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CONSPECTUS: Porous organic framework materials constructed by
periodically aligned molecular entities offer chemically tailored
microenvironments to absorb molecules and ions for various
applications. Fundamentally understanding the microenvironments
of these porous organic materials�from pore size, shape, and
dynamics to potential substrate binding sites�is critical for the
rational design of porous organic materials. The solid-state structures
of these porous organic materials, such as covalent organic
frameworks (COFs), can provide unambiguous atomic-level structural
details. However, it remains challenging to synthesize these materials
as single crystals that can be fully characterized by single-crystal X-ray
diffraction (SCXRD) or rotational electron diffraction (RED) analysis.
In addition, the balance of single crystallinity, permanent porosity, and
good chemical stability requires delicate control of the assembly of the
molecular building blocks and covalent crosslinking during synthesis. In this Account, we discuss the development of hydrogen-
bonded crosslinked organic frameworks (HCOFs) possessing balanced single crystallinity and high chemical stability. HCOFs are
obtained through covalently crosslinking molecular crystals that are preorganized via hydrogen bonding. Due to the dual hydrogen-
bonded network and covalent crosslinking, HCOFs can deform upon guest adsorption by breaking the hydrogen bonds and
subsequently restore their original form through the desorption of guests by re-establishing the hydrogen-bonded networks. Thus,
HCOFs can dynamically adjust their pore sizes according to the framework−substrate interactions. In the discussion, we link HCOFs
with COFs and single-crystalline 2D polymers by comparing their synthetic approaches to accessing high crystallinity. The method
to synthesize HCOFs allows for the employment of various flexible building blocks and linking motifs that are largely avoided in the
current design regimes of COFs and 2D polymers. We also draw the connections between HCOFs and hydrogen-bonded organic
frameworks (HOFs) by highlighting their shared design principles for constructing hydrogen-bonding networks with large voids.
Compared to their hydrogen-bonded precursor crystals, reinforcing the hydrogen-bonded networks with covalent linkages endows
HCOFs with enhanced chemical and structural stability. In addition, we emphasize that the structure elucidation of HCOFs often
requires combined SCXRD analysis and experimental evidence, with the methods and challenges thoroughly discussed. The details
are presented in the following sequence: (1) synthesizing single-crystalline COFs by matching the polycondensation rate to the
nucleation rate and their subsequent analyses by SCXRD/RED; (2) obtaining single-crystalline polymers and networks through
topochemical reactions; (3) constructing HOFs with designed voids using highly directional hydrogen bonding building blocks; and
(4) developing HCOFs via monomer crystal engineering followed by single-crystal to single-crystal (SCSC) synthesis and studying
their unique dynamic guest sorption behaviors. We hope this Account will inspire researchers to expand the synthetic methods for
advancing HCOFs with detailed solid-state structures, as well as designing porous organic framework materials with dynamic
sorption capabilities to enhance their performance for applications in molecular storage, separation, catalysis, etc.

1. INTRODUCTION
Porous materials1 that possess periodic, nanoscale voids have
been investigated for decades for their applications in water
purification,2 petroleum products processing,3 and energy
conversion.4 Taking advantage of these nanoscale voids,
porous materials can selectively adsorb target molecular or
ionic species and separate them from bulk or catalytically
convert them to products of interest.5 Zeolitic materials that
carry out these processes have been produced on the scale of
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millions of tons for petrochemical separation and catalysis.3

Since then, the family of porous materials has expanded to
include metal−organic frameworks (MOFs),6 covalent organic
frameworks (COFs),7 hydrogen-bonded organic frameworks
(HOFs),8 and recently, hydrogen-bonded crosslinked organic
frameworks (HCOFs).9 These organic frameworks represent a
scientific advancement over zeolites by introducing modularity
into the synthetic building blocks, providing the ability to
design and tune the materials for targeted substrate sorption.6

Among these frameworks, COFs, HOFs, and HCOFs are
composed purely of light elements. Due to their periodic
organic struts, they offer exciting skeleton design and
modification capabilities. An atomic-level understanding of
the organic framework architecture and the detailed local
chemical environment is vital to establishing the fundamental
structure−property relationships. The resolved solid-state
structures of the frameworks can reveal critical information
such as the network topology, interpenetration and flexibility,
local substrate binding sites, environments, and framework
substrate interactions. Hence, obtaining porous organic
framework single crystals suitable for single-crystal X-ray
diffraction (SCXRD)10,11 or rotation electron diffraction
(RED)12 is crucial. However, most COFs are polycrystalline
powders not suitable for SCXRD analysis, making powder X-
ray diffraction (PXRD) the most useful characterization tool
for COFs. Typically, a COF’s structure is verified by matching
its simulated PXRD pattern with that obtained experimentally.
Although the process has become widely accepted for
structural elucidation of COFs, it has limitations in revealing
stacking arrangements for two-dimensional COFs and inter-
penetration numbers for three-dimensional COFs.10 It,
therefore, remains challenging to comprehensively understand
the structure−property relationships in a COF with atomic
precision. In contrast to COFs, the construction of HOFs
relies on weak interactions for the direct assembly of small-
molecule building blocks, and HOFs are almost always
obtained as single crystals. Since HOFs are connected via
weak hydrogen bonds, they are considerably less stable than
COFs. Hence, developing porous organic frameworks with
high crystallinity and good chemical stability remains an
overarching challenge associated with the development of
porous organic framework materials.
To tackle this challenge, we introduced HCOFs as a new

