-1
with different nucleation times. (b) Delamination of single crystal DiDTAP-1 by using a stick. (c) AFM image (left) and height profile (right) of exfoliated
single-crystal DiSTAP-1 36C sheets by stirring in NMP for 1 week. (d) AFM image of DiSTAP-1 36C nanoflakes fabricated from deep exfoliation and broken
up into single-crystal DiSTAP-1 36C by tip sonication in NMP. Reprinted with permission from ref. 166. Copyright 2023 American Chemical Society.
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monomer from planar to tetrahedral configurations.182 Poly-
condensation of TAPB (15.7 mg, 0.026 mmol) and TFPB
(17.0 mg, 0.026 mmol) with aniline as the modulator
(50 equivalent) and glacial AcOH (0.4 mL) as the catalyst in
1,4-dioxane (1 mL) forms block-shaped single crystals of USTB-
5 (Fig. 39b) with sizes up to 200 mm after 24 h at room

temperature. More importantly, a gram-scale production of
large-sized crystals up to 450 mm is achieved within 5 days
(Fig. 41a), demonstrating the high efficiency and good relia-
bility of the USTB-5 synthesis.

SCXRD resolved the single crystal structure of USTB-5 with a
resolution of 1.05 Å, showing a P6222 space group with unit cell

Table 12 Synthetic conditions and structural resolution of single crystal USTB-25-3D, TAM-TFPB-COF, TAPB-TFS-COF, 3D-TFB-COF-Me and 3D-TFB-
COF-Et

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

A vial (5 mL) was charged with TTFB (11.3 mg, 0.026 mmol), aniline
(0.10 mL, 42 equiv.) and TCM (0.5 mL). The mixture was sonicated until
the solid was just dissolved, and AcOH (0.2 mL) was successively added
into the vial. Immediately, TTAB (10.2 mg, 0.026 mmol) dissolved in
TCM (0.5 mL) was added to this solution. Then the mixture was allowed
to stand at ambient temperature for 3 days. A large number of USTB-25-
3D single crystals with sizes up to 100 mm were obtained. The as-
synthesized USTB-25-3D single crystals were exchanged in TCM,
methanol, and acetone, respectively, for 24 h (fresh solvent was changed
every eight hours during immersion). Then, the solvent-exchanged
sample was filtered and activated for 12 h at 100 1C under vacuum oven,
affording activated sample with a yield of 17.8 mg (88%).

a = b = 24.780(4) Å

1.0 Å HR 3D ED 215
c = 26.760(5) Å
a = b = 901
g = 1201

A vial (20 mL) was charged with TFPB (170.0 mg, 0.26 mmol), aniline
(0.6 mL), and anhydrous 1,4-dioxane (5.0 mL). The mixture was soni-
cated until the solid was just dissolved, and additional solutions of
aniline (0.6 mL) and AcOH (2.0 mL) were successively added into the
vial. Immediately, TAM (99.0 mg, 0.26 mmol) dissolved in anhydrous
1,4-dioxane (5.0 mL) was added to this solution. The mixture was then
allowed to stand at ambient temperature for 15 days. A large number of
TAM-TFPB-COF single crystals with sizes up to 50 mm were isolated. The
as-synthesized TAM-TFPB-COF single crystals were exchanged in 1,4-
dioxane, methanol, and acetone, respectively, for 24 h (fresh solvent was
changed every eight hours during immersion). The solvent-exchanged
sample was then filtered and activated for 12 h at 100 1C under vacuum,
affording the activated sample with a yield of 110.7 mg (56%).

a = b = 23.101 Å

1.5 Å

3D ED

216c = 36.875 Å HR-TEM
a = b = g = 901 Synchro-

tron PXRD

A 20 mL vial was charged with TFS (116.6 mg, 0.26 mmol), aniline
(1.6 mL), and anhydrous 1,4-dioxane (5.0 mL). The mixture was soni-
cated until the solid was just dissolved and glacial AcOH (2.0 mL) was
successively added into the vial. Immediately, TAPB (156.7 mg,
0.26 mmol) dissolved in anhydrous 1,4-dioxane (5.0 mL) was added to
this solution. The mixture was then allowed to stand at ambient tem-
perature for 30 days. A large number of TAPB-TFS-COF single crystals
with sizes up to 100 mm were isolated. The as-synthesized TAPB-TFS-
COF single crystals were exchanged in 1,4-dioxane, methanol, and
acetone, respectively, for 24 h (fresh solvent was changed every eight
hours during immersion). The solvent-exchanged sample was then fil-
tered and activated for 12 h at 100 1C under dynamic vacuum, affording
an activated sample with a yield of 87.9 mg (44%).

a = b = 25.412 Å

1.7 Å

3D ED

216c = 32.766 Å HR-TEM
a = b = g = 901 Synchro-

tron PXRD

A Pyrex tube was charged with TAPB-Me (17.9 mg, 0.02 mmol),
1,3,5-benzenetricarboxaldehyde (6.5 mg, 0.04 mmol), o-DCB (0.1 mL),
chloroform (0.9 mL), aniline (10 mL) and 11 M aqueous AcOH (0.1 mL).
After being degassed by a freeze–pump–thaw technique three times and
sealed under vacuum, the tube was placed in an oven at 100 1C for 7 d.
The resulting precipitate was filtered, exhaustively washed by Soxhlet
extractions with tetrahydrofuran and dichloromethane for 2 days, and
dried at 90 1C under vacuum for 12 h. The 3D-TFB-COF-Me was isolated
as a light-yellow powder (13.6 mg, 61% yield).

a = 19.838 Å

1.05 Å cRED 181b = 32.089 Å
c = 27.530 Å

A Pyrex tube was charged with TAPB-Et (18.7 mg, 0.02 mmol),
1,3,5-benzenetricarboxaldehyde (6.5 mg, 0.04 mmol), o-DCB (0.2 mL),
chloroform (0.8 mL), aniline (10 mL) and aqueous AcOH (0.1 mL, 11 M).
After being degassed by a freeze–pump–thaw technique three times and
sealed under vacuum, the tube was placed in an oven at 110 1C for
3 days. The resulting precipitate was filtered, exhaustively washed by
Soxhlet extractions with tetrahydrofuran and dichloromethane for 2 d,
and dried at 90 1C under vacuum for 12 h. The 3D-TFB-COF-Et was
isolated as a light-yellow powder (16.9 mg, 73% yield).

a = 19.857 Å
1.40 Å cRED 181b = 32.164 Å

c = 27.313 Å
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parameters of a = 17.9558 Å, b = 17.9558 Å, c = 19.8313 Å,
a = b = 901 and g = 1201.182

Notably, USTB-5 exhibits two kinds of helices along the c
axis, which are linked by imine bonds to generate complicated
helical structures with unique chirality. As a result, an open
helical tube with a pore size of 9.8 Å is formed through waving
the double-strand helices, which exhibit a six-fold screw axis
and a pitch of 39.66 Å. These structures provide intrinsic
flexibility for USTB-5. Interestingly, SCXRD analysis at variable
temperatures from 100 K to 300 K revealed the flexible struc-
tures of USTB-5, showing a thermal-induced unit cell expansion
up to +263 Å3 (+5%) (Fig. 41b).182 In the temperature range of
100–200 K, the a/b axes exhibited a negative thermal expansion
of�3%, while the c axis showed a positive thermal expansion of
+10% (Fig. 41b). Accordingly, the linear thermal expansion
coefficients along the a and c axes are aa = �82 � 10�6 K�1

and ac = +491 � 10�6 K�1, respectively. Noticeably, a larger
anisotropic thermal expansion occurred along the c axis over
the ab plane, due to the weak van der Waals forces among the
three-fold interpenetrated nets in flexible porous USTB-5 along
the c axis.182

Post-synthetic modification of single crystal USTB-5 by che-
mically reducing with NaBH4 or oxidating with NaClO2 trans-
forms the imine linkage into amine and amide bonds,
respectively (Fig. 41c).182 The resultant amine-linked USTB-5r
(Fig. 39c) and amide-linked USTB-5o (Fig. 39d) present isoreti-
cular frameworks, similar pore sizes, and the same topology as
USTB-5. The imine-linked single crystals exhibit a stepwise N2

adsorption behaviour with a BET surface area of 1465 m2 g�1,
pore size of 9.3 Å and a pore volume of 1.2 cm3 g�1 (Fig. 41d). In
comparison, the amine-linked single crystal USTB-5r shows a
type I adsorption curve with a BET surface area of 1149 m2 g�1,
a pore size of 9.8 Å and a pore volume of 0.64 cm3 g�1, while the
amide-linked single crystal USTB-5o exhibits a BET surface area
of 1623 m2 g�1, a pore size of 8.6 Å and a pore volume of
1.26 cm3 g�1 (Fig. 41d).

Single crystal TAM-TFPB-COF and TAPB-TFS-COF (Fig. 39e)
and TAPB-TFS-COF (Fig. 39f) were synthesized by condensing
TAM (99.0 mg) with TFPB (170.0 mg), and TAPB (156.7 mg) with
TFS (116.6 mg), respectively, in 1,4-dioxane containing aniline
and AcOH at room temperature (Table 12).216 The single crystal
structure of TAM-TFPB-COF was resolved by single crystal 3D
ED at a high resolution of 1.5 Å (Fig. 42b and e), showing the
unit cell parameters of a = b = 23.15 Å, c = 36.30 Å and V =
19457.3 Å3. In comparison, the single crystal structure of TAPB-
TFS-COF was determined using synchrotron SCXRD at 100 K
with a resolution of 1.7 Å. It shows the unit cell parameters of a
= b = 25.53 Å, c = 32.69 Å and V = 21306.7 Å3.216 Notably, the two
single crystals exhibit three-fold interpenetrated dia-b networks
with crystal size ranging from 50 to 100 mm. Interestingly,
replacing the central carbon atom in the TAM-TFPB-COF with
a silicon atom, the resultant TAPB-TFS-COF presented 10.3%
expansion in a/b axes and 9.9% contraction in the c axis. As a
result, TAM-TFPB-COF and TAPB-TFS-COF showed a BET sur-
face area of 3533 and 4107 m2 g�1, respectively, representing

Fig. 41 (a) Optical microscopy image of USTB-5 from a 5 day reaction.
(b) Temperature-dependent unit cell parameters of USTB-5. (c) Conver-
sion among COFs and their optical microscopy photos. (d) N2 adsorption
curves of USTB-5, USTB-5r and USTB-5o. (e) Optical microscopy image of
3D-TMTAPB-COF. (f) 3D reciprocal lattice of 3D-TMTAPB-COF, the
reflection conditions can be obtained as hhl, l = 2n, h–hl, l = 2n, 00l,
and l = 2n. (a)–(d) were reprinted with permission from ref. 182. Copyright
2023 Springer Nature. (e) and (f) were reprinted with permission from ref.
180. Copyright 2023 American Chemical Society.

Fig. 42 (a)–(c) SEM images of (a) USTB-25-3D, (b) TAM-TFPB-COF and
(c) 3D-TFB-COF-Me. (d)–(f) Reconstructed 3D reciprocal lattice of
(d) USTB-25-3D, (e) TAM-TFPB-COF and (f) 3D-TFB-COF-Me. (a) and
(d) Reprinted with permission from ref. 215. Copyright 2024 Cell press.
(b) and (e) Reprinted with permission from ref. 216. American Chemical
Society. (c) and (f) Reprinted with permission from ref. 181. Copyright 2024
American Association for the Advancement of Science. Reprinted with
permission from ref. 175. Copyright 2020 Wiley-VCH.
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the highest so far recorded for imine-based COFs based on N2

sorption measurements at 77 K.216

Designing high-valency knots (44 reaction sites) to expand
the library of 3D building blocks is important for expanding the
structural diversity of 3D COFs. A 6-connected 3D knot, i.e.
1,3,5-trimehyl-2,4,6-tri[3,5-di(4-aminophenyl-1-yl)phenyl-1-yl]
benzene (TMTAPB), adopts a tetrahedral conformation as a
result of steric hindrance-induced twisting.180 This is sup-
ported by the condensation of 2,4,6-tri[3,5-di(4-aminophenyl-
1-yl)-phenyl-1-yl]benzene (TAPB) as a protype of the triangular
prism node with 1,4-phthalaldehyde, which forms 2D-TAPB-
COF with hcb topology and an eclipsed AA stacking mode, due
to the planar conformation of the 6-connected TAPB knot.180

Subsequently, increasing the intramolecular steric hindrance
by introducing a methyl group into TAPB develops TMTAPB
with nonplanar a triangular prism conformation. As a result,
condensing TMTAPB and 1,4-phthalaldehyde in a mixture of
chlorobenzene and o-DCB at 120 1C for 3 days forms 3D-
TMTAPB-COF (Fig. 39g). The single crystal structure of 3D-
TMTAPB-COF has not been resolved, while high quality crystals
are confirmed by optical microscopy and continuous rotational
electron diffraction (cRED) (Fig. 41e and f). Noticeably, 3D-
TMTAPB-COF adopts a rare 6-fold interpenetrated (Class IIIa
interpenetration) acs topology. The BET surface area is
940 m2 g�1 and the pore size is 0.84 nm, as revealed by the
N2 sorption isotherm. Notably, the microporous structures of
3D-TMTAPB-COF make it highly promising for separation
applications, showing excellent performance over its 2D analo-
gue, i.e. 2D-TAPB-COF.180

Notably, the twisted TMTAPB (= TAPB-R, R = Me) with spatial
conformation allows a different [Td + C3] topological combi-
nation to generate two isostructural 3D-TFB-COF-Me (R = Me)
(Fig. 43a) and 3D-TFB-COF-Et (R = Et) (Fig. 43b) with an
ultrahigh BET surface area for methane storage.181

Single crystal 3D-TFB-COF-Me was synthesized via the imine
condensation between TAPB-Me (17.9 mg, 0.02 mmol) and
1,3,5-benzenetricarboxaldehyde (TFB, 6.5 mg, 0.04 mmol) in
the mixed solvent of o-DCB/chloroform (0.1/0.9 mL), in the
presence of an aniline modulator (10 mL) and aqueous AcOH
catalyst (11 M, 0.1 mL) (Table 12).181 After a 7 day reaction at
100 1C, 3D-TFB-COF-Me was isolated as a light-yellow powder

with uniform star-shaped morphology (Fig. 42c). Single crystal
3D-TFB-COF-Et was obtained by condensing TAPB-Et with TFB
via a similar procedure. The single crystal structures of 3D-TFB-
COF-Me and 3D-TFB-COF-Et were determined by cRED with
high resolutions of 1.05 and 1.40 Å (Fig. 42f), respectively. 3D-
TFB-COF-Me exhibited the space group of Ccc2, while
Rietveld refinements generated lattice unit cell parameters of
a = 19.838 Å, b = 32.089 Å and c = 27.530 Å. 3D-TFB-COF-Et also
showed the same space group of Ccc2, with unit cell parameters
of a = 19.857 Å, b = 32.164 Å and c = 27.313 Å.181

Noteworthily, 3D-TFB-COF-Me and 3D-TFB-COF-Et exhibit a
rare self-catenated alb-3,6-Ccc2 topology, which enables both
small pore sizes and ultrahigh surface areas.181 This is because
self-pillaring avoids the close packing of different nets in an
interpenetration topology. As a result, 3D-TFB-COF-Me and 3D-
TFB-COF-Et present a recorded BET surface area of 4298 and
4502 m2 g�1, respectively. Additionally, both COFs show a
narrow pore size of 1.1 nm, which is consistent with the values
calculated from the crystal structures (1.1 nm).181 The pore
volumes were calculated to be 1.83 and 1.86 cm3 g�1 for 3D-
TFB-COF-Me and 3D-TFB-COF-Et, respectively. The high sur-
face areas and microporous structures enable efficient gas
storage, which will be detailed in Section 5.3. Using steric
hindrance to design novel 3D nodes enables the creation of
ultrahigh surface area and microporous COFs suitable for
molecule storage.

4.2. Surfactant-assisted polymerization

Surfactant-assisted synthesis of single crystal COFs involves
using surfactants to control the polymerization and
crystallization processes. This method deploys surfactants as
structure-directing agents by modulating self-assembly of
building blocks and crystallization of COFs, stabilizing
intermediate phases and reducing the nucleation rate,
thereby enabling controlled growth of large-size single
crystals.167,175,217–219 The surfactant-assisted synthesis presents
a step forward in achieving single crystal COFs (Tables 13
and 14).

4.2.1. Surfactant-assisted synthesis of 2D COFs. A method
based on surfactant-monolayer-assisted interfacial synthesis
(Fig. 44) develops free-standing 2D BECOF-PP (Fig. 45a)
and 2D BECOF-PN (Fig. 45b) thin films, which consist
of a 5,10,15,20-(tetra-4-dihydroxyborylphenyl)porphyrin knot
and 1,2,4,5-tetrahydroxybenzene or 2,3,6,7-tetrahydroxyna-
phthalene linker, respectively.175 At first, by dropping the
solution of sodium oleyl sulfate (SOS)/chloroform on the water
surface, a monolayer of SOS forms after the evaporation of
chloroform (Fig. 44). Adding an acidic solution (1 mmol HCl) of
porphyrin monomer (1 mmol) to the water phase induces self-
assembly of the protonated porphyrin unit and the surfactant,
which form preorganized porphyrin alignment due to strong
electrostatic interactions (Fig. 44). Adding an acidic aqueous
solution of linker monomer (4 mmol) and HCl (1 mmol) to the
reaction system followed by heating at 50 1C triggers the
polycondensation (Fig. 44). A free-standing COF film forms
on the water surface after 7 days of polymerization and is

Fig. 43 Structures of single crystal (a) 3D-TFB-COF-Me and (b) 3D-TFB-
COF-Et.
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readily transferred onto different substrates, such as Si/SiO2

and TEM grid, for characterization.
The resultant films of boronate ester-linked 2D BECOF-PP

(Fig. 46a) have tuneable thicknesses from 6 to 16 nm and an
average size of 10.3 � 3.7 mm, as revealed by AFM (Fig. 46b).175

The single crystal nature of the COF films was characterized by
HRTEM and SAED patterns. However, these small single crystal
domains are not resolvable to gain atomic coordinates. In
addition to SOS, sodium dodecylbenzene sulfonate produces
crystalline films, while systems with other cationic, zwitterionic
and nonionic surfactants or without surfactants result in only
amorphous films.175

This method is applicable to the growth of free-standing
films consisting of micrometre-sized single crystal ribbons at
the air–water interface.217 Spreading sodium dodecyl sulfate
(SDS, 1 mg mL�1) surfactant on the water interface and adding
4,40,400,40 0 0-(porphyrin-5,10,15,20-tetrayl) tetraaniline to the
water subphase forms preassembled porphyrin ribbons con-
sisting of a tetragonal lattice with an intermolecular distance of
15.0 Å. Injecting 4,40-(1,4-phenylene)-bis(1-(2,4-dinitrophenyl)

pyridilium) dichloride into the water subphase triggers an
interfacial Zincke reaction, forming imine-linked single crystal
ribbons of SYSU-7 COF (Fig. 45c), other than the viologen-
linked COFs synthesized under solvothermal conditions.217,220

The single crystal ribbons (Fig. 46c and 35d) exhibit a typical
length, width and thickness of 1.0 mm, 200 nm and 20 nm,
respectively. The single crystal nature of the films is character-
ized by SAED and HRTEM.

