SCIENCE CHINA
Chemistry

+ REVIEWS -

Structural Tailoring of Covalent Organic Frameworks with Steric
Effects

Guiqing Lin', Arindam Mal'?, Xuejiao Wang', Xu Zhou', Bo Gui' & Cheng Wang'”

! College of Chemistry and Molecular Sciences, Wuhan University, Wuhan 430072, China

Received ***; accepted ***; published online ***

Covalent organic frameworks (COFs) provide a unique platform with tunable structures allowing precise control of pore sizes,
shapes and functions. The key to synthesizing COFs with desired structures is to precisely control the conformation and geom-
etry of building blocks as well as the growth direction of COFs. To achieve this, steric effects are noteworthy that may have a
significant impact on the assembly of COFs. Specifically, the introduction of sterically demanding substituents or bulky groups
into monomers of COFs will lead to intramolecular conformational changes and intermolecular repulsions, which induce
structural changes of COFs, including changes in torsion angles, interlayer distances, stacking modes and topologies of 2D
COFs, and changes in spatial nodes, interpenetration and topologies of 3D COFs. This review will help to understand the im-
pacts of steric effects on the structures of COFs and to take them into extensive considerations in the design and synthesis of

COFs with novel functionalities and structural attributes.
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1 Introduction

Covalent organic frameworks (COFs) [1] are a novel class
of porous crystalline materials constructed from covalently
linked organic molecules that are assembled into
two-dimensional (2D) stacked layers or cross-linked
three-dimensional (3D) networks. COFs provide a unique
platform with tunable structure allowing precise control of
pore size, shape and functionality, offering the opportunity
to tailor their properties for specific applications, such as
gas storage and separation [2], catalysis [3], sensing [4],
optoelectronics [5], etc. Therefore, since the first report in
2005 [6], constant efforts have been made to diversify the
structure and function of COFs by introducing new building

FThese authors contributed equally to this work.

*Corresponding authors (email: chengwang@whu.edu.cn)

© Science China Press and Springer-Verlag Berlin Heidelberg 2015

blocks [7], topologies [8], linkages [9], synthetic methods
[10], etc.

The successful construction of COFs is achieved through
a mesh of appropriate monomers which are strategically
designed and encoded to amplify desired structural and
functional properties. Thus, the key to expanding the family
of COFs with preferred structures and topologies is to pre-
cisely control the steric impact of building blocks with dif-
ferent conformations and geometries. Specifically, the in-
troduction of substituents with steric requirements in organ-
ic precursors brings about conformational changes (e.g.,
torsion angles) in the building blocks [11] and further sig-
nificantly affects the reticular structure and crystal growth
orientation of COFs, as spatially close groups cause intra-
molecular strains and intermolecular repulsions. Moreover,
steric repulsion between building blocks may disrupt the
interaction of layers in 2D COFs and networks in 3D COFs,
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leading to noteworthy structural changes (e.g., stacking
mode, interpenetration degree) in COFs [12], even achiev-
ing unprecedented topologies [13]. Furthermore, steric ef-
fects caused by bulky substituents can hinder the accessibil-
ity of reactive sites or slow down the reaction kinetics,
making it more challenging to achieve highly crystalline
COFs, affecting the ordering of COF structures, and leading
to variations in porosity and surface area [14]. Overall, un-
derstanding and controlling the steric factors is essential for
the design and synthesis of COFs with novel functionalities
and structural attributes.

In the field of COF research, although a considerable
number of interesting review articles have been published, a
systematic and brief discussion regarding the impacts of
steric effects on the design and synthesis of COFs is still
very limited. In this mini review, we will focus on how ste-
ric effects can be an important tool for the structural diver-
sification of 2D and 3D COFs. By showing representative
examples and discussing the structural changes of COFs
while incorporating substituents with steric requirements
into building blocks, we wish to highlight steric effects into
extensive considerations for the design and synthesis of
functional COFs and to promote application of COFs with
steric effects. Finally, as part of the concluding remarks, an
outlook on the future challenges and prospects of this field
will be covered.