family of porous organic frameworks (Figure 1).9,13−16 The
design, synthesis, and characterization of HCOFs take
inspiration from HOFs, COFs, and single-crystalline poly-
mers.17 HCOFs are synthesized in two steps: (1) self-assembly
of monomers into porous hydrogen-bonded molecular crystals
similar to HOFs; and (2) crosslinking of the preorganized
porous molecular crystals using externally diffused flexible
crosslinkers, resembling the synthesis of COFs and solid-state
topochemical polymerizations. HCOFs not only possess high
crystallinity for precise structure−property analysis and high
chemical stability for chemical storage and separation, but they
can also, very uniquely, be activated to an expanded state upon
adsorbing guests with hydrogen bonding capabilities. Benefit-
ing from their dual hydrogen-bonded and covalently cross-
linked networks, the removal of guests allows HCOFs to
(partially) return to their highly crystalline state. The guest-
sorption-induced expansions and contractions of HCOFs are
similar to traditional polymer networks (Figure 1), in which
interpenetrated polymer chains recover their shape upon the

removal of mechanical stress owing to the chains’ tendency to
maximize their randomness for entropy gain.
Here, we first summarize different approaches to accessing

single-crystalline COFs and polymers, including their synthetic
strategies, single-crystal structural analysis, and the correspond-
ing structure−property relationships. We emphasize the
knowledge revealed by obtaining the solid-state structures,
including three-dimensional stacking of building blocks,
network topology, pore-size distributions, and network
interpretation. Next, we survey methods to directionally
assemble hydrogen-bonded networks using complementary
hydrogen bonding motifs and different core building blocks.
Collectively, these efforts inform the design, synthesis, and
characterization of HCOFs. This Account provides step-by-step
guidance in the synthesis and characterizations of single-
crystalline HCOFs, as well as detailing the network topology in
relation to their dynamic guest sorption properties. We hope
the understanding of HCOFs can inspire future designs of
HOFs and COFs and encourage more researchers to
investigate HCOFs for a better understanding of the
structure−property relationships in the development of porous
organic materials.

2. ACCESSING SINGLE-CRYSTALLINE FRAMEWORKS
AND POLYMERS

The rational synthesis of single-crystalline polymers, networks,
and frameworks is not trivial. There have been two general
approaches successfully demonstrated (1) utilization of highly
reversible reactions and (2) solid-state topochemical synthesis
through single-crystal to single-crystal (SCSC) transforma-
tions. In this section, we will discuss these two approaches and
their connections to HCOF synthesis.
2.1. Single-Crystalline COFs
COFs (COF-1 and COF-5) were first synthesized by Yaghi et
al.18 through reversible boronic acid/ester condensation
reactions (Figure 2a). These boronic acid/ester-based COF
materials are polycrystalline, and their structures were

Figure 1. Connections between HCOFs and other organic materials,
including COFs, HOFs, single-crystalline 2D polymers, and conven-
tional polymer networks. The solid-state structures of COF-300,10

HOF-1,42 a single-crystalline 2D polymer,34 and HCOF-10115 are
shown here.
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elucidated through PXRD. Dichtel et al. attributed the
formation of polycrystalline boronate ester-linked COFs to
the irreversible stacking of the nanocrystallites.19 Later, they
reported single-crystalline boronic ester-based COFs through a
seed growth method.20 The crystallinity was confirmed
through high-resolution TEM investigations, but the crystals
were not big enough for SCXRD analysis.
Optimizing the reversibility of the reactions could improve

the crystallinity of COFs. In 2013, Wuest et al. introduced the
highly reversible nitroso dimerization reaction for COF
synthesis.11 The low bond energy of dinitroso enables room
temperature covalent bond breakage and re-formation. There-
fore, they successfully obtained a series of tetrakis(4-nitro-
sophenyl) methane/silane/adamantane-based single-crystalline
COFs (Figure 2b), which are diamondoid networks with 4- or
6-fold interpenetration confirmed by SCXRD. Although these
single crystals showed guest accessible void spaces of 35−39%,
they did not exhibit permanent porosity, likely due to weak
linkages.
The synthesis of COFs has expanded rapidly in the past

decade, from examples such as the well-established imine
(Figure 2c) and ketoenamine21 condensations to other
reversible reactions.22 For imine COFs, Dichtel et al. suggested

a model that includes nanocrystallite formation,23 followed by
polymerization to amorphous polymers, and then crystalline
transformations for COFs. However, most COFs are
polycrystalline powders, and their solid-state structures are
largely proposed on the basis of their PXRD profiles. The key
challenge preventing easy access to single-crystalline COFs is
the mismatch of (de)polycondensation reaction rates
(kbond‑formation and kbond‑rearrangement) and the crystallization
rates (nucleation and phase separation) during COF syn-
thesis.10

In 2018, Wang and Yaghi et al. reported the first sets of
single-crystalline imine COFs’ solid-state structures (Figure
2c).10 In this work, a large amount of aniline was added as a
reaction rate modulator to match polycondensation and
nucleation rates. As a result, large single crystals of imine-
based COF-300, COF-303, LZU-79, and LZU-111 were
obtained. It was also found by SCXRD analysis that the
water molecules are arranged into infinite chains within the
channel of COF-300. In the SCXRD structure, a 7-fold
interpenetrated network of the COF-300 synthesized by the
aniline modulator method was determined with atomic-level
precision.