Furthermore, a series of control experiments have been
performed to investigate the growth of SYSU-7 films. (1) No
film can be obtained without surfactant. (2) Using cationic
surfactants, including hexadecyl trimethylammonium chloride,
hexadecyl trimethylammonium bromide and hexadecyltri-
methylammonium hydrogen sulfate, had the same issue that
no product was generated. (3) Low-quality COF films with
different morphologies, crystallinity and orientations were
obtained when applying non-ionic surfactant (oleyl alcohol)
and anionic surfactants with different chains. The above results
manifested that synthesizing single-crystal SYSU-7 films at the
surfactant–water interface requires control over both the length

Table 13 Synthetic conditions and structural resolution of single crystal 2D BECOF-PP, 2D BECOF-PN and SYSU-7

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

Sodium oleyl sulfate (SOS, 1 mg) was dissolved in chloroform (1 mL).
5,10,15,20-(Tetra-4-dihydroxyborylphenyl)porphyrin (monomer 1, 0.790 mg,
1 mmol) was dissolved in HCl (1 mL, 1 M). 1,2,4,5-Tetrahydroxybenzene
(monomer 2, 0.567 mg, 4 mmol) was dissolved in HCl (1 mL, 1 M) and
sonicated for 5 min. Polymerization reaction: SOS/chloroform solution
(20 mL) was spread onto the surface of Milli-Q water (40 mL) in a beaker
(60 mL). The chloroform solvent was allowed to evaporate from the water
surface for 10 min, then a solution of monomer 1 (1 mL) was injected into
the water phase. After 30 min, a solution of monomer 2 (1 mL) was injected
into the water phase. The beaker was left into an oven at 50 1C for 7 days.

a = 24.90 Å

NA HR TEM/
SAED 175

b = 24.90 Å
c = 7.6 Å
a = b = g = 901

Sodium oleyl sulfate (SOS, 1 mg) was dissolved in chloroform (1 mL).
5,10,15,20-(Tetra-4-dihydroxyborylphenyl)porphyrin (monomer 1, 0.790 mg,
1 mmol) was dissolved in HCl (1 mL, 1 M). 2,3,6,7-Tetrahydroxynaphthalene
(monomer 3, 0.767 mg, 4 mmol) was dissolved in HCl (1 mL, 1 M) and
sonicated for 5 min. Polymerization reaction: SOS/chloroform solution
(20 mL) was spread onto the surface of Milli-Q water (40 mL) in a beaker
(60 mL). The chloroform solvent was allowed to evaporate from the water
surface for 10 min, then a solution of monomer 1 (1 mL) was injected into
the water phase. After 30 min, a solution of monomer 3 (1 mL) was injected
into the water phase. The beaker was left in an oven at 50 1C for 7 days.

a = 27.32 Å

NA HR TEM/
SAED 175b = 27.32 Å

c = 7.6 Å
a = b = g = 901

Milli-Q water (20 mL) was added to the Petri dish, then a solution of sur-
factants (20 mL, 1 mg mL�1) was spread onto the water surface. After waiting
for 30 minutes, a diluted hydrochloric acid (400 mL, 0.001 mol mL�1)
solution of 4,40,400,40 0 0-(porphyrin-5,10,15,20-tetrayl)tetraaniline (TAPP,
1 mg mL�1) was added to the water subphase. Ater waiting for another half an
hour, an aqueous solution of 4,40-(1,4-phenylene) bis (1-(2,4-dinitrophenyl)
pyridilium) dichloride (600 mL, 1 mg mL�1, 1.5 equiv.) was added to the water
subphase. The Petri dish was then sealed with a glass cover and was left
undisturbed during the reaction.

a = 20.5 Å
5 Å HR TEM/

SAED/FFT 217b = 15.5 Å
c = 3.95 Å
a = b = g = 901
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Table 14 Synthetic conditions and structural resolution of single crystal COF-2,5-Ph (2D COF-1), COF-2,3-Ph, COF-BPy, COF-BPh and 2D COF-2

COFs Synthetic conditions
Crystal
parameters Resolution Method Ref.

Water (26 mL) or ethanol/water mixtures (26 mL) with different volume
ratios (1 vol%, 7.7 vol%, 15.4 vol%) were added into a Petri dish with a
diameter of 56 mm and a height of 16 mm. An aqueous solution of PSS
(60 mL, 1 mg mL�1) was spread at the air–water interface and left undis-
turbed for 30 minutes. A solution of TAPP protonated with PTSA (200 mL,
0.3 mmol) was added into the Petri dish and left undisturbed for 60
minutes. Then, an aqueous solution of aldehyde monomer (2,5-Ph,
3.69 mL, 1.8 mmol) was slowly injected into the container. 2D COF films
were obtained after one week.

a = 25.0 Å 3 Å AC-HR TEM 218
c = 3.9 Å SAED

FFT

Water (25 mL) was added to a Petri dish (diameter of 60 mm and height of
16 mm). An aqueous solution of polyacrylic acid (60 mL, 1 mg mL�1) was
spread at the air–water interface and left undisturbed for 30 min. A solution
of node (1 mg mL�1, 200 mL) protonated with PTSA (2 mol L�1) was added to
the Petri dish and left undisturbed for 1 h. Next, we added diethylenetria-
mine aqueous solution (100 L, 1 mg mL�1) into the Petri dish and waited
another hour. Then a terephthalaldehyde ethylene glycol solution (400 mL,
0.738 mg mL�1) was slowly injected into the vessel, and the Petri dish was
sealed with a glass cover. 2D COF-1 films were obtained after 18 h of storage
at room temperature.

a = 51.78 Å

NA

AC-HR TEM
219b = 51.73 Å SAED

c = 6.25 Å FFT
a = b = g = 901

Water (26 mL) or ethanol/water mixtures (26 mL) with different volume
ratios (1 vol%, 7.7 vol%, 15.4 vol%) were added into a Petri dish with a
diameter of 56 mm and a height of 16 mm. An aqueous solution of PSS
(60 mL,1 mg mL�1) was spread at the air–water interface and left undis-
turbed for 30 minutes. A solution of TAPP protonated with (200 mL, 0.3
mmol) was added to the Petri dish and left undisturbed for 60 minutes.
Then, an aqueous solution of aldehyde monomer (2,3-Ph, 3.69 mL, 1.8
mmol) was slowly injected into the container. 2D COF films were obtained
after one week.

a = 25.0 Å
3 Å

AC-HR TEM
218c = 3.9 Å SAED

FFT

Water (26 mL) or ethanol/water mixtures (26 mL) with different volume
ratios (1 vol%, 7.7 vol%, 15.4 vol%) were added to a Petri dish with a dia-
meter of 56 mm and a height of 16 mm. An aqueous solution of PSS (60 mL,
1 mg mL�1) was spread at the air–water interface and left undisturbed for
30 minutes. A solution of TAPP protonated with (200 mL, 0.3 mmol) was
added to the Petri dish and left undisturbed for 60 minutes. Then, an
aqueous solution of aldehyde monomers (BPy, 3.72 mL, 1.8 mmol) was
slowly injected into the container. 2D COF films were obtained after one
week.

a = 29.0 Å
3 Å

AC-HR TEM 218
c = 3.9 Å SAED

FFT

Water (26 mL) or ethanol/water mixtures (26 mL) with different volume
ratios (1 vol%, 7.7 vol%, 15.4 vol%) were added to a Petri dish with a dia-
meter of 56 mm and a height of 16 mm. An aqueous solution of PSS (60 mL,
1 mg mL�1) was spread at the air–water interface and left undisturbed for
30 minutes. A solution of TAPP protonated with PTSA (200 mL, 0.3 mmol)
was added to the Petri dish and left undisturbed for 60 minutes. Then, an
aqueous solution of aldehyde monomers (BPh, 3.72 mL, 1.8 mmol) was
slowly injected into the container. 2D COF films were obtained after one
week.

a = 29.0 Å 3 Å AC-HR TEM 218
c = 3.8 Å SAED

FFT

Water (25 mL) was added to a Petri dish (diameter of 60 mm and height of
16 mm). An aqueous solution of polyacrylic acid (60 mL, 1 mg mL�1) was
spread at the air–water interface and left undisturbed for 30 min. A solution
of node (1 mg mL�1, 200 mL) protonated with PTSA (2 mol L�1) was added to
the Petri dish and left undisturbed for 1 h. Next, we added diethylenetria-
mine aqueous solution (100 mL, 1 mg mL�1) into the Petri dish and waited
another hour. Then BPh ethylene glycol solution (400 mL, 1 mg mL�1) was
slowly injected into the vessel, and the Petri dish was sealed with a glass
cover. 2D COF-2 films were obtained after 18 h of storage at room
temperature.

NA NA AC-HR TEM 219
SAED
FFT
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of the hydrophobic chains and the polar groups in the surfac-
tants, which are significant to modulate the nucleation, poly-
merization and crystallization processes.217

The SMAIS method modulates the crystallization of COFs
and relies on the preorganization of monomers and surfactants
via noncovalent interactions. Thus, external and internal

disturbances, such as temperature, concentration and pH,
greatly affect the assembly, leaving the system with uncertainty
in the crystal domain size and the single crystal integrity of the
films. A macromolecule-mediated methodology by applying the
charged polymers, i.e., poly(sodium 4-styrenesulfonate) (PSS) to
direct the synthesis of thin films of COFs with large single
crystal domains on the water surface has been developed.194

Compared to SMAIS, the charged polymers consist of repeating
units through covalent bonds, which offer a chance to form
long-range ordered structures along the polymer chains, while
providing additional mechanical, thermal and chemical
stability.

This strategy allows the assembly of protonated monomers
as well as their polymerization and crystallization to form thin

Fig. 44 Synthetic protocol for single-crystalline 2D COF films using the
SMAIS method.

Fig. 45 Surfactant-assisted synthesis of single crystal 2D COFs. (a)–(h) Structures of (a) 2D BECOF-PP, (b) 2D BECOF-PN, (c) SYSU-7, (d) COF-2,5-Ph
(= 2D COF-1), (e) COF-2,3-Ph, (f) COF-BPy, (g) COF-BPh and (h) 2D COF-2.
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films.218 For example, PPS-mediated polymerization between
5,10,15,20-tetrakis(4-aminophenyl)-21H,23H-porphyrin (TAPP)
and 2,5-dihydroxyterephthalaldehyde (2,5-Ph) generates a
wafer-sized thin film of COF-2,5-Ph (Fig. 45d),218 which
contains single crystal domains with an average size of
3.57(�2.57) mm2 (Fig. 47a). The single crystal nature of these
domains is verified by aberration-corrected HRTEM (AC-HR
TEM), SAED, and SEM (Fig. 47a and b). This strategy is applic-
able to the synthesis of thin films of another three 2D COFs,
including COF-2,3-Ph (Fig. 45e), COF-BPy (Fig. 45f) and COF-BPh
(Fig. 45g), via condensation of TAPP with dihydroxyterephthalalde-
hyde (2,3-Ph), 4,40-biphenyl-dicarboxaldehyde (BPy), and 2,2’-
bipyridine-5,50-dicarbaldehde (BPh), respectively. These films con-
sist of single crystal domains of 0.75(�0.5), 0.64(�0.33) and
0.077(�0.045) mm2, respectively, and their single crystal features
are confirmed by AC-HR TEM, SAED and SEM, while their atomic
coordinates are unavailable.

These 2D COFs films are fragile and brittle under folding,
due to their discontinuous crystalline domain structure. Inte-
grating elasticity and toughness into crystalline polymeric films
brings new possibilities.219 Through a sacrificial go-between
guided interfacial synthesis method, polycrystalline films of
imine-linked 2D COFs with an interwoven structure for con-
necting single crystal domains were produced.219 Indeed, using
polyacrylic acid as a polymer surfactant, the TAPP monomer
pronated with PTSA, assembles underneath the surfactant via
electrostatic and hydrogen-bonding interactions. Adding an
aqueous solution of diethylenetriamine (1 mg mL�1) as a

sacrificial go-between reagent to facilitate interweaving at the
grain boundary in the reaction system, followed by injecting
2,5-Ph and 6-(4-formylphenyl) nicotinaldehyde linkers, results
in the formation of thin films of 2D COF-1 (Fig. 45d) and 2D
COF-2 (Fig. 45h), respectively.219

The single crystal nature of these domains is investigated by
GIWAXS and AC-HRTEM, which show the reorientation of
different domains, the gradual increase of the single-crystal
domain size and the decrease in the number of grain bound-
aries. The resultant 2D COF films combine strength, toughness,
and elasticity, originating from the interwoven structure at the
grain boundaries (Fig. 47c and 36d).219

4.2.2. Surfactant-assisted synthesis of 3D COFs. Unlike 2D
COFs, the synthesis of single crystal 3D COFs features higher
efficiency and better crystallinity due to their isotropic frame-
work growth and self-correcting nature during polycondensa-
tion. The bond connectivity in 3D COFs promotes reversible
bond formation, allowing for dynamic error correction and
facilitating the formation of long-range ordered structures.
Additionally, the interpenetration or mutual stabilization of
multiple frameworks in 3D COFs reduces defects and enhances
structural integrity, making high-quality single crystals more
accessible compared to the 2D COFs.

A micrometre-sized micelle method has been developed for
the synthesis of single crystal 3D COFs (Fig. 48 and Table 15).
This method assembles amphiphilic amino acid derivatives
with long hydrophobic chains to form micelles in aqueous
solution, which offer dynamic barriers to separate knots and

Fig. 46 Characterization of single crystals of COF films. (a) Atomic force
microscopy image of crystalline domains on 2D BECOF-PP films. (b) Single
crystal size distribution of 2D BECOF-PP. (c) Optical microscopy images of
the SYSU-7 film suspended over a copper grid. (d) Scanning transmission
electron microscopy high-angle annular dark-field image of the free-
standing SYSU-7 film. (a) and (b) were reprinted with permission from
ref. 175. Copyright 2020 Wiley-VCH. (c) and (d) were reprinted with
permission from ref. 217. Copyright 2021 American Chemical Society.

Fig. 47 Characterization of the single crystals of COF films. (a) Color-
coded grain orientation map of COF-2,5-Ph. (b) AC-HRTEM image of
COF-2,5-Ph with a resolution of 3 A. (c) AC-HRTEM image of the 2D COF-
1 film. The inset shows the corresponding Fast Fourier transform pattern.
(d) The AC-HRTEM image of the 2D COF-2 film. The inset shows the
corresponding Fast Fourier transform pattern. (a) and (b) were reprinted
with permission from ref. 218. Copyright 2022 American Chemical Society.
(c) and (d) were reprinted with permission from ref. 219. Copyright 2024
Springer Nature.
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linkers in aqueous solution and the hydrophobic cavity of
micelles, respectively, depending on their hydrophilicity and
hydrophobicity.167 For a typical procedure, the amino-acid
derivative C16-GlyA (glycine with palmitoyl substituent group)
forms 331 nm micelles upon dispersion in water under stirring.

Adding 2,5-dihydroxy-1,4-benzenedicarboxaldehyde linker
increases the micelle size to 503 nm, accompanied by a distinct
colour change from white to yellow. Subsequent addition of the
PTSA-protonated tetrakis(4-aminophenyl) methane (TAM) knot
triggers polymerization and crystallization to form single
crystal COF-301 (Fig. 48b and 49a), obtained as uniform
cuboids with a typical length and width of 2 mm and 0.6 mm
after a two-week reaction. The single crystal nature was inves-
tigated by SCXRD and SAED, which revealed that COF-301
exhibits a tetragonal space group of I41/a (a = 26.434(4) Å,
c = 7.5876(15) Å), seven-fold interpenetration and diamond-type
topology with a structural resolution up to 0.9 Å.167

Notably, this strategy enables the synthesis of a series of 3D
COFs as well as 2D COFs (Fig. 48b–g). In detail, under identical
synthetic conditions as for COF-301, polycondensation of
TAM with TA, 2,3,5,6-tetrafluoroterephthalaldehyde, pyridine-
2,5-dicarbaldehyde, and 4,40-biphenyldicarboxaldehyde pro-
duces the single crystals of COF-300 (Fig. 7a and 48c), SYSU-8
(Fig. 48b and 49b), SYSU-9 (Fig. 48e and 49c) and COF-320
(Fig. 48f and 49d), respectively.167 Additionally, condensing
2,4,6-tris(4-aminophenyl)-1,3,5-triazine (TTA) with benzene-
1,3,5-tricarbaldehyde (BTA) forms single crystals of 2D COF-
TTA-TBA (Fig. 48g and 49e).167 These single crystals are con-
firmed by optical microscopy, SEM, HR TEM, SCXRD and
SAED, revealing a regular shape, transparent crystal, precise
atomic structure and single crystal nature.

Noticeably, this strategy is dependent on the presence of
amphiphilic amino acid derivatives with suitable length of
hydrophobic tail. Without C16-GlyA, no solid product forms,
even after prolonging the reaction time for over one month.
Using amphiphilic amino acid derivatives with short chains
such as octanoylglycine (C8-GlyA), decanoylglycine (C10-GlyA)
and dodecanoylglycine (C12-GlyA) greatly decreases the yield
with very little solid.195 The use of tetradecanoylglycine (C14-
GlyA) increases the yield of the solid phase to 87%, which
reaches a maximum of 92% yield for C16-GlyA but decreases to
79% using longer stearoylglycine (C18-GlyA).

These results indicate that the hydrophobicity and order of
the assembled micellar structures affect the formation of
single crystals by regulating the diffusion, polymerization and
crystallization processes.167 The amino acid derivatives with
short hydrophobic tails tend to form loose micelles that
cannot regulate these processes, while the derivatives with
too long hydrophobic chains result in larger micelles
which hinder the efficiency of monomer dispersion in water,
thereby decreasing the yield.167 On the other hand, using
palmitoyl-L-alanine (C16-L-AlaA), palmitoyl-L-phenylalanine
(C16-L-PhalaA), palmitoyl-L-valine (C16-L-ValA) and (S)-3,3-
dimethy l-2-palmitamidobutanoic acid (C16-L-tLeuA) with differ-
ent steric hindrances near the polar groups of the amino acid
site has less effect on the morphology, size and yield of
COFs.167 This result indicates that separation of amine- and
aldehyde-monomers in different phases with surfactants is key
to the formation of single crystal COFs.

4.3. Seed-assisted polymerization

Seed is important for nucleation and crystallite growth. Adding
seeds to polymerization systems enables the synthesis of large-
size single crystal COFs (Fig. 50 and Table 16).186

Polymerization of 2,3,6,7,10,11-hexahydroxytriphenylene
(HHTP) and 1,4-phenylenebis(boronic acid) (PBBA) using mesi-
tylene, 1,4-dioxane and acetonitrile (4/16/80 in vol) as a solvent
forms small nanoparticles with a size of 30 nm under solvother-
mal conditions.186 These nanoparticles are well-dispersed to
form stable colloidal suspensions. Adding monomers slowly
and in certain amounts to the colloidal suspension allows the
nanoparticles to grow into large, faceted single crystals, ranging
from 500 nm to 1.5 mm in size.

Slow addition of monomers is essential to maintain low
concentrations, thereby suppressing nucleation and allowing
the seeds to grow into larger crystals. Rapid monomer addition
results in uncontrolled nucleation and smaller particle sizes.

The seeded growth method allows for precise control over
the size and morphology of the COF crystals. For example, COF-
5 crystals grew into well-defined, single crystal particles with
hexagonal faceting and uniform sizes, exhibiting significantly
improved crystallinity compared to polycrystalline samples.
Characterization with TEM, wide-angle X-ray scattering (WAXS)
and dynamic light scattering (DLS) confirmed the high quality
and single crystal nature of the COF-5 (Fig. 51a), COF-10
(Fig. 51b) and TP-COF (Fig. 51c).186

Fig. 48 Synthetic strategy and morphology of single crystal COFs. (a)
Schematic view of the micrometre-sized micelle method. Optical micro-
scopy images of (b) COF-301, (c) COF-300, (d) SYSU-8, (e) SYSU-9, (f)
COF-320 and (g) COF-TTA-BTA. Reprinted with permission from ref. 167.
Copyright 2023 Springer Nature.
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The TEM images (Fig. 52a–d) revealed well-defined lattice
fringes extending throughout the crystals, confirming their

single crystal structure. The WAXS data revealed sharp diffrac-
tion peaks, indicating long-range order and high crystallinity,

Table 15 Synthetic conditions and structural resolution of single crystal COF-301, SYSU-8, SYSU-9, COF-320 and COF-TTA-BTA

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

To grow the single-crystal COFs, amino-acid derivatives (0.1 mmol, C8-GlyA,
C10-GlyA, C12-GlyA, C14-GlyA, C16-GlyA, C18-GlyA, C16-L-AlaA, C16-L-PhalaA,
C16-L-ValA or C16-L-tLeuA) and sodium hydroxide (0.1 mmol) were dissolved
in water (8.5 mL) at 50 1C under ambient conditions. The solution was
stirred for 10 min to obtain an emulsion of uniform size, then linker
(0.05 mmol) was added and stirred. Subsequently, a solution of TAM
(9.5 mg, 0.025 mmol) in acid (PTSA/HCl/HOAc, 1.5 mL, 0.2 mol L�1) was
added, then stirred for 5 min. After completion of the reaction, the product
was collected by centrifugation and washed three times with water and
THF. Further purification of the COFs was carried out by immersing THF
for 24 h, followed by drying at ambient temperature for 12 h and 100 1C for
12 h to afford single-crystal COF powder.

a = 20.276 Å

0.9 Å SCXRD 167
b = 8.7098 Å
c = 20.212 Å
b = 99.3081

To grow the single-crystal COFs, amino-acid derivatives (0.1 mmol, C8-GlyA,
C10-GlyA, C12-GlyA, C14-GlyA, C16-GlyA, C18-GlyA, C16-L-AlaA, C16-L-PhalaA,
C16-L-ValA or C16-L-tLeuA) and sodium hydroxide (0.1 mmol) were dissolved
in water (8.5 mL) at 50 1C under ambient conditions. The solution was
stirred for 10 min to obtain an emulsion of uniform size, then 0.05 mmol
linker (linker A/B/C/D/E) was added and stirred. Subsequently, a solution of
TAM (9.5 mg, 0.025 mmol) in acid (PTSA/HCl/HOAc, 1.5 mL, 0.2 mol L�1)
was added, then stirred for 5 min. After completion of the reaction, the
product was collected by centrifugation and washed three times with water
and THF. Further purification of the COFs was carried out by immersing in
THF for 24 h, followed by drying at ambient temperature for 12 h and
100 1C for 12 h to afford single-crystal COF powder.

NA 0.9 Å SCXRD 167

To grow the single-crystal COFs, amino-acid derivatives (0.1 mmol, C8-GlyA,
C10-GlyA, C12-GlyA, C14-GlyA, C16-GlyA, C18-GlyA, C16-L-AlaA, C16-L-PhalaA,
C16-L-ValA or C16-L-tLeuA) and sodium hydroxide (0.1 mmol) were dissolved
in water (8.5 mL) at 50 1C under ambient conditions. The solution was
stirred for 10 min to obtain an emulsion of uniform size, then 0.05 mmol
linker (linker A/B/C/D/E) was added and stirred. Subsequently, a solution of
TAM (9.5 mg, 0.025 mmol) in acid (PTSA/HCl/HOAc, 1.5 mL, 0.2 mol L�1)
was added, then stirred for 5 min. After completion of the reaction, the
product was collected by centrifugation and washed three times with water
and THF. Further purification of the COFs was carried out by immersing in
THF for 24 h, followed by drying at ambient temperature for 12 h and
100 1C for 12 h to afford single-crystal COF powder.

a = 26.461 Å
1.1 Å SCXRD 167c = 7.4600 Å

To grow the single-crystal COFs, amino-acid derivatives (0.1 mmol, C8-GlyA,
C10-GlyA, C12-GlyA, C14-GlyA, C16-GlyA, C18-GlyA, C16-L-AlaA, C16-L-PhalaA,
C16-L-ValA or C16-L-tLeuA) and sodium hydroxide (0.1 mmol) were dissolved
in water (8.5 mL) at 50 1C under ambient conditions. The solution was
stirred for 10 min to obtain an emulsion of uniform size, then 0.05 mmol
linker (linker A/B/C/D/E) was added and stirred in. Subsequently, a solution
of TAM (9.5 mg, 0.025 mmol) in 0.2 mol L�1 acid (PTSA/HCl/HOAc, 1.5 mL)
was added, then stirred for 5 min. After completion of the reaction, the
product was collected by centrifugation and washed three times with water
and THF. Further purification of the COFs was carried out by immersing in
THF for 24 h, followed by drying at ambient temperature for 12 h and
100 1C for 12 h to afford the single-crystal COF powder.

a = 23.360 Å
0.9 Å SCXRD 167c = 8.4300 Å

To grow the 2D COFs, C16-L-ValA (0.1 mmol) and sodium hydroxide
(0.1 mmol) were dissolved in water (10 mL). This solution was stirred at
50 1C for 10 min to obtain an emulsion of uniform size, then benzene-1,3,5-
tricarbaldehyde (BTA) (4.1 mg, 0.025 mmol) was added and stirred. A
solution of 4,40,40-(1,3,5-triazine-2,4,6-triyl) trianiline (TTA, 8.85 mg,
0.025 mmol) in PTSA (1.5 mL, 0.2 mol L�1) was added and the solution was
stirred for 5 min. After completion of the reaction, the product was col-
lected by centrifugation and washed three times with water and THF.
Further purification of the COFs was carried out by immersing in THF for
24 h, then drying at ambient temperature for 12 h and 100 1C for 12 h to
afford 2DCOF-TTA-BTA powder. For gram-scale production, C16-L-ValA
(3.556 g, 10 mmol), TTA (885 g, 2.5 mmol) and BTA (410 g, 2.5 mmol) were
used to obtain a highly crystalline 2DCOF-TTA-BTA powder (yield: 92%,
1.07 g). Recovering rate of C16-L-ValA: 92%, 3.27 g.

a = 17.875 Å NA SCXRD 167c = 3.4652 Å
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while DLS measurements demonstrated uniform particle sizes,
further validating the effectiveness of the seeded growth
method (Fig. 52e–h). However, no atomic coordinates were
given from the structural resolution. The single crystal COFs
exhibited improved optical properties compared to polycrystal-
line samples, due to the high crystallinity and larger particle
sizes of the single crystals allowing more efficient exciton
diffusion (Fig. 52i).186

The seeded growth method is applicable to boronate ester-
linked COF-5, COF-10 and TP-COF, as well as boroxine-linked
2D Py-COF (Fig. 51d), DBD-COF (Fig. 51e), Ph-COF (Fig. 51f),
and BPh-COF (Fig. 51g) and 3D TMPh-COF (Fig. 51h) as single
crystal particles (Fig. 52b).177 Low-dose HRTEM and synchro-
tron X-ray diffraction revealed the structures of these COFs.
Ph-COF exhibits diffraction signals at 0.55 and 0.85 Å�1,

corresponding to the (100) and (110) Bragg features from an
AB offset structure, respectively. Py-COF and BPh-COF with an
AA eclipsed structure have the same diffraction peak at
0.39 Å�1, which is due to their equivalent lattice dimensions
and can be assigned to the (100) facet.

DBD-COF exhibits a hexagonal topology and the primary
(200) diffraction signal at 0.21 Å�1, because of its longest linker
among these 2D COFs. In contrast, the 3D boroxine-linked
TMPh–COF exhibited diffractions at 0.59, 0.62, 0.91 and
0.96 Å�1, which were assigned to the (211), (220), (310) and
(321) facets, respectively. Notably, Ph-COF has a preeminent
lattice spacing of 10 Å (d110), as revealed by FFT images, and
displays hexagonal morphology with clearly visible lattice
fringes extending from one end of the particles to the other
under TEM observation. Py-COF with a lattice fringe at 7.1 Å
(d200) appears as agglomerated hexagonally faceted particles.
The FFT pattern of Py-COF exhibited a d310 value at 4.1 Å.

Noticeably, BPh-COF displays a similar morphology as hex-
agonal particles but has a smaller interlayer distance than Py-
COF, as indicated by a smaller d001 value. Interestingly, DBD-
COF presents as predominantly trigonal particles and exhibits a
lattice spacing of 11 Å, which is consistent with the results from
structural reconstruction. The 3D TMPh-COF shows regularly
faceted crystals with a lattice spacing of 10 Å. TEM imaging
revealed the regular crystal morphologies and ordered lattice
structures, indicating a single crystal feature.

4.4. Coordination-driven dynamic covalent polymerization

Single crystal 1D metallo-COFs (mCOF-Ag, Table 17) have
been synthesized by combining labile metal coordination and
dynamic covalent chemistry under solvothermal conditions.184

Specifically, to a 10 mL Schlenk tube, 4,40-(1,10-phenan-
throline-2,9-diyl)dianiline (17.4 mg, 0.048 mmol) and 2,9-
bis(4-(dimethoxymethyl)phenyl)-1,10-phenanthroline (7.7 mg,
0.016 mmol) were weighted. Then, an o-DCB/n-BuOH
(0.9/0.1 mL) mixture of AgBF4 (3.1 mg, 0.016 mmol) was added
to the tube, which was subjected to sonification for 10 minutes
before adding AcOH (0.1 mL, 6M). The polycondensation reac-
tion was conducted at 120 1C for 3 days, yielding a light-yellow
solid product, i.e., mCOF-Ag (Fig. 53).

The single crystal structure of mCOF-Ag determined by
SCED techniques revealed that mCOF-Ag has a space group of
C2/c with unit cell parameters of a = 15.66 Å, b = 31.00 Å, c =
10.87 Å and b = 123.311, respectively. The coordination of Ag+

ions to 1,10-phenanthroline units facilitates an additional
reversible polycondensation process that promotes nucleation.
The monomer 4,40-(1,10-phenanthroline-2,9-diyl)diphenylamine
in excess anchors to the polymer backbone via Ag+ coordination,
forming periodic spacers that promote p–p stacking and hydrogen
bonding between the one-dimensional chains.

Single crystal mCOF-Ag with micrometre size enables a
structural resolution of 0.95 Å by SCED (Fig. 53b). HRTEM
and SAED patterns confirm its single crystal nature (Fig. 53c).
Due to its non-centrosymmetric structure, mCOF-Ag displays a
distinct second harmonic generation signal at 425 nm upon

Fig. 49 Structures of single crystal COFs obtained via a micrometre-sized
micelle method. (a)–(f) Structures of (a) COF-301, (b) SYSU-8, (c) SYSU-9,
(d) COF-320 and (e) COF-TTA-BTA.

Fig. 50 Seed-assisted synthetic method for single-crystal COFs. Rep-
rinted with permission from ref. 186. Copyright 2018 American Association
for the Advancement of Science.
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excitation at 850 nm with a laser, showing its potential as a
nonlinear optical material (Fig. 53d).

This method is applicable to 3D mCOFs (WCOF-Cu)
(Fig. 54).183 Homoleptic tetrahedral complexes and polydentate
linkers form a 3D woven COF (WCOF), where the metal ions in

the complexes serve as templates to guide the assembly of the
organic threads into a three-dimensional network. Imine con-
densation of copper(I) phenanthroline complexes forms a
diamond-like COF under solvothermal conditions. The single
crystal structure analysis via 3D ED (Fig. 54b) indicates that

Table 16 Synthetic conditions and structural resolution of single crystal COF-5, COF-10, TP-COF, Py-COF, DBD-COF, Ph-COF, BPh-COF and TMPh-
COF

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

A mixture of HHTP (11 mg, 0.034 mmol) and benzene diboronic acid
(BDBA) (8.28 mg, 0.05 mmol) was dissolved in n-BuOH (200 mL), and
transferred into a stainless steel reactor (40 mL) and the system was heated
to 90 1C and pressurized up to 9 MPa CO2, reacted for 90 min. After the
reaction, the reactor was slowly depressurized at a rate of 1–2 MPa min�1.
The precipitate was collected by filtration, washed with acetone, and dried
in vacuum overnight.

NA NA SAED 186

HHTP (0.02 mmol) and the appropriate corresponding boronic acid (BA,
0.03 mmol) were dissolved in a mixture of MeCN/1,4-dioxane/mesitylene
(10 mL, 80/16/4 vol) and sonicated for 10 min. The solution was passed
through a 0.45 micron PTFE syringe filter to remove insoluble particulates.
This solution was put into a scintillation vial (20 mL) and sealed. This
reaction mixture was heated without stirring to 90 1C for 18 h, which
resulted in an indefinitely stable, translucent colloidal suspension.

a = b = 29.6 Å,
c = 3.5 Å NA SAXS/WAXS FFT 186

HHTP (4 mM) and diboronic acid (6 mM) were dissolved in separate
solutions of MeCN/1,4-dioxane/mesitylene (80/16/4 vol) and sonicated for
10 min. These solutions were passed through a 0.45 micron PTFE syringe
filter to remove insoluble particulates. These two solutions were then loa-
ded into syringes (50 mL) on a calibrated syringe pump. A COF colloidal
suspension was heated to 85 1C, then the diboronic acid and HHTP solu-
tions were added at the noted rate.

a = b = 36.3 Å,
c = 3.4 Å (COF-10) NA SAXS/WAXS FFT 186

a = b = 37.3 Å,
c = 3.4 Å (TP-COF)

NA SAXS/WAXS FFT 186

Phenylenebisboronic acid (PBBA, 33.2 mg, 10 mM) was dissolved in either a
mixture of 4 : 1 1,4-dioxane : mesitylene (20 mL) when attempting powder
synthesis of Ph-COF or a mixture of MeCN/1,4-dioxane/mesitylene (20 mL,
50/40/10 vol) when attempting colloidal syntheses. The PBBA solution was
then heated to 70 1C for 72 hours. During this time, the clear solutions
became white and opaque.

NA NA SAXS/WAXS FFT 177

Biphenylenebisboronic acid (BBBA, 10 mM, 12 mg) was dissolved in a
mixture of MeCN/1,4-dioxane/mesitylene (5 mL, 50/40/10 vol) when
attempting colloidal syntheses. The BBBA solution was then heated to 70 1C
for 72 hours. During this time, the clear solutions became white and
opaque.