Figure 2. (a) Synthesis of COF-5 and a TEM image of COF-5 crystal. Reproduced with permission from ref 20. Copyright 2018 The American
Association for the Advancement of Science. (b) Synthesis of Nitroso-COFs via a nitroso dimerization. Right: single-crystal structure of Nitroso-
COF-1.11 (c) Synthesis of single-crystalline imine-based COF-303 through transamination. Right: the single-crystal structure of COF-303.10 (d)
Solid-state structure of COF-320 with 9-fold interpenetration and their RED pattern. Reproduced with permission from ref 24. Copyright 2013
American Chemical Society. (e) Solid-state structures of active COF-300, COF-300·H2O, and COF-300·poly(methyl methacrylate) (COF-300·
PMMA). Reproduced with permission from ref 26. Copyright 2019 American Chemical Society.
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Aside from SCXRD, RED has recently been introduced for
structure determination of single-crystalline framework materi-
als.12 Crystals viable for RED can be as small as 50 nm in
diameter, while SCXRD analysis generally requires crystals
larger than 5 μm. The structure of COF-320,24 which was
synthesized via imine condensation between dialdehyde and
(tetraaminophenyl)methane, was characterized using RED as a
9-fold interpenetrated diamondoid network (Figure 2d). Using
RED, Wang et al. discovered that single crystals of COF-300
with 5-fold interpenetration were transformed to a 7-fold
interpenetrated diamond network upon aging.25 Zhang et al.
reported the framework dynamics of COF-300 upon guest
adsorption. The structures of the activated phase of COF-300,
its hydrated COF-300·H2O form, and its expanded COF-300·
PMMA form revealed atomic-level dynamics of the COFs
(Figure 2e).26 When the diffraction with RED is poor, it can
partially refine the structure to construct the solid-state
structures of COFs by computational modeling and refinement
with the help of PXRD data.27

2.2. Topochemical Synthesis in the Solid State

Solid-state topochemical reactions provide another path to
construct single-crystalline covalent polymers or networks.17,28

In this approach, the organic building blocks are first organized
by crystallization so that the reactive motifs are in close
proximity for reaction under thermal or photochemical

conditions. This transformation is often referred to as an
SCSC transformation17 if single crystallinity is retained. Early
studies of [2 + 2] cyclobutane formation (Figure 3a) in crystals
demonstrated the feasibility of topochemical reactions.29

Today, besides [2 + 2] additions, other topochemical reactions
including [3 + 2] azide−alkyne cycloaddition, [4 + 2]
anthracene−alkyne cycloaddition, [4 + 4] anthracene−
anthracene dimerization,30 1,4-dialkene addition, and diac-
etylene polymerization, have also been introduced into
polymer or network synthesis (Figure 3).28

In a successful topochemical synthesis, reactive sites should
be aligned in the suggested conformation and distance in the
solid state (Figure 3). For example, in a [2 + 2] reaction, two
olefins should be arranged in parallel within a distance of 3.5−
4.2 Å.29 2D polymerization has been demonstrated using a
pyrylium-based triolefinic monomer MT-1 (MT stands for
monomer for topochemical synthesis),31 in which MT-1 were
π−π stacked and the olefin groups were parallel to each other
with a distance of 3.9 Å. Other parameters such as tilt angle θ,
carbon atom distance dCC, and packing distance dS should also
be taken into consideration (Figure 3b,c).28 Schlüter et al.
prepared a crystal of MT-2 packed so that the alkyne and
anthracene distances (dCC = 4.4 and 3.6 Å, Figure 3d) and
their orientations were suitable for [4 + 2] cycloaddition.32

After photoirradiation, the crystal was successfully polymerized
as a 2D network. Later, they reported 2D polymerization of a

Figure 3. (a) Topochemical [2 + 2] cycloaddition and the synthesis of a single-crystalline 2D polymer sheet obtained from MT-1.
31 Solid-state (b)

1,3-diyne polymerization and (c) [3 + 2] azide−alkyne cycloaddition. (d) Topochemical [4 + 2] anthracene-alkyne cycloaddition and the
monomer MT-2 used for 2D polymer synthesis.28 (e) [4 + 4] anthracene dimerization and the monomer MT-3 used for 2D polymer synthesis.33

Unreacted MT-3 units removed for clarity. Packing distances between two diacetylenes dS, distance between reactive carbons dCC, and tilt angles θ
are highlighted.
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triazene-based double-decker monomer MT-3 (Figure 3e).33

The anthracene blades were packed in a face-to-face (FTF,
blue colored) manner and an edge-to-face (ETF, green
colored) manner, and the crystal underwent FTF dimerization
upon photoirradiation. King et al. reported a similar 2D
polymer synthesis using a triptycene-based molecular crystal.34

The internal stress generated during the SCSC process can
shatter the crystal into smaller fragments. Moieties with
rotatable bonds, such as C−C and C−O single bonds have
been introduced to compensate for the internal stress.35

It is worth noting that the utilization of photobased SCSC
transformations is particularly favored for single crystals
containing large solvent-filled voids, e.g., in the case of
HCOF synthesis, because photoreactions usually occur at
ambient or low temperatures and therefore mitigate disruption
to crystallinity during the SCSC transformation. Although no
addition of external crosslinker is required in the homo-
photodimerization-based SCSC transformation (Figure 3a,e),
reaction-induced geometric changes in the molecular arrange-
ment may be detrimental to the crystallinity of the final
product. In comparison, the hetero-crosslinking strategy
(discussed in Section 4) appears to be a more adaptive
approach for HCOF development, provided that the crystalline
molecular precursors form interconnected pores in the solid
state large enough for crosslinkers to diffuse into.