NA NA SAXS/WAXS FFT 177

Diphenylbutadiynbisboronic acid (DBD-BA, 14.5 mg, 10 mM) was dissolved
in a mixture of MeCN/1,4-dioxane/mesitylene (5 mL, 50/40/10 vol) when
attempting colloidal syntheses. The DBDBA solution was then heated to
70 1C for 72 hours. During this time, the clear solutions became white and
opaque.

NA NA SAXS/WAXS FFT 177

Pyrenebisboronic acid (PyBA, 14.5 mg, 10 mM) was dissolved in a mixture of
MeCN/1,4-dioxane/mesitylene (5 mL, 50/40/10 vol) when attempting col-
loidal syntheses. The Py-BA solution was then heated to 70 1C for 72 hours.
During this time, the clear solutions became white and opaque.

NA NA SAXS/WAXS FFT 177

Tetrakis(phenlboronic acid)methane (TMPh-BA, 24.5 mg, 10 mM) was
dissolved in a mixture of MeCN/1,4-dioxane/mesitylene (5 mL, 50/40/10 vol)
when attempting colloidal syntheses. The TMPh-BA solution was then
heated to 70 1C for 72 hours. During this time, the clear solutions became
white and opaque.

NA NA SAXS/WAXS FFT 177
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WCOF-Cu has a face-centred orthorhombic Bravais lattice and
generates unit cell parameters of a = 7.79 Å, b = 31.44 Å,
c = 32.30 Å and a = b = g = 901, respectively, with a resolution
of 1.1 Å. WCOF-Cu adopts dia topology with the F222 space
group and exhibits 3-fold interpenetrated structures. Notice-
ably, the HRTEM image observed from the [022] direction
shows ordered lattice fringes with distances matched with the
crystal structures (inset of Fig. 54c).183

Interestingly, performing dynamic ligand exchange in the
3D WCOF-Cu generates the 1D mCOF-Cu (Fig. 54d and 44c) as
an orange-red solid. The single crystal structure was investi-
gated using 3D ED (Fig. 54e) and HRTEM (Fig. 54f). The 3D ED
data reveals a monoclinic Bravais lattice with unit cell para-
meters of a = 15.42 Å, b = 29.15 Å, c = 10.84 Å and b = 124.381
(space groups: C2/c or Cc), which is in good agreement with that
of mCOF-Ag (Fig. 53a). The HRTEM image of the ordered lattice
fringes indicates its single crystalline nature with a structural
resolution of 1.1 Å (Fig. 54f).

A straightforward and efficient approach enables the
coordination-driven dynamic covalent polymerization (Table 18).
By taking advantage of the easy crystallization of N-donor ligand-
metal coordination bonds, a new class of highly crystalline porous
materials is templated and guided to produce a new class of single
crystals, which are hybrid MOF-COF (MOCOF).221 These MOCOFs
exhibit dynamic covalent chemical properties, enhancing the
reversibility of imine bond formation and dissociation, thereby
promoting the growth of high-quality single crystals. This
method reliably produces 14 distinct single-crystal MOCOFs
(Fig. 55) within just 1–2 days, utilizing diverse combinations of

Fig. 51 Structures of single-crystalline COFs obtained via seed-assisted synthesis. (a)–(g) Structures of (a) COF-5, (b) COF-10, (c) TP-COF, (d) Py-COF,
(e) DBD-COF, (f) Ph-COF, (g) BPh-COF and (h) TMPh-COF.

Fig. 52 (a) Low-magnification images of COF-5 particles. (b) Lattice resolu-
tion HRTEM image of a COF-5 particle. Inset: FFT of the image. (c) Low-
magnification images of COF-10 particles. (d) Lattice resolution HRTEM image
of a COF-10 particle. (e) The DLS number-average size of COF-5 particles as a
function of added monomer equivalents. (f) DLS number-average size dis-
tributions obtained at three points shown in (e). (g) and (h) DLS number-
average size distributions for the initial and final particle sizes of COF-10 (g) and
TP-COF (h) during slow monomer addition. (i) Depiction of exciton distribution
in COF-5 single crystals of different sizes. Reprinted with permission from ref.
186. Copyright 2018 American Association for the Advancement of Science.
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imine-based COFs and nitrogen-donor ligands derived from
MOFs. The resulting crystals range from 50 to 500 mm, enabling
precise determination of their structures through single-crystal X-
ray diffraction analysis with resolutions up to 0.79 Å. Meanwhile,
the introduction of different chiral additives during the crystal-
lization process allowed chirality transfer to the single crystal
MOCOF framework (Fig. 55).

These findings are indicative of chirality transfer from the
guest to the MOCOF and can be attributed to (1) the uniformly
dispersed imine linkages forming hydrogen bonds with the
chiral additives and (2) the ability of the MOCOF to form single
crystals, allowing the guest’s chirality to be consistently
expressed throughout the network.

Furthermore, by pre-organizing covalent and coordination
bonding sites in the metal-porphyrin tetraamine building block,
the researchers successfully synthesized other four micrometre-
sized MOCOF single crystals, MOCOF-110, MOCOF-111, MOCOF-
112 and MOCOF-113,222 from combinations of different building
blocks (Fig. 55). The high quality of the crystals allowed their
structures to be determined by single-crystal ED. The unique 2D
ABC stacking arrangement in MOCOF-113 incorporates two

Table 17 Synthetic conditions and structural resolution of single crystal mCOF-Ag, WCOF-Cu and mCOF-Cu

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

To 4,40-(1,10-phenanthroline-2,9-diyl)dianiline (17.4 mg, 0.048 mmol), 2,9-
bis(4-(dimethoxymethyl)-phenyl)-1,10-phenanthroline (7.7 mg, 0.016 mmol)
in a Schlenk tube (10 mL), was added AgBF4 (3.1 mg, 0.016 mmol) dissolved
in n-BuOH (0.1 mL) and o-DCB (0.9 mL). After sonicating at room tem-
perature for 10 min, AcOH (0.1 mL, 6 M) was added into the suspension.
The Schlenk tube was frozen in a liquid N2 bath, evacuated to an internal
pressure of 0 mbar and sealed. After warming to room temperature, the
Schlenk tube was placed into an oven and heated at 120 1C for 3 days
yielding a light-yellow solid at the bottom of the tube.

a = 15.66 Å

0.95 Å SAED 184b = 15.66 Å
c = 10.87 Å

Cu(PDB-OMe)2(BF4) (17.8 mg, 0.016 mmol) and Cu(PDA)2(BF4) (14.0 mg,
0.016 mmol) in a Schlenk tube (10 mL) were added with n-BuOH (0.1 mL) and
o-DCB (0.9 mL) and the resulting suspension was sonicated briefly. Then AcOH
(0.1 mL, 6 M) was added. The Schlenk tube was frozen in a liquid N2 bath,
evacuated to an internal pressure of 0 mbar and sealed. After warming to room
temperature, the Schlenk tube was placed into an oven and heated at 120 1C for
3 days yielding a dark brown solid at the bottom of the tube.

a = 7.79 Å
1.1 Å 3DED 183b = 31.44 Å

c = 32.30 Å

To Cu(PDA)2(BF4) (14.0 mg, 0.016 mmol) and PDB-OMe (15.4 mg,
0.032 mmol) in a Schlenk tube (10 mL), n-BuOH (0.1 mL) and o-DCB
(0.9 mL) were added and the resulting suspension was sonicated briefly. Then
AcOH (0.1 mL, 6 M) was added. The Schlenk tube was frozen in a liquid N2 bath,
evacuated to an internal pressure of 0 mbar and sealed. After warming to room
temperature, the Schlenk tube was placed into an oven and heated at 120 1C for
3 days yielding an orange-red solid at the bottom of the tube.

a = 15.42 Å
1.4 Å 3DED 183b = 29.15 Å

c = 10.84 Å

Fig. 53 (a) Schematic representation for the preparation of single-
crystalline mCOF. (b) 3D reciprocal lattice of mCOF-Ag reconstructed
from the SCED data (left) and 2D slices cut from the reconstructed
reciprocal lattice (right). (c) HRTEM image of mCOF-Ag and the SAED
pattern (inset). Scale bar: 20 nm. (d) The second-harmonic generation
(SHG) spectrum of an isolated crystal of mCOF-Ag. Reprinted with permis-
sion from ref. 184. Copyright 2020 Springer Nature.

Fig. 54 (a) Synthesis of WCOF-Cu. (b) 2D slices cut from the re-constructed
reciprocal lattice of 3D ED data. (c) HRTEM image of WCOF-Cu, inset:
magnified view of the highlighted area. (d) Synthesis of mCOF-Cu. (e) 2D
slices cut from the re-constructed reciprocal lattice of 3D ED data. (f) HRTEM
image of WCOF-Cu, inset: magnified view of the highlighted area. Reprinted
with permission from ref. 183. Copyright 2020 Wiley-VCH.
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Table 18 Synthetic conditions and structural resolution of single crystal MOCOF-100, MOCOF-101, MOCOF-102, MOCOF-103, MOCOF-104, MOCOF-
105, MOCOF-106, MOCOF-107, MOCOF-108, MOCOF-109 R-MBA, MOCOF-109 R-NEA, MOCOF-109 D-PGly and MOCOF-109 L-Pro

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

MOCOF-100 A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAPP (17.0 mg,
0.025 mmol), BPDA (11.0 mg, 0.052 mmol), TPB (12.0 mg, 0.038 mmol),
Fe(OAc)2 (5.0 mg, 0.029 mmol), 1,2-o-xylene (1.0 mL), n-BuOH (1.0 mL),
DMF (0.1 mL) and aqueous para-toluenesulfonic acid (PTSA, 0.1 mL, 0.6 M).
After sonication for 8 hours, the tube was flash-frozen at 77 K (liquid N2

bath). Following one freeze–pump–thaw cycle, the system was evacuated to
an internal pressure of 50 mtorr and flame-sealed. Upon sealing, the length
of the tube was reduced to approximately 10–14 cm. The reaction was
heated at 120 1C for 48 hours, yielding brown rectangular-shaped single
crystals, which were then isolated by filtration and washed with DMF
(10 mL) and THF (10 mL). Yield: 28.6 mg (90% based on TAPP).

a = 24.7523 Å 0.84 Å SCXRD 221
b = 26.6928 Å
c = 10.8382 Å
a = 901
b = 97.6721
g = 901

MOCOF-101 A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAPP (17.0 mg,
0.025 mmol), BPyDA (11.0 mg, 0.052 mmol), TPB (12.0 mg, 0.038 mmol),
Fe(OAc)2 (5.0 mg, 0.029 mmol), 1,2-o-xylene (1.0 mL), n-BuOH (1.0 mL),
DMF (0.1 mL) and aqueous PTSA (0.1 mL, 0.6 M). After sonication for
8 hours, the tube was flash-frozen at 77 K (liquid N2 bath). Following one
freeze–pump–thaw cycle, the system was evacuated to an internal pressure
of 50 mtorr and flame-sealed. Upon sealing, the length of the tube was
reduced to approximately 10–14 cm. The reaction was heated at 120 1C for
48 hours, yielding brown rectangular-shaped single crystals, which were
then isolated by filtration and washed with DMF (10 mL) and THF (10 mL).
Yield: 27.9 mg (89% based on TAPP).

a = 25.0868 Å 0.89 Å SCXRD 221
b = 26.7033 Å
c = 10.8326 Å
a = 901
b = 96.9751
g = 901

MOCOF-102 A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAPP (17.0 mg,
0.025 mmol), BDA (10.5 mg, 0.078 mmol), TPB (12.0 mg, 0.038 mmol),
Fe(OAc)2 (5.0 mg, 0.029 mmol), 1,2-dichlorobenzene (1.0 mL), EtOH
(1.0 mL), DMF (0.1 mL) and aqueous PTSA (0.1 mL, 0.6 M). After sonication
for 8 hours, the tube was flash-frozen at 77 K (liquid N2 bath). Following one
freeze–pump–thaw cycle, the system was evacuated to an internal pressure
of 50 mtorr and flame-sealed. Upon sealing, the length of the tube was
reduced to approximately 10–14 cm. The reaction was heated at 120 1C for
36 hours, yielding dark square-shaped single crystals, which were then
isolated by filtration and washed with DMF (10 mL) and THF (10 mL). Yield:
25.7 mg (84% based on TAP).

a = 22.836 Å 0.79 Å SCXRD 221
b = 10.6811 Å
c = 26.5704 Å
a = 901
b = 105.4621
g = 901

MOCOF-103 A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAPP (17.0 mg,
0.025 mmol), BDA (7.0 mg, 0.052 mmol), Py (5.0 mg, 0.063 mmol), Fe(OAc)2

(5.0 mg, 0.029 mmol), mesitylene (1.0 mL), EtOH (1.0 mL), DMF (0.1 mL)
and aqueous PTSA (0.15 mL, 0.6 M). After sonication for 8 hours, the tube
was flash-frozen at 77 K (liquid N2 bath). Following one freeze–pump–thaw
cycle, the system was evacuated to an internal pressure of 50 mtorr and
flame-sealed. Upon sealing, the length of the tube was reduced to
approximately 10–14 cm. The reaction was heated at 120 1C for 24 hours,
yielding dark rod-like single crystals, which were then isolated by filtration
and washed with DMF (10 mL) and THF (10 mL). Yield: 22.4 mg (80% based
on TAPP).

a = 16.952 Å 0.84 Å SCXRD 221
b = 16.952 Å
c = 13.3653 Å
a = b = g = 901

MOCOF-104 A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAP (17.0 mg,
0.025 mmol), BDA-2Me (8.5 mg, 0.052 mmol), Py (5.0 mg, 0.063 mmol),
Fe(OAc)2 (5 mg, 0.029 mmol), mesitylene (1.0 mL), n-BuOH (1.0 mL), DMF
(0.1 mL) and aqueous PTSA (0.15 mL, 0.6 M). After sonication for 8 hours,
the tube was flash-frozen at 77 K (liquid N2 bath). Following one freeze–
pump–thaw cycle, the system was evacuated to an internal pressure of
50 mtorr and flame-sealed. Upon sealing, the length of the tube was reduced to
approximately 10–14 cm. The reaction was heated at 120 1C for 24 hours, yielding
dark rod-like single crystals, which were then isolated by filtration and washed
with DMF (10 mL) and THF (10 mL). Yield: 21.7 mg (78% based on TAPP).

a = 23.960 Å 0.84 Å SCXRD 221
b = 23.960 Å
c = 13.410 Å
a = b = g = 901

MOCOF-105 A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAPP (17.0 mg,
0.025 mmol), BDA-4Me (9.9 mg, 0.052 mmol), Py (5.0 mg, 0.063 mmol),
Fe(OAc)2 (5 mg, 0.029 mmol), mesitylene (1.0 mL), n-butanol (1.0 mL), DMF
(0.1 mL) and aqueous PTSA (0.15 mL, 0.6 M). After sonication for 8 hours,
the tube was flash-frozen at 77 K (liquid N2 bath). Following one freeze–
pump–thaw cycle, the system was evacuated to an internal pressure of
50 mtorr and flame-sealed. Upon sealing, the length of the tube was
reduced to approximately 10–14 cm. The reaction was heated at 120 1C for
24 hours, yielding dark rod-like single crystals, which were then isolated by
filtration and washed with DMF (10 mL) and THF (10 mL). Yield: 21.1 mg
(71% based on TAPP).

a = 17.409 Å 0.84 Å SCXRD 221
b = 17.409 Å
c = 13.3992 Å
a = b = g = 901
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Table 18 (continued )

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

MOCOF-106 A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAPP (17.0 mg,
0.025 mmol), BDA-4F (10.7 mg, 0.052 mmol), Py (5.0 mg, 0.063 mmol),
Fe(OAc)2 (5 mg, 0.029 mmol), mesitylene (1.0 mL), n-butanol (1.0 mL), DMF
(0.1 mL) and aqueous PTSA (0.15 mL, 0.6 M). After sonication for 8 hours,
the tube was flash-frozen at 77 K (liquid N2 bath). Following one freeze–
pump–thaw cycle, the system was evacuated to an internal pressure of
50 mtorr and flame-sealed. Upon sealing, the length of the tube was
reduced to approximately 10–14 cm. The reaction was heated at 120 1C for
24 hours, yielding dark rod-like single crystals, which were then isolated by
filtration and washed with DMF (10 mL) and THF (10 mL). Yield: 19.4 mg
(68% based on TAPP).

a = 17.429 Å 0.84 Å SCXRD 221
b = 17.429 Å
c = 13.3964 Å
a = b = g = 901

MOCOF-107 A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAPP (17.0 mg,
0.025 mmol), NBDA (9.6 mg, 0.052 mmol), Py (5.0 mg, 0.063 mmol),
Fe(OAc)2 (5 mg, 0.029 mmol), 1,2-dichlorobenzene (1.0 mL), n-butanol
(1.0 mL), DMF (0.1 mL) and aqueous PTSA (0.15 mL, 0.6 M). After sonica-
tion for 8 hours, the tube was flash-frozen at 77 K (liquid N2 bath). Fol-
lowing one freeze–pump–thaw cycle, the system was evacuated to an
internal pressure of 50 mtorr and flame-sealed. Upon sealing, the length of
the tube was reduced to approximately 10–14 cm. The reaction was heated
at 120 1C for 48 hours, yielding dark rod-like single crystals, which were
then isolated by filtration and washed with DMF (10 mL) and THF (10 mL).
Yield: 20.5 mg (70% based on TAPP).

a = 35.3452 Å 0.85 Å SCXRD 221
b = 35.3452 Å
c = 13.4264 Å
a = b = g = 901

MOCOF-108 A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAPP (17.0 mg,
0.025 mmol), ABDA (12.2 mg, 0.052 mmol), Py (5.0 mg, 0.063 mmol),
Fe(OAc)2 (5 mg, 0.029 mmol), 1,2-dichlorobenzene (1.0 mL), n-butanol
(1.0 mL), DMF (0.1 mL) and aqueous PTSA (0.15 mL, 0.6 M). After sonica-
tion for 8 hours, the tube was flash-frozen at 77 K (liquid N2 bath). Fol-
lowing one freeze–pump–thaw cycle, the system was evacuated to an
internal pressure of 50 mtorr and flame-sealed. Upon sealing, the length of
the tube was reduced to approximately 10–14 cm. The reaction was heated
at 120 1C for 48 hours, yielding dark rod-like single crystals, which were
then isolated by filtration and washed with DMF (10 mL) and THF (10 mL).
Yield: 18.6 mg (55% based on TAP).

a = 16.952 Å 0.84 Å SCXRD 221
b = 16.952 Å
c = 13.3653 Å
a = b = g = 901

MOCOF-109
R-MBA

A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAPP (17.0 mg,
0.025 mmol), BDA (7 mg, 0.052 mmol), Py (5.0 mg, 0.063 mmol), Fe(OAc)2
(5 mg, 0.029 mmol), R-MBA (3.0 mg, 0.025 mmol), o-DCB (1.0 mL),
n-butanol (1.0 mL), DMF (0.1 mL) and aqueous PTSA (0.2 mL, 0.6 M). After
sonication for 8 hours, the tube was flash-frozen at 77 K (liquid N2 bath).
Following one freeze–pump–thaw cycle, the system was evacuated to an
internal pressure of 50 mtorr and flame-sealed. Upon sealing, the length of
the tube was reduced to approximately 10–14 cm. The reaction was heated
at 120 1C for 48 hours, yielding dark rod-like single crystals, which were
then isolated by filtration and washed with DMF (10 mL) and THF (10 mL).
Yield: 14.7 mg (53% based on TAPP).

a = 17.648 Å 0.9 Å SCXRD 221
b = 7.648 Å
c = 6.7220 Å
a = b = g = 901

MOCOF-109
R-NEA

A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAPP (17.0 mg,
0.025 mmol), BDA (7 mg, 0.052 mmol), Py (5.0 mg, 0.063 mmol), Fe(OAc)2
(5 mg, 0.029 mmol), R-NEA (4.3 mg, 0.025 mmol), o-DCB (1.0 mL), nBuOH
(1.0 mL), DMF (0.1 mL) and aqueous PTSA (0.2 mL, 0.6 M). After sonication
for 8 hours, the tube was flash-frozen at 77 K (liquid N2 bath). Following one
freeze–pump–thaw cycle, the system was evacuated to an internal pressure
of 50 mtorr and flame-sealed. Upon sealing, the length of the tube was
reduced to approximately 10–14 cm. The reaction was heated at 120 1C for
48 hours, yielding dark rod-like single crystals, which were then isolated by
filtration and washed with DMF (10 mL) and THF (10 mL). Yield: 15.1 mg
(54% based on TAPP).

a = 17.6281 Å 0.9 Å SCXRD 221
b = 17.6281 Å
c = 6.7289 Å
a = b = g = 901

MOCOF-109
D-PGly

A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAPP (17.0 mg,
0.025 mmol), BDA (7 mg, 0.052 mmol), Py (5.0 mg, 0.063 mmol), Fe(OAc)2

(5 mg, 0.029 mmol), D-PGly (3.8 mg, 0.025 mmol), o-DCB (1.0 mL), n-BuOH
(1.0 mL), DMF (0.1 mL) and aqueous PTSA (0.2 mL, 0.6 M). After sonication
for 8 hours, the tube was flash-frozen at 77 K (liquid N2 bath). Following one
freeze–pump–thaw cycle, the system was evacuated to an internal pressure
of 50 mtorr and flame-sealed. Upon sealing, the length of the tube was
reduced to approximately 10–14 cm. The reaction was heated at 120 1C for
48 hours, yielding dark rod-like single crystals, which were then isolated by
filtration and washed with DMF (10 mL) and THF (10 mL). Yield: 13.4 mg
(51% based on TAPP).

a = 17.6157 Å 0.85 Å SCXRD 221
b = 17.6157 Å
c = 6.7078 Å
a = b = g = 901
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distinct pairs of porphyrin macrocycles lacking coordination, sepa-
rated by approximately 9.69 Å. Inspired by this configuration,
post-synthetic metalation was conducted to introduce metal cen-
tres, creating heterogeneous metalloporphyrin catalysts capable

of cooperative catalysis. In detail, MOCOF-113 was reacted with
metal precursors (Co(OAc)2�4H2O, Cu(OAc)2�H2O or PtCl2) in DMF
solvent at 80 1C for 12 hours, yielding metalated frameworks
(113 M) with efficiencies exceeding 90%.222

Table 18 (continued )

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

MOCOF-109
L-Pro

A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAPP (17.0 mg,
0.025 mmol), BDA (7 mg, 0.052 mmol), Py (5.0 mg, 0.063 mmol), Fe(OAc)2

(5 mg, 0.029 mmol), L-proline (2.9 mg, 0.025 mmol), o-DCB (1.0 mL), n-
butanol (1.0 mL), DMF (0.1 mL) and aqueous PTSA (0.2 mL, 0.6 M). After
sonication for 8 hours, the tube was flash-frozen at 77 K (liquid N2 bath).
Following one freeze–pump–thaw cycle, the system was evacuated to an
internal pressure of 50 mtorr and flame-sealed. Upon sealing, the length of
the tube was reduced to approximately 10–14 cm. The reaction was heated
at 120 1C for 48 hours, yielding dark rod-like single crystals, which were
then isolated by filtration and washed with DMF (10 mL) and THF (10 mL).
Yield: 16.7 mg (59% based on TAPP).

a = 17.5317 Å 0.85 Å SCXRD 221
b = 17.5317 Å
c = 6.7248 Å
a = b = g = 901

MOCOF-110 A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAPP (17 mg,
0.025 mmol), BDA (7 mg, 0.052 mmol), Fe(OAc)2 (5.0 mg, 0.029 mmol), 4,40-
Bipyridine (BP) (11 mg, 0.070 mmol), o-DCB (0.9 mL), n-BuOH (0.1 mL),
THF (0.1 mL) and aqueous AcOH (0.20 mL, 9 M). After 8 h of sonication, the
tube was flash frozen at 77 K. Following one freeze–pump–thaw cycle, the
system was evacuated to an internal pressure of 50 mtorr and flame sealed.
The reaction was heated at 120 1C for 72 h, yielding a dark purple
precipitate. The precipitate was isolated by filtration and washed with DMF
(10 mL) and THF (10 mL). It was then transferred to a Soxhlet extractor and
thoroughly washed with THF for 24 h. Finally, the product was dried under
vacuum at 60 1C for 18 h at 10�2 mtorr to yield the activated sample. Yield:
28.62 mg, 90% based on Fe(TAPP).

a = 34.830 Å 1.0 Å SCXRD 222
b = 38.770 Å
c = 11.270 Å
a = b = g = 901

MOCOF-111 A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAP (17 mg,
0.025 mmol), BDA (7 mg, 0.052 mmol), Fe(OAc)2 (5.0 mg, 0.029 mmol),
1,1,2,2-tetra(pyridin-4-yl)ethene (TPE) (14 mg, 0.041 mmol), o-DCB (0.7 mL),
n-BuOH (0.3 mL), THF (0.1 mL) and aqueous AcOH (0.25 mL, 9 M). After 8 h
of sonication, the tube was flash frozen at 77 K. Following one freeze–
pump–thaw cycle, the system was evacuated to an internal pressure of
50 mtorr and flame sealed. The reaction was heated at 120 1C for 72 h,
yielding a dark purple precipitate. The precipitate was isolated by filtration
and washed with DMF (10 mL) and THF (10 mL). It was then transferred to
a Soxhlet extractor and thoroughly washed with THF for 24 h. Finally, the
product was dried under vacuum at 60 1C for 18 h at 10�2 mtorr to yield the
activated sample. Yield: 28.47 mg, 88% based on Fe(TAPP).

a = 25.770 Å 1.2 Å SCXRD 222
b = 25.370 Å
c = 13.500 Å
a = 97.561
b = 79.151
g = 91.131

MOCOF-112 A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAP (17 mg,
0.025 mmol), BDA (7 mg, 0.052 mmol), Fe(OAc)2 (5.0 mg, 0.029 mmol), 1,4-
bis(pyrid-4-yl)benzene (BPB) (15 mg, 0.065 mmol), o-DCB (0.7 mL),
n-butanol (0.3 mL), THF (0.1 mL) and aqueous AcOH (0.20 mL, 9 M). After
sonication for 8 h the tube was flash frozen at 77 K. Following one freeze–
pump thaw cycle, the system was evacuated to an internal pressure of
50 mtorr and flame sealed. The reaction was heated at 120 1C for 72 h,
yielding a dark purple precipitate. The precipitate was isolated by filtration
and washed with DMF (10 mL) and THF (10 mL). It was then transferred to
a Soxhlet extractor and thoroughly washed with THF for 24 h. Finally, the
product was dried under vacuum at 60 1C for 18 h at 10�2 mtorr to yield the
activated sample. Yield: 32.75 mg, 92% based on Fe(TAPP).

a = 25.880 Å 1.0 Å SCXRD 222
b = 26.370 Å
c = 15.400 Å
a = 88.791
b = 96.751
g = 88.511

MOCOF-113 A Pyrex tube (10 � 8 mm, o.d. � i.d.) was charged with TAPP (17 mg,
0.025 mmol), BDA (7 mg, 0.052 mmol), Fe(OAc)2 (5.0 mg, 0.029 mmol),
5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine (22 mg, 0.035 mmol), o-DCB
(0.6 mL), n-BuOH (0.4 mL) and aqueous AcOH (0.20 mL, 12 M). After 8 h of
sonication, the tube was flash frozen at 77 K. Following one freeze–pump–
thaw cycle, the system was evacuated to an internal pressure of 50 mtorr
and flame sealed. The reaction was heated at 120 1C for 72 h, yielding a dark
purple precipitate. The precipitate was isolated by filtration and washed
with DMF (10 mL) and THF (10 mL). It was then transferred to a Soxhlet
extractor and thoroughly washed with THF for 24 h. Finally, the product
was dried under vacuum at 60 1C for 18 h at 10�2 mtorr to yield the
activated sample. Yield: 33.93 mg, 86% based on Fe(TAPP).

a = 30.080 Å 1.0 Å SCXRD 222
b = 25.530 Å
c = 19.580 Å
a = 89.861
b = 94.361
g = 75.421
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4.5. Other polymerization methods

Single crystal COFs have been synthesized using other meth-
ods, such as dynamic reaction and supercritical CO2 methods,
which are distinct from those described above.

4.5.1. Dynamic reaction. Single crystal COFs were first
reported for 3D azodioxy-linked systems (Table 19).223 The
synthesis began with the preparation of hydroxylamine precur-
sors, which were then oxidized to tetranitroso monomers by using
Celite-supported silver carbonate. Subsequently, filtering the oxida-
tion mixtures obtained green notroso intermediates, including
tetrakis(4-nitrosophenyl)methane, tetrakis(4-nitrosophenyl)silane
and 1,3,5,7-tetrakis(4-nitrosophenyl)adamantane. Correspondingly,

these monomers were subsequently polymerized to form covalent
nitroso polymer networks (NPNs), designated as NPN-1 (Fig. 56a),
NPN-2 (Fig. 56b) and NPN-3 (Fig. 56c), respectively. The resultant
single crystals are large and uniform in morphology (Fig. 57), with
maximum sizes approaching 0.5 mm for NPN-3 (Fig. 57c).223

The SCXRD analysis revealed that NPN-1 (Fig. 57a), NPN-2
(Fig. 57b) and NPN-3 (Fig. 57c) exhibited diamondoid azodioxy
networks, with significant four-fold interpenetration, while the
unit cell parameters and structural resolutions were not pro-
vided. NPN-1 and NPN-2 crystallized in a tetragonal space
group (P%4b2), forming isostructural diamondoid networks held
together by azodioxy linkages at short distances of 1.287 Å and

Fig. 55 (a)–(c) Chemical structures of (a) mCOF-Ag, (b) WCOF-Ag and (c) mCOF-Cu. (d) Construction of MOCOFs using a coordination-templated
strategy involving metal coordination and imine condensation. (e) The assembly process involves Fe-porphyrin tetraamine and various aldehydes and
N-donor ligands.
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1.332 Å, respectively. The interpenetration of the networks
allowed for the inclusion of guest molecules within channels
parallel to the c-axis. This highlights the tuneable nature of the
networks. The distances between the closest tetrahedral nodes
in NPN-1 and NPN-2 were 12.26 Å and 12.76 Å, respectively,
reflecting the influence of the central atom (carbon for NPN-1
and silicon for NPN-2). The networks retained significant
porosity, with 36–39% of the crystal volume accessible for guest

inclusion. The channel dimensions of NPN-1 and NPN-2 are
7.3� 3.3 Å and 7.8 � 3.4 Å, respectively. In contrast, NPN-3 with
an adamantane core, consists of six-fold interpenetration,
larger node distances (15.39 Å) and smaller channel dimen-
sions (5.2 � 5.2 Å), compared to NPN-1 and NPN-2.223

4.5.2. Supercritical CO2 method. Supercritical carbon diox-
ide (sc-CO2) combines high diffusivity, low viscosity and

Table 19 Synthetic conditions and structural resolution of single crystals NPN-1, NPN-2 and NPN-3

COFs Synthetic conditions Crystal parameters Resolution Method Ref.

To a solution of tetrakis[4-(hydroxylamino)phenyl]methane (111 mg,
0.250 mmol) in mesitylene (30 mL) and ethanol (20 mL) was added Celite-
supported silver carbonate (1.67 mmol g�1, 1.20 g, 4.00 mmol). The sus-
pension quickly turned black. The mixture was stirred for 5 min at room
temperature and then filtered through a coarse fritted funnel. The green
filtrate was then further filtered into an Erlenmeyer flask through a 0.45 mm
PTFE filter. The flask was finally sealed with a rubber septum and left
undisturbed for 48 h at room temperature to yield yellow crystals of NPN-1
in 48% yield.

NA NA SCXRD 223

To a solution of tetrakis[4-(hydroxylamino)phenyl]silane (115 mg,
0.250 mmol) in mesitylene (18 mL) and methanol (12 mL) was added Celite-
supported silver carbonate (1.67 mmol g�1, 1.20 g, 4.00 mmol). The sus-
pension quickly turned black. The mixture was stirred for 5 min at room
temperature and then filtered through a coarse fritted funnel. The green
filtrate was then further filtered into an Erlenmeyer flask through a 0.45 mm
PTFE filter. The flask was finally sealed with a rubber septum and left
undisturbed for 48 h at room temperature to yield yellow crystals of NPN-2
in 63% yield.

NA NA SCXRD 223

To a solution of 1,3,5,7-tetrakis(4-(hydroxylamino)phenyl) adamantane (141
mg, 0.250 mmol) in a mixture of mesitylene (20 mL), ethanol (20 mL) and
tetrahydrofuran (10 mL) was added Celite-supported silver carbonate
(1.67 mmol g�1, 1.20 g, 4.00 mmol). The suspension quickly turned black.
The mixture was stirred for 5 min at room temperature and then filtered
through a coarse fritted funnel. The green filtrate was then further filtered
into an Erlenmeyer flask through a 0.45 mm PTFE filter and was diluted with
mesitylene (20 mL) and ethanol (20 mL). The flask was finally sealed with a
rubber septum and left undisturbed for one week at room temperature to
yield yellow crystals of NPN-3 in 44% yield.

NA NA SCXRD 223

Fig. 56 Nitroso polymer networks of single crystals. (a)–(c) Chemical
structures of (a) NPN-1, (b) NPN-2 and (c) NPN-3.

Fig. 57 Optical images of single crystals. (a) NPN-1 grown from a 3 : 2
(vol/vol) ratio of mesitylene/ethanol. (b) NPN-1 grown from a 3 : 2 (vol/vol)
ratio of benzene/ethanol. (c) NPN-2 grown from a 3 : 2 (vol/vol) ratio of
mesitylene/methanol. (d) NPN-3 grown from a 4 : 4 : 1 (vol/vol) ratio of
mesitylene/ethanol/tetrahydrofuran. Reprinted with permission from ref.
223. Copyright 2013 Springer Nature.
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moderate solubility. This feature enables sc-CO2 to serve as a
solvent for the rapid growth of high-quality 2D COFTP-Py

(Fig. 29a) single crystals within minutes.224 Notably, this
method accelerates the growth rate of 2D COFs with imine
and boronate ester linkages by 100 000-fold compared to con-
ventional solvothermal methods (Fig. 58), achieving crystal
growth rates of 40 mm min�1 to produce crystals up to
0.2 mm in size within 2–5 minutes.

The low viscosity and high diffusion coefficients of sc-CO2

facilitate the rapid transport of monomers to reaction sites and
the efficient removal of by-products. This environment enables
faster nucleation, polymerization and correction of defects,
overcoming limitations posed by organic solvents. Specifically,
a mixture of two monomers, i.e., TP (5.4 mg, 0.04 mmol) and
1,3,6,8-tretra(4-aminophenyle)pyrene (Py, 11.3 mg, 0.02 mmol),
was dissolved in n-butyl alcohol (n-BuOH, 100 mL, 0.25 vol%)
and AcOH (100 mL) and transferred to a stainless steel reactor
(40 mL). The reactor was charged with 8 MPa CO2, heated to
80 1C and reacted for 5 min. After the reaction, the precipitate
was collected by filtration, washed with acetone, tetrahydro-
furan and dried in a vacuum oven at 100 1C. Control experi-
ments, which were performed in a reaction tube with the same
amount of monomers in n-BuOH/o-DCB/6M AcOH (0.5/0.5/0.1
mL) at 120 1C for 3 days, revealed the pivotal role of sc-CO2 in
enhancing reaction kinetics and crystal quality. The single
crystal structure is investigated by TEM, SAED and cross-
polarized optical microscopy, but the structure was not resolved
to identify atomic coordinates.224

The single crystals include a six-fold-symmetric FFT
pattern, the same set of lattice fringe collected from different
locations, and the uniform polarized light extinction. Moreover,
these COFs demonstrated high photoluminescence polariza-
tion ratios and photoconductivity, indicative of their single-
crystalline nature and superior optoelectronic properties.224

Supercritical CO2 accelerates the polymerization process by
enhancing diffusion, increasing solubility and enabling faster
error-checking (Fig. 58). This allows the synthesis of ultra-fast,

large-sized and high-quality COF single crystals. This approach
presents a new route toward single crystal COFs.