3. MOLECULARLY ENGINEERING POROUS
HYDROGEN-BONDED NETWORKS

HOFs are composed of monomers that are hydrogen-bonded
to each other to form permanently porous frameworks8,36−38

via a variety of hydrogen-bonding motifs that are attached to
cores of different geometries (Figure 4). In HOFs, motifs with
multivalent hydrogen bonding capabilities are generally
employed to increase the hydrogen-bonding strength of the
network. An early example of a hydrogen-bonded network
reported in 1969 was synthesized by crystallizing trimesic acid
(TA) with carboxylic acid dimer connections.39 Later, Wuest
et al. introduced S1 (S stands for synthon, Figure 4a) as a
complementary donor−acceptor (DA) hydrogen-bonding
group to form a hydrogen-bonded network.40 They also
reported a diamondoid net formed by a C6/S2 monomer (C
stands for core, Figure 4) with 42% of void space filled by
solvents.41 A key milestone in developing HOF materials was
achieved by Chen et al., when they demonstrated permanent
porosity with HOF-1 (C6/S2 monomer) in 2011.42 The
solvents were removed without disrupting the hydrogen-
bonded network, and HOF-1 showed excellent separation of
C2H4 from C2H2. We recently discovered that guests such as
aniline and toluidine form cyclic tetramers43 in the voids of
HOF-1. The coadsorption of different guests enabled an
alkylation reaction to take place inside HOF-1.
Compared to S2, which has a donor−acceptor−donor

(DAD) hydrogen-bonding array, self-complementary carbox-
ylic acids S3 with a DA array (Figure 4a) are widely used to
construct HOFs. Attaching phenyl carboxylic acid groups to
C1 and C3 and C4 affords a variety of HOFs with different
network topologies and pore sizes.38 In these HOFs, the
carboxylic acid dimers are highly directional due to the R (8)2

2
hydrogen bonding connection. The topologies of these
networks (without considering network interpenetration) are
much more predictable compared to those formed by S2-based
monomers. However, carboxylic acid-based HOFs are

generally not stable under basic conditions. Other self-
complementary hydrogen bonding synthons such as S4−S6,
pyrazole S8,44,45 maleimide S9,46 and S10 have also been used
in the synthesis of HOFs.36 Recently, a very weak C−N···HAr
hydrogen bonding interacting moiety S7 has also been
introduced to HOF synthesis.47 Heterosynthons such as
pyridine and carboxylic acid S11 (Figure 4a) have also been
used48 to construct HOFs. Furthermore, charged hydrogen
bonding pairs such as guanidium cation and di-, tri-, or
tetrasulfonate anion S12 have been successfully introduced by
Ward et al. and others to HOF synthesis.49−51 The ionic

Figure 4. (a) Homo- and hetero-hydrogen bonding synthons and
their corresponding hydrogen bonding patterns in HOFs’ design. (b)
Rigid core struts used for HOFs.
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interactions and the hydrogen bonding (e.g., S11−S14)
enhance the stability of HOFs. The highly directional and
strong hydrogen bonding in this charged pair allows for precise
crystal engineering.49 These hydrogen bonding synthons are
also used for the design and synthesis of HCOFs, and their
similarities and differences are discussed in Section 4.
While microporous HOFs have been demonstrated efficient

for gas separations,46 expanding the pore size of HOFs is
important to absorb larger substrates for separation and
catalysis. Isoreticular expansion has been widely used to
construct large pore COFs (diameters up to 10 nm).52

However, this approach faces many problems in HOF
construction (similar to HCOFs, discussed later). The
molecular building blocks tend to pack more densely in the
solid state as different polymorphs. For example, Hisaki et al.
synthesized a series of planar π-conjugated molecules with

C8−C11 cores and carboxylic acid arms (Figure 5a).53 Despite
the similar geometry and hydrogen bonding, these monomers
stacked differently in the solid state. To date, limited success
has been made in isoreticularly expanding the pores of HOFs.
A C3-symmetric hexaazatriphenylene54C12 was isoreticularly
expanded to C13 and C14,55 and topologically identical HOFs
were obtained with pore sizes increasing from 6 to 20 Å
(Figure 5b). Another successful example includes the use of
rigid pyrene core C15 and its derivatives C16/C17,56 with the
pore sizes of HOFs expanding from 8 × 12 Å to 25 × 30 Å. S8
and C18 and C19 have also been demonstrated for isoreticular
expansion of HOFs.44,45 We share our insights on isoreticular
expansion in Section 4. The design of HCOFs requires larger
pores because the pore aperture should allow the diffusion of
external crosslinker, and the void space of HCOFs synthesized

Figure 5. Struts that have been attempted (a) and successfully demonstrated (b) in isoreticularly expanding the pore of HOFs.
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after crosslinking is reduced compared to their precursor
crystals.

4. HYDROGEN-BONDED CROSSLINKED ORGANIC
FRAMEWORKS

Covalently crosslinking preorganized molecular crystals makes
it possible to rationally design chemically stable organic
materials, a.k.a. HCOFs, with possess periodic, 3D porous
networks with high crystallinity. HCOF design drew inspiration
from the design of HOFs and COFs (Figure 6). HCOFs have
structure similarities to HOFs and COFs; hence, they are
anticipated to possess the advantages of both COFs and HOFs.
An HCOF monomer consisting of a rigid core, hydrogen
bonding arms, and reactive moieties is synthesized and
crystallized, forming a precursor crystal. Crosslinkers are
diffused into the precursor crystal and undergo photochemical
crosslinking to afford the desired HCOF.
While all porous framework materials utilize their defined

pore structures to sort guest species by size and shape, some
flexible MOFs57 can dynamically switch their superstructures
for highly selective adsorption and separation. Although the
framework dynamics in COFs26 and HOFs are reported,58 the
extent of the organic framework dynamics is very limited due
to their rigid covalent or hydrogen bonding connections.
HCOFs possess unique guest-responsive dynamics due to their
rigid hydrogen-bonded network and flexible crosslinked
network. When a strongly binding guest is adsorbed into an
HCOF, the hydrogen-bonded network can be disrupted. The
network can expand to distances within the allowance of
crosslinker extension.
In 2003, Wuest et al. demonstrated the first example13 of

crosslinking a hydrogen-bonded network through diffusion of
ethanedithiol HSCH2CH2SH (EDT) followed by photo-
irradiation. The monomer consists of tetraphenylmethane C6
core and diallylmelamine arms, which crystallized into a
hydrogen-bonded network with interconnected helical chan-
nels. When EDT was employed as the crosslinker, a stable,
covalently crosslinked 3D network was obtained, which
retained its crystallinity upon heating to 200 °C. Although
this new material was not further investigated until the
following decade, it demonstrated the feasibility of achieving
long-range order and chemical stability in organic frameworks
by covalently crosslinking preorganized molecular crystals.

4.1. Crystal Engineering of HCOF Precursor Crystals

An ideal HCOF precursor crystal should possess continuous
large voids for crosslinker diffusion and later substrate sorption,
and exposed reactive sites for crosslinking reactions. Append-
ing reactive moieties to reported HOFs could be a starting
point, but it is important to take into consideration that the
appended reactive groups can often alter the topology of the
hydrogen-bonded network.15 The precursor crystals of HCOFs
are not required to possess permanent porosity like HOFs
since the covalent crosslinking will stabilize the material. As
such, flexible hydrogen-bonded networks that may not survive
upon solvent removal could also be utilized in HCOF design.
The greater diversity of potential hydrogen-bonded networks
marks one of the most distinguishing features between HOFs
and HCOF precursor crystals.
In 2017, we synthesized a propargylmelamine-based

molecule M1 (M stands for monomer for HCOF, Figure 7a)
by attaching four dipropargylmelamines onto a tetraphenyl-
ethylene (TPE) core.9 As a result of the −NH− connection
between TPE and propargylmelamine and the noncomple-
mentary hydrogen bonding array of propargylmelamine, M1
crystallized into a 3D hydrogen-bonded network of pcu
topology. Later, an allylmelamine-based monomer M2 was
synthesized and crystallized.14 Despite nearly identical
chemical structures shared by M1 and M2, a hydrogen-bonded
network of snw topology was formed by M2 with the
alternative tilted packing (Figure 7a). In M1crystal and M2crystal,
interconnected voids of 51% and 21% filled with solvent
molecules were discovered through SCXRD analysis. The
reactive propargyl and allyl groups decorated the pore surfaces,
and the neighboring propargyl and allyl groups were 3.3−11.9
Å apart,9,14 suitable for subsequent thiol−yne and thiol−ene
SCSC transformation. Though propargyl/allylmelamine was
effective for constructing a large void HCOF precursor crystals,
the DAD hydrogen bonding array, multiple potential directions
for hydrogen bonding, and rotatable −NH− connections
complicate crystal engineering. Network topologies formed by
melamine-based monomers are hard to predict.
To increase the directionality and the predictability of the

hydrogen-bonded network and reduce the complexity of the
crystal engineering, we protonated allylmelamine to allylmela-
minium with a DDD hydrogen bonding array.16 When
allylmelaminiums were hydrogen-bonded to a nitrate dimer

Figure 6. Design of HCOFs through crystallization and subsequent SCSC transformation. Upon guest adsorption, the framework will dynamically
change its 3D architecture based on substrate−framework interactions. Reproduced with permission from ref 9. Copyright 2017 American
Chemical Society.
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(NO3
−)2 or a bisulfate dimer (HSO4

−)2, they formed
directional, linear hydrogen bonding joints, in which the
(NO3

−)2 or (HSO4
−)2 acted as dual AAA arrays connecting

two melaminium units. The connection is further reinforced by
electrostatic interactions between the cationic melaminium and
anion dimers. For example, protonated [M6·3H]3+ formed
solvent-filled hydrogen-bonded networks with nitrate and
bisulfate anion clusters (Figure 7b).16 We discovered that
the nitrate anion cluster consists of three nitrate anions and
three DMSO, making the joint unstable. [M6·3H]3+ formed an
hxl network with tribisulfate anion clusters (HSO4

−)3 with
large 1D voids (51%) along the c-axis with a pore size of 15.3 ×
13.8 Å (Figure 7b). Allyl groups pointed toward the pore
surface with distances between 2.5 and 11.7 Å, suitable for
crosslinking. It is worth noting that the hxl network was
formed at a higher temperature (∼80 °C), and we also
obtained a different hydrogen-bonded network formed
between [M6·4H]4+ and (HSO4

−)4 at room temperature.

We also introduced carboxylic acid-based monomers for
HCOF synthesis15 since the highly directional R (8)2

2
joints

formed by carboxylic acid dimers would direct the assembly of
monomers.M101 was synthesized with three allyl ether groups
attached to the ortho position of the carboxylic acid moiety
(Figure 7c). Not surprisingly, substitution of the ortho position
of the monomer disrupted the carboxylic acid dimerization in
the solid state, common in crystal engineering of carboxylic
acid-based monomers. To overcome this problem, we
introduced trimesic acid (TA) as a cocrystallization joint.
M101 and TA possess different pKa values and electron
densities at the phenyl moieties, promoting heteromeric
carboxylic acid dimerization between M101 and TA and
inhibiting the homodimerization of M101. M101/TA
cocrystallized to form a hexagonal noninterpenetrated large
pore network (d = 16 Å), with allyl groups exposed to pore
surfaces for crosslinking. We emphasize that, in the M101 and