5. Properties and functions
5.1. Semiconducting properties

Robust skeleton and rigid framework structures render
sp2-c COFs an ideal platform for exploring semiconducting
properties.158 Single crystal sc-sp2c-COF-1 (Fig. 27) derived
from imine-linked single crystal COF-303 (Fig. 7b) via imine-
to-olefin transformation exhibited prominent semiconducting
properties.188 The optical band gaps of sc-sp2c-COF-1 and COF-
303 were determined to be 1.72 and 2.61 eV, respectively. The
narrowed band gap for sc-sp2c-COF-1 was attributed to
the enhanced p-conjugation enabled by the CQC linkages.
Notably, sc-sp2c-COF-1 promotes the spin coupling to trigger
magnetization. Electron spin resonance (ESR) spectroscopic
measurements revealed a strong resonance peak with a
signal linewidth of 110 G from unpaired free electrons in
sc-sp2c-COF-1 (Fig. 59a). Moreover, the ESR signal exhibited a

Fig. 58 Polymerization mechanisms in different media of organic solvent
and sc-CO2. Reprinted with permission from ref. 224. Copyright 2021
Springer Nature.

Fig. 59 (a) and (b) Temperature-dependent ESR spectra of (a) sc-sp2c-
COF-1 and (b) COF-303 from 300 K to 100 K. Insets: Corresponding
enlarged spectra. g refers to the g factor and the numbers under the trace
represent the magnetic field corresponding to the g factor. (c) and (d)
Magnetic (M)-applied field (H) profiles of (c) sc-sp2c-COF-1 and (d) COF-
303 at different temperatures. (e) Frequency-resolved complex terahertz
photoconductivity for 2DPAV-BTT-BP. (f) Comparison of charge carrier
mobilities and electrical conductivities of 2DPAV-BTT-BP, amorphous
2DPAV-BTT-BP (Kn) and 2DPI-BTT-BP. (a)–(d) Reprinted with permission
from ref. 188. Copyright 2025 Springer Nature. (e) and (f) Reprinted with
permission from ref. 191. Copyright 2026 Springer Nature.
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g value of 2.0036 and its intensity increased significantly as the
temperature decreased from 300 K to 100 K (Fig. 59a). In
comparison, COF-303 exhibited much weaker ESR signals
with a linewidth of 77 G and g value of 2.0041 (Fig. 59b).
Remarkably, the ESR signal of sc-sp2c-COF-1 is stable for over
ten months in air. These results demonstrated the critical role
of the fully p-conjugated linkage in determining semiconduct-
ing properties.188

Subsequently, the magnetic properties of sc-sp2c-COF-1 and
COF-303 were evaluated by using a vibrating sample magnet-
ometer. The two COFs exhibited ferromagnetic-like hysteresis
curves at 2 and 300 K. Noticeably, sc-sp2c-COF-1 exhibited
enhanced magnetization at 2 K upon increasing the
intensity of the magnetic field, attaining the highest value of
0.081 emu g�1 at 7 T (Fig. 59c), while COF-303 only showed a
low value of 0.016 emu g�1 under identical conditions
(Fig. 59d). Moreover, the M–H test revealed that sc-sp2c-COF-1
and COF-303 exhibited coercive force (Hc) values of 184 and
1294 Oe, respectively. A narrower Hc for sc-sp2c-COF-1 indicated
a higher magnetic field conversion efficiency. Theoretical and
experimental magnetic susceptibility studies revealed that sc-
sp2c-COF-1 had a spin density of 0.39 per pyrazine unit. The
Curie temperatures of sc-sp2c-COF-1 and COF-303 were esti-
mated to be about 303 and 287 K, respectively, indicating that
the magnetic properties were enhanced upon imine-to-olefin
transformation.188

Indeed, the transformation from imine to olefin linkages
significantly improves the electronic properties of the single
crystal COFs.191 By employing an SC–SC transformation strat-
egy, the resulting benzotrithiophene-based 2DPAV-BTT-BP
(Fig. 59e) with highly ordered p-conjugated skeletons display
greatly enhanced charge transport properties. Notably, single
crystal 2DPAV-BTT-BP exhibited an intrinsic charge carrier
mobility of approximately 10 cm2 V�1 s�1, as revealed by
frequency-resolved photoconductivity measurements. The
charge mobility is nearly one order of magnitude higher than
that of imine-linked 2DPI-BTT-BP (Fig. 59f). Moreover, 2DPAV-
BTT-BP displays a photoconductivity intensity at least ten times
stronger than that of amorphous 2DPAV-BTT-BP(Kn).191

The increased p-conjugation and structural order enable efficient
charge delocalization across the framework, making the single
crystal olefin-linked COFs promising candidates for organic electro-
nics, optoelectronic devices and photocatalytic applications.191

While intrinsic electronic and magnetic properties define
the fundamental functionality of single crystal COFs, their
processibility and high crystallinity also enable integration into
electronic devices. Due to the excellent solution processibility
via interfacial transfer, a single-crystal 2D BECOF-PP (Fig. 45a)
film can be applied to semiconductor devices (Fig. 60a) such as
field-effect transistors (FET).175 The 2D BECOF-PP film gener-
ated a transverse field with positive charge to provide a pseudo
gate for emulating synaptic plasticity. Thus, incorporating an
11 nm-thick 2D BECOF-PP film into a silicon nanowire (SiNW)
FET resulted in the hybrid device 2D BECOF-PP/SiNW
(Fig. 60a), which mimics neuronal synapses in biological sys-
tems to show a learning-erasing-forgetting memory process. 2D

BECOF-PP/SiNW exhibited charge trapping and storage cap-
abilities and exhibited substantial hysteresis when applying
and removing bias voltage (Fig. 60b). This hysteresis behaviour
is essential for memory effects, which include three interlocked
processes: potentiation (learning), depression (erasing) and
relaxation (forgetting). Noticeably, a fast response time of
around 20 s for the saturation of the potentiation was observed
for 2D BECOF-PP/SiNW (Fig. 60c), while the depression time
constant in the forgetting period (23 s, VG = 5 V - 0 V) is three
times longer than the time constant in the erasing period (6 s,
VG = 5 V - �5 V) (Fig. 60d).

In comparison, using either the 2D BECOF-PP film alone or
the bare SiNW device could not generate a hysteresis loop,
implying no memory effects. Furthermore, the 2D BECOF-PP/
SiNW hybrid device exhibited a feature of neuron to present a
history-dependent memory (Fig. 60e), which is stored as an
ionic state in the 2D BECOF-PP film.175 This work illustrates
how structural order and charge storage capacity translate
directly into neuromorphic device functionality.

In addition to lateral device architectures, the well-defined
single-crystalline domains of 2D COF films provide a unique

Fig. 60 (a) Schematics of the 2D BECOF-PP/SiNW hybrid device. (b)
Transfer characteristics of the 2D BECOF-PP/SiNW hybrid device. (c)
Learn–erase/learn–forget cycles. (d) History of the input signal in the
relaxation process. (e) Short-term potentiation with learning pulse. Rep-
rinted with permission from ref. 175. Copyright 2020 Wiley-VCH.
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opportunity to investigate vertical charge transport across
stacked layers.218 Unlike polycrystalline aggregates or pressed
crystalline films, single crystal 2D COF films exhibited well-
defined single crystalline domains with distinct grain bound-
aries and ordered molecular arrangements, enabling systema-
tic evaluation of p–p stacking–mediated transport perpendi-
cular to the layers. Such out-of-plane charge transport is critical
for vertical electronic devices, including vertical transistors,
organic LEDs, and photovoltaic cells.194

To probe vertical conductivity, conductive atomic force
microscopy (C-AFM) was employed (Fig. 61a). COF-2,5-Ph
(Fig. 45d) film with a thickness of 220 nm was spread onto
ITO glass uniformly to eliminate the effect of morphology
(Fig. 61b and c). The charge carrier mobility of the COF-2,5-
Ph film was derived from the current versus ramping bias
voltage curve at different crystalline domains (Fig. 61c).
The COF-2,5-Ph film exhibited the out-of-plane carrier
mobility of 3.31 � 10�6, 1.41 � 10�6, 5.98 � 10�7 and 2.02 �
10�7 cm2 V�1 s�1 at point 1, 2, 3 and 4 (Fig. 61d and e),
respectively. These results suggested that large crystalline
domains in 2D COF films contribute more to the carrier
mobility. Interestingly, the charge carrier mobility showed an
increasing tendency of COF-BPh o COF-BPy o COF-2,3-Ph o
COF-2,5-Ph (Fig. 45). The reason for this tendency is that
replacing the linker phenyl units with pyridine and increasing
the length of the aldehyde knot decrease the efficient stacking,
thereby decreasing the vertical conductivity.218

Semiconducting COFs enable unique exciton dynamic, but
the presence of grain boundaries limits the crystal domain size
making the precise evaluation a challenging task.186 Transient
absorption (TA) spectroscopy performed on the well-dispersed,
single-crystalline COF-5 colloids revealed a dramatic improve-
ment in data quality, with a signal-to-noise enhancement of
approximately two to three orders of magnitude compared to
polycrystalline powders, enabling the reliable characterization
of their intrinsic photophysical properties (Fig. 62). The exciton

dynamics showed a clear dependence on particle size and
pump fluence: at high fluence, smaller COF crystallites exhib-
ited faster exciton decay kinetics, which is attributed to exci-
ton–exciton annihilation (Fig. 62b). This fluence- and size-
dependent behaviour provides evidence that excitons can dif-
fuse over significantly longer length scales within these large
single-crystalline domains than was previously possible in
materials with smaller crystallites.186

Beyond electronic and magnetic behaviour, single crystal
COFs exhibit rich and tuneable optical properties arising from
their ordered architectures and precisely arranged p units. In
particular, nonlinear optical (NLO) responses are highly sensi-
tive to symmetry and structural alignment, where single crystal
COFs with highly ordered and symmetric structures exhibit
potential applications in photonics, frequency conversion,
optical switching and laser generation.225–227 To investigate
the nonlinear optical properties of single crystal COFs,
polarization-dependent second harmonic generation (SHG)
images (Fig. 63) were recorded with a nonlinear optical micro-
scopy system equipped with a 150 fs laser centred at 1030 nm.
Notably, single crystal scFZU-908 (Fig. 11f) and scFZU-215
(Fig. 11g) displayed prominent SHG signals,202 due to the
non-centrosymmetric local positions of naphthyl or benzothia-
diazole functional groups. In comparison, no SHG signals are
observable for single crystal scFZU-518 (Fig. 11h) and scFZU-
917 (Fig. 11i).202

Fig. 61 (a) Diagram of the electronic conductivity measurement. (b) A
typical current image acquired under a constant bias of 2.5 V and a scan
rate of 0.5 Hz. (c) The corresponding topography image of (b). (d) Current
vs. bias voltage curves acquired at marked areas with numbers in (a) under
a constant bias from �2 to 2 V. (e) J0.5 vs. (Vapp–Vbi) plots at points 1–4 in
(a). Reprinted with permission from ref. 218. Copyright 2022 American
Chemical Society.

Fig. 62 (a) Transient absorption spectra (excitation wavelength 360 nm)
as a function of indicated probe delay time for 110 nm COF-5 colloids. (b)
Exciton decay kinetics (dots) and fits (lines) of COF-5 colloids of different
sizes at high photon fluence (91 mJ pulse�1) observed at 410 nm. Inset:
Exciton decay kinetics (dots) and fit (line) at low photon fluence
(3 mJ pulse�1) observed at 410 nm. Reprinted with permission from ref. 186.
Copyright 2018 American Association for the Advancement of Science.

Fig. 63 Second harmonic generation (SHG) map. (a) SHG map of scFZU-
908. (b) SHG map of scFZU-215. Reprinted with permission from ref. 202.
Copyright 2025 Wiley-VCH.
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5.2. Optical properties

In addition to nonlinear responses, the layered and highly
ordered structures of COFs significantly influence their photo-
luminescent behaviour. Single crystal boroxine-linked COF
colloids exhibit enhanced and distinct optical properties com-
pared to their molecular monomers, primarily characterized by
intense fluorescence attributable to their layered structures.177

The 2D COF colloids are highly emissive under UV light, in
contrast to their weakly fluorescent monomers. Excitation-
emission matrix (EEM) spectroscopy (Fig. 64a and b) was used
to probe the origin of this enhancement. For DBD-COF
(Fig. 51e), the emission intensity was an order of magnitude
higher than its monomer at the same excitation wavelength
(Fig. 64c), a phenomenon attributed to aggregation-induced
emission due to restricted molecular motion within the 2D
framework. For Py-COF (Fig. 51d), a blue shift in emission and
a red shift in absorption were observed (Fig. 64d), consistent
with the formation of J-aggregates, along with an additional
exciplex emission feature at 435 nm when excited at 350 nm
(Fig. 64e). These observations demonstrate that the precise
spatial organization of chromophores in the COF structure
facilitates through-space electronic communication, leading
to emergent and tuneable optoelectronic properties.177

The influence of structural order becomes even more evi-
dent when examining polarization-dependent emission. Single
crystal COFs synthesized via supercritical solvothermal poly-
merization (sc-COFs) exhibit highly polarized photolumines-
cence (PL), a direct consequence of their high crystallinity and
well-aligned molecular arrangement.224 As shown in Fig. 65a–c,
angle-dependent PL measurements on a sc-COFTP-Py (Fig. 29a)
crystal reveal strong polarization anisotropy: when the polar-
ization angle (y) is varied from 01 to 1801, the PL intensity
changes periodically, with a maximum dichroic ratio (DR)
(defined as IPL maximum/IPL minimum) of 43.5 and a polar-
ization ratio (r) of 0.96. This is among the highest values

reported for organic or polymeric crystalline materials and
confirms the single-crystalline nature and high structural order
of the sc-COFs. In contrast, the os-COFTP-Py samples do not
show angle-dependent emission (r E 0), highlighting the
superior optical quality of the sc-COF single crystals. These
results demonstrate the potential of sc-COF single crystals in
polarization-sensitive optoelectronic applications.224

Noticeably, sc-COFTP-Py exhibits angle-dependent emission
with a dichroic ratio (DR) (defined as IPL maximum/IPL mini-
mum) of 43.5, while the solvothermal product os-COFTP-Py has
no angle-dependent emission properties (Fig. 65b). Corre-
spondingly, the r values of sc-COFTP-Py and os-COFTP-Py are
0.96 and 0, respectively. The sc-COFTP-Py attains a photocon-
ductivity (fSm) of 6.8 � 10�6 cm2 V�1 s�1 after growth in sc-CO2

for 20 min. In comparison, the fSm of os-COFTP-Py is 6.0 �
10�6 cm2 V�1 s�1 even after 3 days of growth (Fig. 65c).224 This
comparison further underscores that crystallinity and molecu-
lar alignment synergistically enhance both optical anisotropy
and photoconductive performance.

5.3. Molecular adsorption and separation

The adsorption and separation performance of single crystal
COFs is intrinsically governed by their well-defined morphol-
ogy, pore architecture and structural order. In particular, crystal
morphology directly influences mass transport pathways and
diffusion efficiency.211 For example, JUC-663-45, JUC-663-90
and JUC-663-135 exhibit aspect ratios of 0.39, 1.58 and 2.74,
respectively, and accommodates Rhodamine B (Rh B, molecu-
lar size: 9.24 Å � 14.06 Å � 17.57 Å) in their mesopore (2.3 nm)

Fig. 64 (a) EEMS of DBD-COF. (Inset) Optical image of the DPBBA
monomer (left) and DBD-COF (right) under UV irradiation. (b) EEMS of
Py-COF. (Inset) Optical image of the PyBA monomer (left) and Py-COF
(right) under UV irradiation. (c) Emission of DBD-COF compared to the
DPBBA monomer at the same concentration. (d) Normalized absorption
and emission intensity of Py-COF compared to the PyBA monomer
showing a red shift of the absorption spectra and blue shift and broadening
of the emission spectra. (e) Normalized emission of Py-COF under two
excitation wavelengths showing the emergence of an excimer emission
(430 nm). Reprinted with permission from ref. 177. Copyright 2019 Amer-
ican Chemical Society.

Fig. 65 (a) Polarized fluorescence microscopy images and schematic
illustration of sc-COFTP-Py and os-COFTP-Py at y = 01 and 901. (b)
Angle-dependent PL intensity at different y. The inset is an optical micro-
scopy image of a sc-COFTP-Py crystal. (c) PL spectra of the crystal when y is
01, 301, 601 and 901. The DR (defined as IPL(max)/IPL(min)) is calculated to
be 43.5. The scale bars are 10 mm in (a) and 20 mm in (b). Reprinted with
permission from ref. 224. Copyright 2021 Springer Nature.
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along the c-axis direction. Indeed, JLU-663-45 and JUC-663-90
(Fig. 25) adsorbed 75% and 50% Rh B from Rh B aqueous
solution (20 mg L�1) within 10 min, respectively, and com-
pleted the 100% adsorption of Rh B within 60 min (Fig. 66). In
contrast, JUC-663-135 exhibited sluggish removal rates to
adsorb 60% Rh B within 30 min and 75% Rh B within
60 min, respectively. These results demonstrated that the
length of the adsorption path affects the adsorption efficiency.
Under identical conditions, single crystal COFs with shorter c-
axis exhibited higher adsorbate flux due to the shortened
length of the diffusion path.211

Beyond morphology-controlled diffusion, the intrinsic uni-
formity of pore size, geometry and chemical environment in
single crystal COFs enables precise investigation of adsorption
thermodynamics and host–guest interactions.167 A series of
single crystal COFs, including COF-300 (Fig. 7a), COF-301
(Fig. 49a), SYSU-8 (Fig. 49b), SYSU-9 (Fig. 49c) and COF-320
(Fig. 49d), exhibited distinct CO2 uptake at 195 and 273 K.167

Interestingly, at 195 K, all COFs showed a distinct ‘gate-
opening’ behaviour for CO2 adsorption, demonstrated by a
sharp rise in CO2 uptake at a certain pressure, while this feature
disappeared when measured at 273 K. The threshold pressure
for gate opening and the overall CO2 adsorption capacity could
be modulated by altering the pore surface chemistry or the
adsorption temperature, enabling systematic control of gas
uptake. Indeed, COF-300 exhibited CO2 uptake of 480 cm3 g�1

(P/P0 = 0.95) at 195 K, which is significantly higher than
the other single crystal analogues under the same temper-
ature (Fig. 67a). However, increasing the temperature to
273 K remarkably decreased the CO2 adsorption capability for
all COFs. COF-300 displayed the lowest CO2 uptake of
8.5 cm3 g�1 (P/P0 = 0.95) among these single crystals, while
the CO2 adsorption capabilities are measured to be 25, 30, 53

and 62 cm3 g�1 for COF-320, SYSU-8, COF-301 and SYSU-9,
respectively (Fig. 67b).167 These results illustrate how single
crystal platforms allow systematic correlation between pore
chemistry, temperature and cooperative adsorption behaviour.

Developing single crystal COFs with ultrahigh surface areas
and microporous structures for methane storage is fundamen-
tally important but remains a challenging task. Single crystal
3D-TFB-COF-Me (Fig. 43a) and 3D-TFB-COF-Et (Fig. 43b) with a
rare self-catenated topology show a recorded surface area of
4298 and 4502 m2 g�1, respectively, and the same micropore of
1.1 nm (Fig. 67c).181 The ultrahigh surface area originated from
the self-catenated structures that can self-pillar to avoid the
close packing of different nets in an interpenetration
topology.181

Notably, 3D-TFB-COF-Me and 3D-TFB-COF-Et exhibited the
gravimetric methane uptakes of 423 and 429 mg g�1 at 298 K
and 100 bar (Fig. 67d), respectively. Under standard tempera-
ture and pressure (STP), the volumetric methane uptakes
reached up to 249 cm3 (STP) cm�3 for 3D-TFB-COF-Me and
264 cm3 (STP) cm�3 for 3D-TFB-COF-Et.181 Noteworthily, 3D-
TFB-COF-Et exhibits an exceptional volumetric adsorption
capacity, surpassing the CH4 storage DOE target [263 cm3

(STP) cm�3] at 298 K and 100 bar. Furthermore, 3D-TFB-COF-
Me and 3D-TFB-COF-Et maintained their high-pressure CH4

Fig. 66 Rh B adsorption. (a) UV-vis spectra of the rapid adsorption of Rh B
for JUC-663-45 in 60 min. (b) UV-vis spectra of the rapid adsorption of Rh
B for JUC-663-90 in 60 min. (c) UV-vis spectra of the rapid adsorption of
Rh B for JUC-663-135 in 60 min. (d) Removal efficiency of Rh B by JUC-
663-45, 90, and 135 in 60 min. Reprinted with permission from ref. 211.
Copyright 2024 American Chemical Society.

Fig. 67 Gas adsorption. CO2 adsorption isotherms of (a) COF-300 and
(b) COF-301. (c) N2 adsorption isotherms at 77 K and pore size distributions
(inset) of (c) 3D-TFB-COFs. (d) Total gravimetric CH4 adsorption isotherms
of 3D-TFB-COFs at 298 K. High-pressure total CH4 uptake of activated
TAMTFPB-COF (e) and TAPB-TFS-COF (f) at 273, 283, 298 and 308 K,
respectively. (a) and (b) Reprinted with permission from ref. 167. Copyright
2023 Springer Nature. (c) and (d) Reprinted with permission from ref. 181.
Copyright 2024 American Association for the Advancement of Science.
(e) and (f) Reprinted with permission from ref. 216. Copyright 2024
American Chemical Society.
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adsorption performance after three cycles of adsorption and
desorption, without showing changes in PXRD patterns.181

Overall, this study demonstrates a protype of self-catenated
COFs with an exceptional balance of gravimetric and volu-
metric surface areas for methane storage.

Single crystal TAM-TFPB-COF (Fig. 39e) and TAPB-TFS-COF
(Fig. 39f) exhibited methane storage.216 The activated TAM-
TFPB-COF exhibited a methane storage capacity of 284 cm3 g�1

(16.9 wt%) at 80 bar and 298 K, while under the identical
conditions, the activated TAPB-TFS-COF showed a methane
storage capacity of 271 cm3 g�1 (16.2 wt%).216 These capacities
correspond to the total uptake of 403 cm3 g�1 (22.3 wt%) for
TAM-TFPB-COF and 413 cm3 g�1 (22.8 wt%) for TAPB-TFS-COF,
respectively. Remarkably, at 298 K and 200 bar, the total
uptakes of activated TAM-TFPB-COF (Fig. 67e) and TAPB-TFS-
COF (Fig. 67f) are boosted to 517 and 570 cm3 g�1 (369 and
407 mg g�1), respectively.

Moreover, under working pressures between 80 bar (adsorp-
tion) and 5.8 bar (desorption) at 298 K, the activated TAM-TFPB-
COF and TAPB-TFS-COF exhibit working capacities of 332 and
354 cm3 g�1, respectively. Noticeably, when the pressure is
under 60 bar, the activated TAM-TFPB-COF exhibited a higher
total uptake than the activated TAPB-TFS-COF.216 This phe-
nomenon indicated that the interaction between TAM-TFPB-
COF and methane is stronger than the force between activated
TAPB-TFS-COF and methane at a low relative pressure. Conse-
quently, TAM-TFPB-COF showed higher isosteric heats of
adsorption of 12.4 kJ mol�1, while TAPB-TFS-COF showed lower
isosteric heats of adsorption of 11.1 kJ mol�1. Overall, this work
showcases the preparation of two novel single crystal COFs with
exceptional microporosity and represents an example of atom
engineering to tune the permanent porosity for methane
storage.216

Except for the tuneable adsorption capacity, the precisely
defined microporous structures of single crystal COFs enable
highly selective gas separation. A representative example is
single crystal 3D-TMTAPB-COF (Fig. 39f), which exhibits a
narrow pore size distribution suitable for SF6/N2 separation
(Fig. 68a).180 The material shows strong affinity for SF6, with
adsorption capacities of 81.2 and 60.9 cm3 g�1 at 273 and 298 K,
respectively, while adsorbing only minimal N2 under identical
conditions. Consequently, the selectivity of SF6 over N2 is 335 at
1 bar and 298 K (Fig. 68b), outperforming most crystalline
porous materials.195 Moreover, the isosteric heats of adsorption
(Qst) were evaluated to be 33.5 and 14.8 kJ mol�1 for SF6 and N2,
respectively, implying a stronger affinity for SF6 in 3D-TMTAPB-
COF. The above results manifested that 3D-TMTAPB-COF is
promising for SF6/N2 separation, due to the matched pore size
and interaction strength.180

A stepwise structural modification via imine-to-amine-to-
formamide transformation tunes the pore environments of
single crystal COFs for gas adsorption.189 The parent COF-300
(Fig. 7a) and the intermediate COF-300-AR (Fig. 19c) exhibited
structural flexibility and breathing behaviour, leading to excep-
tionally high gas uptake capacities. For example, the volumetric
CO2 capacities of single crystal COF-300 and COF-300-AR were

evaluated to be 455 and 372 cm3 g�1 at 1 atm, respectively. In
contrast, COF-300-CHO (Fig. 19d) exhibited a negligible adsorp-
tion capacity for CO2 due to its smaller pore size and more
robust structure.189

The study further investigated the sorption properties of
COF-300 and COF-300-AR towards acetylene (C2H2) and ethy-
lene (C2H4), which are two important industrial raw
materials.189 COF-300 displayed a record C2H2 adsorption
capacity of 417.1 cm3 g�1 at 195 K and 1 atm, while COF-300-
AR showed a low C2H2 adsorption capacity of 376.5 cm3 g�1

under the identical conditions. Noticeably, COF-300 and COF-
300-AR underwent multiple phase variations induced by C2H2,
as revealed by the three-stage C2H2 adsorption process
(Fig. 68c).189 In contrast, a two-step gated behaviour was found
for both COF-300 and COF-300-AR upon adsorption of C2H4 at
195 K (Fig. 68d). COF-300 and COF-300-AR displayed the C2H4

uptake amounts of 277.8 and 227.0 cm3 g�1 at 1 atm, respec-
tively. No noticeable loss of C2H2 storage capacity was found
after five cycles, indicating that COF-300 is a promising mate-
rial for C2H2 storage.189 Overall, this PSM approaches open
opportunities for tailoring crystal stability, pore environments

Fig. 68 Gas uptake and selectivity. (a) SF6 (solid circle) and N2 (open
triangle) sorption isotherms of 3D-TMTAPB-COF at 273 K (blue) and 298 K
(red). (b) IAST selectivity of SF6/N2 at a ratio of 10 : 90 at 298 K for 3D-
TMTAPB-COF. (c) C2H2 adsorption isotherms at 195 K for COF-300, COF-
300-AR and COF-300-CHO. (d) C2H4 adsorption isotherms at 195 K for
COF-300, COF-300-AR, and COF-300-CHO. (e) IAST CO2 selectivity of
TK-COFs calculated for a mixed gas of CO2 : N2 = 15 : 85 at 273 and 298 K.
(f) Isosteric heat of adsorption of CO2 for TK-COFs. (a) and (b) Reprinted
with permission from ref. 195. Copyright 2023 American Chemical Society.
(c) and (d) Reprinted with permission from ref. 189. Copyright 2025
American Chemical Society. (e) and (f) Reprinted with permission from
ref. 168. Copyright 2025 Springer Nature.
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and host–guest interactions, thereby advancing the rational
design of single crystal COFs for applications in gas
storage.189

The advantages of single crystals become even more pro-
nounced when comparing intrinsic separation performance
with that of polycrystalline counterparts. Single-crystalline
imine-linked 2D COFs (TAPPy-PDA and TAPB-DMPDA,
Fig. 29) exhibit markedly different molecular separation beha-
viour in gas chromatography experiments involving benzene
and cyclohexane.213 As shown in Fig. 69a, the column coated
with single-crystal TAPPy-PDA COF achieved complete baseline
separation of the benzene/cyclohexane mixture with an unusual
and reversed selectivity, preferentially retaining cyclohexane
over benzene. In comparison, the polycrystalline TAPPy-PDA
sample showed no separation under identical conditions.
Similarly, Fig. 69b shows that single-crystal TAPB-DMPDA also
preferentially adsorbed cyclohexane, achieving partial separa-
tion, whereas its polycrystalline form exhibited the opposite
(normal) selectivity, retaining benzene more strongly. This
reversal in the elution order and the superior separation
performance of the single crystals is attributed to their highly
accessible, ordered pore channels, which facilitate entropically
driven selective interactions with cyclohexane, as opposed to
the polycrystalline materials where non-selective surface inter-
actions and grain boundaries dominate the adsorption beha-
viour. These findings highlight that high single-crystal quality
is crucial for realizing the intrinsic, precision-based separation
properties of COFs.213

Recently, single crystal 2.5D COFs, i.e. TK-COF-4 (Fig. 19a)
and TK-COF-5 (Fig. 19b), were developed for selective adsorp-
tion of CO2.168 Gas sorption measurements revealed that TK-
COF-4 and TK-COF-5 exhibit well-defined microporosity and
show significant adsorption toward CO2 over N2. At 100 kPa,
TK-COF-4 exhibited CO2 uptake capacities of 55 and 30 cm3 g�1

STP at 273 and 298 K, respectively, higher than TK-COF-5. The
selectivity of CO2/N2 was calculated to be ca. 100 by using ideal
adsorbed solution theory (IAST) at CO2/N2 = 15/85 (mol)
(Fig. 68e). The average values of heat of adsorption (Qst) were
evaluated to be 25.5 and 25.3 kJ mol�1 for TK-COF-4 and TK-
COF-5 (Fig. 68f), respectively. The values of Qst are much lower
than the aqueous amine method, suggesting a lower energy
cost required by the adsorption-regeneration cycles.168 Notably,
single crystal COFs display an advantageous balance between
high CO2/N2 selectivity and relatively low Qst, which is typically
difficult to achieve simultaneously in porous materials. This
performance originates from the dense and periodically
arranged primary amine sites, which enhance specific interac-
tions with CO2 molecules while minimizing excessive binding
strength. Furthermore, the highly crystalline nature of the
materials enables faster CO2 adsorption kinetics compared to
lower crystalline materials. The single crystal COFs also exhibit
remarkable thermal and oxidative stability, maintaining both
their crystal structure and CO2 adsorption capacity after ther-
mal treatment at 100 1C in air, highlighting their potential for
practical gas-capture applications.168

These studies establish a coherent structure–transport–
selectivity relationship in single crystal COFs: morphology
controls diffusion kinetics; uniform pore architecture enables
cooperative and temperature-dependent adsorption; precise
micropore matching governs gas selectivity; long-range crystal-
linity unlocks intrinsic, precision-based molecular separation
that is inaccessible in polycrystalline materials. Such hierarch-
ical structural control underscores the unique potential
of single crystal COFs as model platforms for funda-
mental adsorption studies and high-performance separation
technologies.

5.4. Proton conduction

Proton conducting materials are key components in proton-
exchange membrane fuel cells, yet their practical application is
often limited by insufficient thermal stability and structural
degradation under strongly acidic conditions. In particular,
when proton carriers such as phosphoric acid (H3PO4) are
incorporated into porous frameworks, the host materials must
exhibit robust acid/base resistance and strong covalent linkages
to maintain structural integrity and ensure long-term conduc-
tivity. In this context, single crystal COFs provide an advanta-
geous platform due to their well-defined pore environments
and enhanced structural stability.

Single crystal USTB-5r (Fig. 39c) and USTB-5o (Fig. 39d),
derived from single crystal imine-linked USTB-5, exhibited
stronger chemical linkage of amine and amide bonds, respec-
tively, showing promise as effective supports for preparing
proton-exchange membranes.182 Indeed, H3PO4 has been
loaded into the pores of USTB-5r and USTB-5o under vacuum
with high amounts of 194 wt% and 231 wt% based on their
porosity, respectively, resulting in H3PO4@USTB-5r and
H3PO4@USTB-5o.

Proton conductivity measurements were performed at dif-
ferent temperatures. H3PO4@USTB-5r exhibited anhydrous

Fig. 69 Gas chromatography separation performance of capillary col-
umns (20 m length, 0.25 mm i.d.). (a) Column coated with the TAPPy-PDA
COF (single and polycrystalline) and commercial standard TR-5MS column
of the same dimensions. Data recorded at 423 K and 0.2 MPa. (b) Column
coated with the TAPB-DMPDA COF (single and polycrystalline) and com-
mercial standard TR-5MS column of the same dimensions. Data recorded
at 393 K and 0.05 MPa. Reprinted with permission from ref. 213. Copyright
2022 American Chemical Society.
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proton conductivities (Fig. 70a) of 5.3 � 10�2, 4.2 � 10�2,
3.8 � 10�2 and 3.5 � 10�2 S m�1 at 140, 130, 120, 110 and
100 1C, respectively. In contrast, H3PO4@USTB-5o exhibited the
slightly higher proton conductivities (Fig. 70b) of 6.3 � 10�2,
5.6 � 10�2, 4.9 � 10�2, 4.2 � 10�2 and 3.8 � 10�2 S m�1 at 140,
130, 120, 110 and 100 1C, respectively. The anhydrous proton
conductivities of H3PO4@USTB-5r and H3PO4@USTB-5o
exceeded most COFs at 140 1C, excepting for H3PO4@TPB-
DMeTP-COF (1.3 � 10�1 S m�1 at 140 1C)41 and H3PO4@TPB-
DABI-COF (1.2 � 10�1 S m�1 at 140 1C). The activation energies
of H3PO4@USTB-5r and H3PO4@USTB-5o were calculated to be
0.17 and 0.20 eV, respectively. Moreover, H3PO4@USTB-5r and
H3PO4@USTB-5o exhibited high stability and reproducibility
over both heating and cooling cycles within the temperature
range of 0–140 1C (Fig. 70c and d).182

More recently, the well-known single crystal COF-300 was
chemically modified to produce highly efficient proton-
conducting materials while preserving single crystal order.190

A solvent-free melt-phase PSM strategy introduce azole
molecules into the COF structure. The molten azole molecules

diffuse through the pores and react with imine linkages
in the framework, converting CQN bonds into more stable
amine linkages while simultaneously anchoring proton-
conductive azole groups.190 The resulting COF-300-1,2,3-
triazole (Fig. 19e), COF-300-1,2,4-triazole (Fig. 9f) and COF-
300-pyrazole (Fig. 19g) contain extended hydrogen-bond net-
works formed between azole groups. These hydrogen-bond
networks play a critical role in enabling efficient proton trans-
port within the framework. Electrochemical measurements
showed that COF-300-1,2,3-triazole, COF-300-1,2,4-triazole and
COF-300-pyrazole exhibited anhydrous proton conductivities of
4.23 � 10�3, 4.15 � 10�3 and 4.32 � 10�3 S cm�1 at 170 1C
(Fig. 70e), respectively. Mechanistic studies on proton conduc-
tion revealed a Grotthuss-type hopping mechanism with an
activation energy of 0.153 eV for COF-300-1,2,3-triazole,
0.186 eV for COF-300-1,2,4-triazole and 0.155 eV for COF-300-
pyrazole (Fig. 70f), respectively.190

These results highlight the advantage of single crystal COFs
in studying structure–property relationships in proton conduc-
tion, as atomic-level functional units can be directly correlated
with transport performance.190

5.5. Biological applications

Efficient delivery of functional molecules into plant cells
remains a longstanding challenge in plant biotechnology. The
cellulose microfibril network composing hemicellulose and
pectin exhibited a cell wall penetration limit of 5–20 nm. This
small size has limited many efforts on the development of
delivery methods for biolistics and agrobacterium, where such
attempts suffer from low efficiency and poor universality. Over-
coming this physical barrier therefore requires nanocarriers
that combine ultrasmall dimensions, structural robustness and
biocompatibility.