Figure 7. Hydrogen-bonding patterns and topologies of precursor crystals of (a) HCOF-1 and HCOFs-2−4, (b) HCOF-6, and (c) HCOF-101.
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TA cocrystal, M101 and TA have similar symmetries, but
different sizes. Hence, M101 and TA are packed in an
alternating pattern along the c-axis, effectively inhibiting the
interpenetration of the network. In principle, this approach of
employing size-mismatched monomers to form cocrystallized
hydrogen-bonded networks provides solutions to address the
isoreticular expansion of HOFs and HCOF precursor crystals.
Of note is that the alternating stacking of M101 and TA is not
perfectly eclipsed. Such information may be helpful for
researchers working in 2D COF structural modeling because
most 2D COFs are modeled as perfectly eclipsed or staggered
conformations.
4.2. Syntheses of HCOFs

After successful crystallization of the precursor crystals, the
next step is to crosslink the reactive sites of the precursor
crystals, converting these hydrogen-bonded networks into
covalently connected frameworks. Heterogeneously introduc-
ing flexible crosslinkers into the voids of the precursor crystal
allows for bypassing the strict geometric constraints in
topochemical synthesis (see Section 2.2). This method also
allows us to employ a variety of flexible building blocks and

linking motifs, and a plethora of irreversible reactions that are
largely avoided in the current design of COFs. SCXRD analysis
of the precursor crystal provides distances between nearby
reactive alkenes/alkynes in the crystal lattice, which guides
dithiol crosslinker selection. From our experience, EDT is
suitable to crosslink the reactive sites between distances of 3.9
and 7 Å, whereas the longer linkers such as propanedithiol
(PDT), and butanedithiol (BDT) are suitable for linking
propargyl/allyl that are under 8.5 and 10 Å apart, respectively.
Unlike solution phase synthesis, wherein distances between

two reactive sites match the length of the crosslinker, HCOF
crosslinking reactions can occur between non-neighboring
reactive sites in the solid state (Figure 8a). Hence,
topologically different HCOFs can be obtained from the
same molecular precursor crystals. The divergent HCOF
synthesis was illustrated when EDT and PDT were employed
to crosslink M2crystal.

14 The olefin motifs in the allyl melamine
were distributed along the wide and narrow pore openings in
M2crystal, with olefin−olefin distances ranging between 3.5 and
11 Å. When EDT was used as the crosslinker, it stoichio-
metrically reacted with most nearby allyl groups, converting

Figure 8. (a) Topochemical crosslinking taking place in a precursor crystal using dithiols of different lengths. (b) Optimization and characterization
of HCOFs.
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them to the dithioethers in HCOF-2. When PDT was
employed, six of eight allyl groups reacted, leaving two olefins
in the more congested areas unreacted.

When the pore aperture of the precursor crystal is expanded,
the use of higher crosslinker concentrations may result in
overreaction (with unreacted thiols) and significantly reduce

Figure 9. (a) Single-crystal structures of HCOF-2 and P2 and of HCOF-3 and P3. Reproduced with permission from ref 14. Copyright 2019
American Chemical Society. (b) Overlaid single-crystal structures of [M6·3H]3+·3HSO4

− and HCOF-6. The anion cluster joints of HCOF-6 are
highlighted. Reproduced with permission from ref 16. Copyright 2022 Elsevier Inc. (c) Single-crystal structure of HCOF-101 with detailed
dithioether linkages connecting different layers. Reproduced with permission from ref 15. Copyright 2021 John Wiley & Sons, Inc.
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the crosslinking degree of HCOFs (Figure 8b). This over-
reaction was observed during the synthesis of HCOF-6 (pore
diameter ∼15 Å)16 and HCOF-101 (pore diameter ∼16 Å),15

when overreaction afforded products soluble in hot DMF and
DMSO that could be monitored using 1H NMR spectroscopy.
On the other hand, underreacted products obtained from
dilute dithiol solutions are also soluble for 1H NMR analysis
(Figure 8b). Therefore, reducing the soluble species to a
minimum by adjusting crosslinker concentrations is the first
step in the optimization of the HCOF synthesis. The chemical
compositions of the synthesized crystals need to be thoroughly
characterized before SCXRD analysis. After photo-crosslinking,
FT-IR and Raman spectroscopy analyses reveal whether free
thiols exist. Solid-state 13C NMR spectroscopy is used to
confirm the consumption of allyl/propargyl groups and the
formation of thioethers. Elemental analysis is important for the
composition analysis of HCOFs. The experimentally measured
weight percentages of C/H/N/S elements of a synthetically
well-optimized HCOF are found within 0.5 wt % of the
theoretical values, similar to the accuracy of small molecule
elemental analysis. We also introduced a digestion method to
confirm the composition of HCOF-101 by hydrolyzing the
framework into soluble species for 1H NMR analysis. After
confirming the chemical composition of the synthesized
HCOFs, high-quality single-crystal samples are prepared for
SCXRD analysis.
4.3. SCXRD Analysis of HCOFs

A well-refined HCOF structure is critical for determining
structure−property relationships. While the SCXRD data
collection for HCOF precursor crystals is usually performed
at in-house diffractometers, crosslinked HCOFs often require
high energy synchrotron radiation due to reduced crystal
quality after SCSC. During data refinement, the rigid
hydrogen-bonded networks of HCOFs are often modeled
without any ambiguity, though the dithioether linkages may
adopt several positions in a HCOF. Thus, several disordered
linkages need to be modeled. During the structural analysis of
HCOFs, we have encountered different challenges in SCXRD
analysis and developed several methods to overcome these
challenges, which we describe below case by case. We
emphasize that small molecule crystallography standards
(e.g., R1 < 10%) are not suitable for evaluating the crystal
data quality of HCOFs, since these networks are large and
possess significant disordered parts. Those atoms still diffract
but may not contribute to discrete diffraction points. Instead,
standards similar to macromolecular crystallography analysis
(e.g., R ∼ 20−30%) should be considered.59