Exfoliation of single crystal 2D COFs into nanosheets
extends their function in biological science for drug delivery
due to the improved biocompatibility and cell membrane
penetrability. However, due to high surface free energy and
p–p interactions, the resultant 2D COF nanosheets are prone to
aggregation, hence reducing their efficiency and functions.166

Introducing the steric hindrance to modulate the planar
structure of single crystal 2D COFs weakens their interlayer
stacking and prevents the aggregation of nanosheets, thereby
leading to facile exfoliation and broad applications. Single
crystal DiSTAP-1 (Fig. 39a) with poor planarity can be easily
exfoliated into nanoflakes for plant biotechnology (Fig. 71a).
Interestingly, a slit-shaped pore in the cell wall was generated,
which can be ascribed to the penetration of 2D nanoflakes
(Fig. 71b). Furthermore, infiltrating 3, 5 and 10 mg L�1 DiSTAP-
1/quaternary chitosan (QC) into the leaves of N. benthamiana,
kai-lan and spinach did not change the colour of leaves on both
adaxial and abaxial sides, implying that DiSTAP-1/QC nano-
flakes exhibited low phytotoxicity.166 In comparison, using
chitosan-wrapped single-wall carbon nanotubes at 5 mg L�1

led to prominent leaf senescence, underscoring the superior
biocompatibility of the COF-based nanocarrier.

Fig. 70 Proton conductivity. (a) Nyquist plots of H3PO4@USTB-5r at
140–100 1C. (b) Arrhenius plots of H3PO4@USTB-5r over both heating
and cooling cycles within the temperature range of 140–0 1C. (c) Nyquist
plots of H3PO4@USTB-5o at 140–100 1C. (d) Arrhenius plots of
H3PO4@USTB-5o over both heating and cooling cycles within the tempera-
ture range of 140–0 1C. Insets: Enlarged Nyquist plots. (e) Proton conductiv-
ities of COF-300-azole in comparison to other single-crystal proton-
conducting materials reported. (f) Activation energy (Ea) of COF-300-1,2,3-
triazole, COF-300-1,2,4-triazole and COF-300-pyrazole. (a)–(d) Reprinted
with permission from ref. 182. Copyright 2023 Springer Nature. (e) and (f)
Reprinted with permission from ref. 190. Copyright 2026 Springer Nature.
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Furthermore, DiSTAP-1/QC has been used as a nanocarrier
for loading and delivering plant hormone abscisic acid (ABA) in
spinach plants. Control experiments via infiltration of pure
water and DiSTAP-1/QC dispersion on spinach leaves showed a
higher transpiration rate than that of spinach leaves infiltrated
with free ABA in the first 8 h. Due to the fast degradation of ABA
after 8 h, there was no difference among them (Fig. 71c). By
comparison, using the ABA/DiSTAP-1/QC nanoflake composite
to treat spinach leaves resulted in the lowest transpiration
rate throughout the 10 h duration, highlighting the protecting
function and enhanced cell wall penetration of the DiSTAP-1/
QC nanoflakes.166 This sustained physiological response
indicates that the nanoflakes not only enhance cell wall pene-
tration but also protect ABA from rapid degradation, thereby
prolonging its biological activity.

Single crystal COFs have recently emerged as promising
platforms for constructing biohybrid materials, particularly
for enzyme immobilization and biocatalysis.209 A represen-
tative example involves the construction of the single crystal
NKCOF-155 (Fig. 19h), which hosts biomolecules within its
ordered porous structure.209

The presence of dynamic imine linkages within the frame-
work allows reversible bond exchange reactions, which can be
exploited to covalently anchor biomolecules. Using this strat-
egy, enzymes were successfully immobilized within the pores of
NKCOF-155 through reaction between aldehyde groups and
amino groups on the enzyme surface.209

The resulting enzyme–COF composite exhibits efficient cat-
alytic activity while benefiting from the stability, porosity and
structural order of the single crystal NKCOF-155. Indeed, two
glycoenzymes (NmCSS and PmST1) were assembled with
NKCOF-155 for the synthesis of human milk oligosaccharides
(HMOs) (Fig. 71e). The catalytic conversion rate reaches the
highest efficiency of 92% under the NmCSS/PmST1 molar ratio
of 6 : 1 (Fig. 71f). Remarkably, NmCSS&PmST1@NKCOF-155
maintains a relative conversion rate of 60% after 5 cycles.209

These results demonstrate the potential of single crystal
COFs as platforms for biohybrid catalysts and biomolecule
immobilization, highlighting the growing intersection between
COF chemistry and biological applications.209

5.6. Mechanical properties

2D polymers often exhibit either high strength or excellent
toughness but seldom can have both simultaneously.219 When
these materials are synthesized with high crystallinity, they
typically become brittle and are prone to fragility. This is due
to the presence of isolated and small crystalline domains as
well as the grain boundaries. In comparison, amorphous poly-
mers composed of linear polymers with entangled structures
usually exhibit elastic yet tough mechanical properties.

By using linear polymers as sacrificial go-betweens to inter-
weave the isolated crystalline domains, strong, tough and
elastic films of 2D COF-1 and 2D COF-2 (Fig. 45h) have been
developed.112 Noticeably, aliphatic bi-amines were used for
polymerization with an aldehyde linker to form linear chains,
thereby facilitating the entanglement of adjacent domains of
COFs at the grain boundary. As a result, 2D COF-1 and 2D COF-
2 achieved Young’s moduli of 56.7(�7.4) GPa and 73.4(�11.6)
GPa, and breaking strengths of 82.2(�9.1) N m�1 and
29.5(�7.2) N m�1, respectively (Fig. 72).219 The simultaneous
enhancement in stiffness and mechanical resilience highlights
the effectiveness of the proposed strategy in mitigating brittle-
ness without sacrificing crystallinity.

Beyond grain-boundary engineering, post-synthetic modifi-
cation of single-crystal COFs offers another powerful route to
tailor mechanical properties at the molecular level. Single
crystal 1D mCOF-Ag exhibits significantly enhanced mechan-
ical properties after undergoing a post-synthetic crystalline-
state polymerization process (Fig. 73a).184 The mechanical
strength was quantitatively characterized by nano-indentation
on isolated micro-sized crystals, which revealed that the
Young’s modulus of the pristine mCOF-Ag was 9.0 GPa
(Fig. 73b). After cross-linking the pendant amine groups
between adjacent chains using glyoxal to form the woven net-
work WCOF-Ag, the Young’s modulus more than doubled to
19.1 GPa (Fig. 73b). This dramatic increase in stiffness is
attributed to the formation of a covalently connected 3D woven

Fig. 71 (a) Illustration of the infiltration of nanoflakes into intact plant
leaves. (b) Illustration of the pathway of nanoflakes into the cytoplasm. (c)
Photos of spinach before and after the drought experiment. (d) Transpira-
tion rate of spinach leaves after infiltration of pure water, DiSTAP-1/QC
nanocomplex solution, ABA solution, and ABA with the DiSTAP-1/QC
nanocomplex solution. (e) SIM images of NmCSS&PmST1@NKCOF-155.
(f) The conversion rate of the reactions. (a)–(d) Reprinted with permission
from ref. 166. Copyright 2023 American Chemical Society. (e) and (f)
Reprinted with permission from ref. 209. Copyright 2026 American
Chemical Society.
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architecture (Fig. 73a), which imparts greater rigidity to the
material compared to the original structure primarily held
together by coordination bonds and non-covalent interactions.
This demonstrates the unique potential of post-synthetic mod-
ification in single-crystal COFs to tailor their mechanical prop-
erties for advanced applications.184

5.7. Catalysis

The precise structural definition and long-range order of single
crystal COFs provide unique opportunities for constructing
heterogeneous catalysts with molecular-level control over active
sites and reaction environments. In particular, the integration
of well-defined chiral pores and tuneable acidic functionalities
enables the development of solid catalysts capable of rivalling
or even surpassing their homogeneous counterparts in asym-
metric synthesis.

In this context, two single crystal chiral COFs, (R)-39 and (R)-
39-SH (Fig. 23), were developed as efficient and structured
heterogeneous Brønsted acid catalysts.210 Notably, their
enhanced acidity in conjugation with well-defined chiral pores,
enable them to outperform homogeneous catalysts in three key
asymmetric reactions: (1) asymmetric acetalization of 2-
aminobenzamide and aldehydes, up to 99% yield and 99% ee,
(2) enantioselective transfer hydrogenation of ketimines, up to 91%
yield and 99.5% ee, and (3) anti-selective three-component Man-
nich reactions, up to 85% yield and 96% ee.

The confinement effect of chiral pores is proven essential for
high enantioselectivity, as reactions with bulky substrates that

cannot access the active sites show a dramatic drop in yield.
Furthermore, the CCOFs demonstrate excellent heterogeneity
and recyclability, maintaining high crystallinity and catalytic
performance over at least ten cycles without significant loss of
activity or enantioselectivity (Fig. 74), underscoring their
robustness and potential in asymmetric synthesis. This study
represents an advancement in the design and synthesis of solid
Brønsted acid catalysts, demonstrating the potential of struc-
turally defined, porous and homochiral materials for applica-
tions in asymmetric catalysis.210

In addition to chiral organic catalysis, CO2 reduction has
drawn tremendous research attention due to the increasing
public concern in global warming.222 A series of single crystal
MOCOFs for efficient photoelectrochemical (PEC) CO2

reduction to ethanol have been developed. The MOCOFs,
including MOCOF-110, 111, 112 and 113 (Fig. 55), were con-
structed via a coordination-driven one-pot hetero-assembly
strategy, forming well-defined 3D structures with pcu topology
or layered stacking models. Post synthetic metalation of
MOCOF-113 with Cu, Co or Pt yielded 113-Cu, 113-Co and
113-Pt. Among them, 113-Pt exhibited outstanding PEC CO2

reduction performance, achieving a high faradaic efficiency of
83.5% for ethanol at �1.0 V vs. RHE (Fig. 75) with a current
density of �8.8 mA cm�2, significantly outperforming many
reported catalysts. In situ Raman spectroscopy and DFT calcula-
tions revealed that the twin porphyrin-Pt sites facilitate C–C
coupling via stabilized intermediates, enhancing ethanol selec-
tivity. The catalysts showed stability over 100 hours of opera-
tion, while retaining 95% of its initial activity. These results
highlighted the potential of single-crystalline MOCOFs as effi-
cient catalysts for selective CO2-to-ethanol conversion.222

5.8. Other properties and functions

Single-crystal COF films provide a uniform material platform to
investigate their basic thermal properties.217 The SYSU-7
(Fig. 45c) film with a single crystal ribbon size of 3 � 0.2 mm2

achieves a thermal conductivity k of 5.31(� 0.37) W m�1 K�1 at
305 K under vacuum, which is more than two orders of
magnitude higher than that of other COFs (Fig. 76a). Notice-
ably, decreasing the ribbon size reduces the thermal conduc-
tivity. For example, when the ribbon size decreases to
0.1 � 0.02 mm2, the SYSU-7 film only attains a k value below

Fig. 72 (a) Schematic of AFM nanoindentation performed on a 2D COF-1
film suspended over a holey copper grid, with holes of about 47 mm in
diameter, with an indentation depth of approximately 1.2 mm under a
constant indentation rate. (b) Force–displacement curves of 20 cycles of
loading (upper) and unloading of AFM tips with a radius of roughly 100 nm
at the same position under a constant rate. (c) Force–displacement curve
of the 2D COF-1 film until rupture at the same position as indented for b
(purple curve) and another 10 cycles of loading (upper) and unloading of
AFM tips adjacent to the edge of the rupture areas. Reprinted with
permission from ref. 219. Copyright 2024 Springer Nature.

Fig. 73 (a) Confined environments of mCOF-Ag (left) and the ideal
structure of the cross-linked framework, WCOF-Ag (right). (b) The Young’s
moduli of mCOF-Ag and WCOF-Ag. Reprinted with permission from ref.
184. Copyright 2020 Springer Nature.

Fig. 74 (a) Recycling results of (R)-39 in the acetalization of 2-
aminobenzamide with 4-fluorobenzaldehyde. (b) Recycling results of
(R)-39 in the Mannich reaction of aniline, 4-fluorobenzaldehyde and
tetrahydrothiopyran-4-one. Reprinted with permission from ref. 210.
Copyright 2025 American Chemical Society.
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0.4 W m�1 K�1 (Fig. 76b). The small-sized ribbon exhibits a
high density of grain boundary, which increases phonon scat-
tering by transmission and reflection, forming thermal bound-
ary resistance (Kapitza resistance).217 The SYSU-7 film showed a
Kapitza resistance value of 2.48 � 10�7 m2 K W�1, which is one
magnitude larger than Al2O3 and three orders of magnitude
higher than diamond.217

6. Conclusion and perspectives

In this review, we have surveyed the design, synthesis and
functional exploration of single-crystal COFs. Single-crystal
studies enable molecular design of building units to

predetermine the topology, skeleton, linkage chemistry and
pore architecture, unveiling intrinsic properties and establish-
ing structure–property relationships. Despite substantial inter-
disciplinary and global efforts, the development of general and
reliable synthetic methodologies for single-crystal COFs
remains at an early stage, with challenges persisting for 1D
and 2D systems. Over the past two decades, progress in the
polymerization of molecular building blocks has shaped COFs
into a distinct and rapidly evolving field. Nevertheless, several
fundamental challenges remain unresolved, underscoring both
the complexity of single-crystal COF formation and the signifi-
cant opportunities for future breakthroughs in this area.

(1) Single crystal 1D and 2D COFs: single crystal 3D COFs
have been well established in terms of methodology and
structure. In contrast, single crystal 1D COFs remained
unprecedented,229 while 2D COFs are still limited in methodol-
ogy, example, and structural resolution. This difference origi-
nates from their structures, where 3D COFs are formed by
covalent bonds, while 2D COFs involve both covalent bonds
and noncovalent interactions. The noncovalent interactions
involved in the formation and crystallization of 2D COFs are
essential yet complex and independent from covalent bonds,
making the reaction system complex and requiring additional
tools beyond covalent bonds to achieve effective control. These
are frontiers in single crystal COFs that should be the focus of
further efforts.

(2) Polymerization reactions: to date, the realization of
single-crystal COFs has largely been confined to a narrow set
of dynamic covalent linkages, including boronate esters, imi-
nes, amines and amides. Extending single-crystal COF synth-
esis to other types of linkages, particularly those formed via less
reversible or irreversible reactions, and beyond conventional
condensation chemistry to encompass coupling reactions,53,228

remains a fundamental and compelling challenge. Addressing
this issue is not only of critical importance for expanding the
structural and functional diversity of COFs but also represents
an interesting subject for future investigation.

(3) Synthetic methodology: despite the availability of more
than ten distinct synthetic routes for polycrystalline COFs, the
synthesis of single-crystal COFs remains overwhelmingly reli-
ant on solvothermal methods, underscoring a clear methodo-
logical bottleneck in the field. The development of
fundamentally new synthetic strategies is therefore urgently
needed not only to broaden the synthetic toolbox but also to
enable more precise control over nucleation and crystal growth.
This would improve scalability and reproducibility and ulti-
mately accelerate the production of single crystals suitable for
practical implementation and device integration. In addition,
phase diagrams play a crucial role in understanding nucleation
pathways, crystallization windows and the interplay between
thermodynamic and kinetic factors in COFs. Establishing such
diagrams for COF systems would provide valuable guidance for
rational crystal growth and hence deserve more efforts.

(4) Artificial intelligence (AI): AI-driven approaches, includ-
ing autonomous and robotic chemists, have emerged as power-
ful tools for accelerating chemical discovery and optimization.

Fig. 75 (a) FE and the product distribution recorded at �1.0 V and 1 Sun
illumination. (b) FE and the product distribution at different polarization
potentials for 113-Pt. Reprinted with permission from ref. 222. Copyright
2025 American Chemical Society.

Fig. 76 Thermal conductivity measurement. (a) Thermal conductivity of
the suspended SYSU-7 film measured both in air and in vacuum as a
function of temperature. (b) Thermal conductivity versus ribbon size at 305
and 317 K, respectively. Reprinted with permission from ref. 217. Copyright
2021 American Chemical Society.
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Their application to the synthesis of single-crystal COFs repre-
sents a particularly promising yet largely unexplored direction,
given the current reliance on extensive empirical condition
screening and labour-intensive experimentation. Integrating
AI-guided design, optimization and closed-loop experimenta-
tion have the potential to transform single-crystal COF synth-
esis from a trial-and-error process into a more predictive,
efficient and scalable paradigm.

In short, single-crystal COFs provide a robust foundation for
definitive structural determination and for the systematic
investigation of intrinsic structure–property relationships.
Further exploration of single crystal 1D, 2D and 3D COFs is
expected to deepen fundamental understanding of their mole-
cular architectures and physicochemical behaviours, while
gradually clarifying their applications in areas such as electro-
nic, catalytic and quantum materials. In the coming 3–5 years,
incremental but meaningful progress is likely to arise from
improved control over covalent reactions and supramolecular
polymerization processes, leading to a broader set of synthetic
approaches, novel materials and implementations.
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