HCOF-1.
9 Due to the high number of disordered flexible

dithioether linkages as well as the randomly generated
stereogenic centers after crosslinking, the quality of the X-ray
diffraction data was too poor for SCXRD analysis. Only the
unit cell parameters were reported, and the crosslinked
structure was obtained through simulation using unit cell
parameter and PXRD data.
HCOFs-2 and -3.14 The hydrogen-bonded networks of

HCOFs-2 and -3 were found to be very similar to the structure
of the precursor crystal M2crystal. The assignment of four out of
eight dithioether linkages was straightforward with disordered
atoms modeled over several positions. Due to the weak and
smeared electron density, atomic placements of the other four
dithioether linkages were ambiguous based on SCXRD data of
HCOFs-2 and -3 alone. Therefore, we synthesized two

analogous polymers P2 (P stands for polymers in HCOF
synthesis) and P3, by reducing the number of dithioether
linkages on each DAT moiety from two to one. The resolved
SCXRD structures of P2 and P3 (Figure 9a) not only
confirmed the correct atomic placements of the four modeled-
in linkages but also provided important structural guidance for
the modeling of the other four linkages. Furthermore, we
performed a two-step reaction on the precursor crystal of
HCOFs-2 and -3 using ethanethiol first to consume four allyl
groups in each M2, and then crosslinking the remaining four
allyl groups using EDT. Combining the SCXRD analysis of
HCOFs-2 and -3, P2-3, and two-step reaction outcomes, the
network structures of HCOF-2 and HCOF-3 were determined
unambiguously (Figure 9a). HCOF-2 was found as a new, 3-
nodal 3,3,4-connected self-entangled 3D network (cdc, named
after Chemistry Dartmouth College), whereas HCOF-3 was
found as a 2D 3,4-connected bilayer network.

HCOF-6.
16 The precursor crystal [M6·3H]3+·3HSO4

−

diffracted weakly, and the quality of the diffraction was further
reduced in HCOF-6 after crosslinking. Surprisingly, data of
reasonable quality were collected using an Mo-radiation source
with an extended exposure time. The backbone of HCOF-6
and (HSO4

−)3 anion cluster were resolved in a straightforward
manner (Figure 9b). Smeared electron densities attributed to
dithioether linkages were distributed near the backbone,
making the atomic placement ambiguous. To assist the
SCXRD analysis, we experimentally swelled HCOF-6 in phenol
and found that this crystal expanded more than 2.5 times along
the c-axis and shrunk slightly along the a/b plane. We also set
up hypothetical models of HCOF-6 within molecular dynamics
(MD) simulations with varying proportions of crosslinking
assigned as inter- vs intralayer. Only models with over 67% of
crosslinking assigned as intralayer could match experimental
observations. Thus, a representative crystal structure of HCOF-
6 possessing 100% intralayer linkages was modeled (Figure
9b), although we do acknowledge the existence of a small
percentage of interlayer crosslinks as defects.

HCOF-101.
15 The allyl groups in the M101/TAcrystal

cocrystal were disordered over two positions with equal
probabilities on either side of the phenyl rings of M101. After
crosslinking, the formed dithioether linkages in HCOF-101
reduced the symmetry of the crystal and changed its unit cell
compared to that of the cocrystal. The rigid hydrogen-bonded
network of HCOF-101 was found near identical to the
precursor cocrystal. Luckily, synchrotron data provided
sufficient electron densities to model dithioether linkages,
some of which were overlapped. Refinement of the HCOF-101
revealed the formation of a 3D crosslinked network featuring a
pore diameter of 14 Å, with crosslinking between 1,2-, 1,3-, and
1,4-layers (Figure 9c). The void space of HCOF-101 is
calculated as 27% using the refined single-crystal X-ray
structure.
4.4. Dynamic Sorption of HCOFs

The periodically distributed voids in HCOFs can be activated
upon solvent removal. After supercritical CO2 activation and
high vacuum, HCOFs remained highly crystalline, as shown in
PXRD analysis.9,14−16 The permanent porosity of HCOFs was
examined using N2, CO2, H2O, and other organic solvent
vapor sorption isotherms. HCOFs showed low CO2 uptakes at
room temperature and negligible N2 adsorptions.9,14−16 The
causes of the low N2 and CO2 adsorptions of HCOFs is still
unclear, but similar phenomena were also observed in many
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HOFs.8,36,37 Therefore, vapor sorption isotherms were
measured to demonstrate the permanent porosity of HCOFs.
For example, HCOF-101 showed good vapor uptake of water,
methanol, and toluene at 91, 92, and 105 cm3 g−1 at 24 °C,
respectively.15 Similar vapor uptake values were measured
using HCOF-6.16 After vapor sorption analysis, the crystallinity
of HCOFs remained, as shown in PXRD analysis.15,16

The combination of flexible covalent linkages and rigid
hydrogen-bonding networks endow HCOFs with unique
dynamic guest sorption properties (Figure 10a). When
strongly binding guests enter the permanent voids of HCOFs,
they disrupt the hydrogen bonding networks of HCOF,
resulting in the expansion of HCOF materials, losing long-
range order (i.e., crystallinity). The flexible crosslinkers are
stretched upon expansion (entropy loss) and the extent of
expansion is dependent on the crosslinkers’ lengths and
densities. These stretched crosslinkers keep the short-range
order of the expanded HCOFs. The guest adsorption-induced
size expansion of HCOFs is similar to the swelling of
crosslinked polymers. When guests are desorbed from the
framework, the conformation recovery of flexible linkages
provides favorable entropy incentives, along with enthalpy
regained from the re-formation of the hydrogen-bonded
framework, enabling the framework to regain crystallinity.
Depending on the extent of the expansion and the binding
energy of the framework-to-substrate, the expansion and
contraction of HCOFs are not always fully reversible.
Iodine (I2) forms halogen bonding interactions with

melamine moieties and activates the dormant voids (in

addition to the permanent voids) of HCOFs. HCOFs-1−4
showed remarkable I2 adsorption capacities of 2.1−3.6 g/g in
an aqueous environment. Macroscopically, the crystal of
HCOF-2 showed visible size expansion to more than twice
its original size (Figure 10b). The iodine adsorption-induced
crystal size expansion was anisotropic, and the most extended
direction indicates the lowest density of crosslinking. For
example, HCOF-3 crystals showed an exfoliation-of-bilayer-like
expansion upon I2 uptake. Hence, the macroscale size
expansion also provides indirect network architecture
information in HCOFs. The calculated van der Waals volume
of adsorbed I2 exceeded the available void space of HCOF-2
and HCOF-3 by 473% and 668% due to the elastic expansion
of the framework during adsorption. The high-capacity
adsorption of iodine in the aqueous environment, along with
the good chemical stability of HCOFs, enables the potential use
of these materials for radioactive iodine removal or water
treatment. We found that DMSO is also effective in activating
the dormant voids of HCOFs, morphing them into less
isotropic, amorphous materials (Figure 10b).
Due to the multivalent hydrogen bonding network, only

strongly binding guests can activate the dormant voids of
melamine-based HCOFs. This feature, on one hand, signifi-
cantly enhanced the substrate selectivity but, on the other
hand, limited the substrate scope. To this end, the anion-
cluster-based HCOF-6 was synthesized. The electrostatic
repulsion between bisulfate anions in HCOF-6 requires a
smaller energy penalty for the disruption of the hydrogen-
bonded network to trigger the expansion of HCOFs. Phenol

Figure 10. (a) Graphical illustration of the dynamic sorption of HCOFs upon disrupting and re-forming hydrogen-bonded networks. (b) Crystal
size expansion of HCOFs-2 and -3 upon guest uptake. Reproduced with permission from ref 14. Copyright 2019 American Chemical Society. (c)
Images and illustrations of the expansion of HCOF-6 upon phenol uptake. Reproduced with permission from ref 16. Copyright 2022 Elsevier Inc.
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and its analogues demonstrated their capability to expand the
size of HCOF-6 crystal (Figure 10c) during adsorption by
disrupting the anion clusters. Multicycle crystal size expansions
and contractions were found when HCOF-6 adsorb and desorb
phenols. In HCOF-101, the disruption of the hydrogen-bonded
network of HCOF-101 resulted in the loss of TA in hot
DMSO, since TA was not covalently crosslinked to the
framework.

5. OUTLOOK AND FUTURE DIRECTIONS
This Account summarizes approaches to construct single-
crystalline hydrogen-bonded crosslinked framework materials
and analogous framework materials, including COFs and
HOFs. The porous nature of these materials makes them
promising for various applications, and the atomic-level
understanding of the framework architecture and the local
environment for framework−guest interaction reveals impor-
tant fundamental insights to establish structure−property
relationships. Moving forward, the development of electron
diffraction techniques has significantly accelerated the
discovery of single-crystalline COFs. With more researchers
having access to such techniques, the structure elucidations of
2D polymers, HOFs, and HCOFs are expected to be expedited.
Undeniably, the crystal engineering of the precursor crystals of
HCOFs is not straightforward. It is reasonable to be optimistic
that the rapid growth of the HOF materials will inform HCOF
precursors’ crystal engineering and accelerate the discovery of
HCOF materials. Recently, machine-learning-based computa-
tional prediction of crystal packing showed exciting pro-
gress,58,60 which could be expanded to porous molecular
crystal packing predictions in the foreseeable future.
Expanding the toolbox of HCOF synthesis and introducing

other reactions for SCSC transformations will also expand the
family of HCOFs. Candidate reactions such as [2 + 2]
cycloaddition and diacetylene polymerization should be
considered for future HCOF design. Polymerization reactions
that are incompatible with most COF syntheses, such as free-
radical polymerization, olefin metathesis, and cationic/anionic
ring opening polymerization commonly used for conventional
polymer synthesis, could also be introduced for HCOFs,
highlighting the unique solid-state chemical environments of
HCOF. The guest-induced elastic expansion of HCOFs makes
them unique among other crystalline organic framework
materials. The elastic nature of HCOF crystals will compensate
for the entropy loss during the absorption of guests and give
rise to high capacities. Moreover, HCOFs have the potential to
expand the traditional sorption mechanism based on size-
sieving. More studies are necessary to expand the currently
small library of reported guests and exploit the potential of
HCOF materials as tools for catalysis and separation with low
energy consumption.
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X.; Makarenko, T.; Miljanic,́ O. Š.; Popovs, I.; Tran, H. V.; Wang, X.;
Wu, C. H.; Wu, J. I. Dissecting Porosity in Molecular Crystals:
Influence of Geometry, Hydrogen Bonding, and [π···π] Stacking on
the Solid-State Packing of Fluorinated Aromatics. J. Am. Chem. Soc.
2018, 140, 6014−6026.
(46) Mastalerz, M.; Oppel, I. M. Rational Construction of an
Extrinsic Porous Molecular Crystal with an Extraordinary High
Specific Surface Area. Angew. Chem. Int. Ed 2012, 51, 5252−5255.
(47) Yang, Y.; Li, L.; Lin, R. B.; Ye, Y.; Yao, Z.; Yang, L.; Xiang, F.;
Chen, S.; Zhang, Z.; Xiang, S.; Chen, B. Ethylene/Ethane Separation
in a Stable Hydrogen-Bonded Organic Framework through a Gating
Mechanism. Nat. Chem. 2021, 13, 933−939.
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