2 Steric Effects on Structural Changes of 2D
COFs

The sterically hindered substituents in building blocks im-
part a profound impact on the reticulation and the resulting
extended layered structure formation in 2D COFs. The in-
tra- or inter-molecular repulsions induced by bulky func-
tional groups alter the torsion angles of peripheral units [11a,
15]. This leads to disruption of layer stacking, resulting in
an increase of the interlayer distance [16] and even altering
the stacking mode [12a, 17] or topology of 2D COFs [18].
As a result, longer side chains and larger substituents gener-
ally reduce the crystallinity and porosity of 2D COFs [14].

2.1 Torsion angle changes

Steric repulsions between substituted groups and adjacent
units cause conformational changes, especially rotations and
torsion angle changes of neighboring rings in 2D COFs,
which greatly affect the planarity and conjugation of the
frameworks.

In a typical example, Lotsch and co-workers [11a] sub-
stituted the C-H moiety in the central phenyl ring of tri-
phenylbenzene by N atoms and synthesized a series of 2D
azine-linked N,-COFs where x is the number of N in the
central aryl ring (x =0, 1, 2 and 3) (Figure l1a and b). As the
number of replaced N atoms increased, the torsion angle
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between the central aryl ring and the adjacetn phenyl rings
decreased on account of the decrease in steric repulsions
according to density functional theory (DFT) calculations
(Figure 1c-f), further improving the planarity and crystallin-
ity of COFs. Upon investigating N-COFs as a photocatalyst,
the photocatalytic hydrogen evolution properties enhanced
progressively with the number of N atoms in triphenylaryl
core.
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Figure 1
platform. Substituting ‘C—H’ with ‘N atoms’ at the green dots brings about
the torsion angle changes between central aryl and peripheral rings. b)
Synthesis of N,-COFs from N,-aldehydes and hydrazine (x =0, 1, 2 and 3).
Side views of simulated structures of ¢) Np-COF, d) N;-COF, ¢) N,-COF,
and f) N3-COF [11a].

a) Representation of torsion angle changes in triphenylaryl

In another work, Kuo, Kim and co-workers [19] synthe-
sized TPA-COFs and TPT-COFs through one-pot polycon-
densations of triarylamines [tris(4-aminophenyl)amine
(TPA-3NH>) and 2,4,6-tris(4-aminophenyl)triazine
(TPT-3NH>)] with triarylaldehydes. When the central units
of monomers changed from N atom and pyridine to triazine,
the torsion angles between peripheral aryl rings decreased,
resulting in COFs with higher degree of planarity and crys-
tallinity. Moreover, the integration of the triaryltriazine unit
with higher planarity and more nitrogen atoms into the
skeleton of the TPA-COFs and TPT-COFs significantly in-
fluences the interactions with CO,, leading to higher
CO; uptakes. Considering the potential application of COFs
in radioactive iodine waste capture, Zeng, Liu, Zhao and
co-workers [20] synthesized two COFs (TJNU-201 and
TINU-202) by reticulating a twisted 3-connected building
block 1,3,5-trimethyl-2,4,6-tris(4-aminophenyl)-benzene
with sterically demanded methyl groups. The structural
analysis of both COFs showed that owing to the steric hin-
drance of methyl groups, imine bonds and phenyl rings
connected to them were aligned almost vertically to the lay-
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ers of 2D COFs and more exposed towards the pores mak-
ing them more suitable for guest adsorption. As a result,
ultrahigh iodine capture capacity (5.625 g g for TINU-201
and 4.820 g g! for TINU-202) was achieved due to the
physical-chemical adsorption. Recently, Du et al. [15c]
constructed a series of isostructural 2D COFs by applying
triphenylbenzene- and triphenyltriazine-based Cs;-symmetric
monomers. The theoretical studies showed that when the
central triazine units were replaced by benzene, the torsion
angle between central and peripheral rings increased from
0° to 31.4°, disturbing the planarity of 2D COFs and form-
ing propeller-like structure, thus weakening the interlayer
interaction. Compared with non-triazine COFs, the highly
crystalline triazine-core-based COFs with planar and rigid
triazine units displayed 10 times higher proton conductivity
0f 1.27x102 Scem™! at 160 °C.

In addition to 3-connected triphenylaryl based monomers,
torsion angles caused by steric hindrance in 4-connected
units are also systematically investigated. In an early study,
Bein’s group [15a] prepared a series of pyrene-based 2D
COFs, and found that the steric repulsions between the hy-
drogens in the core tetraphenylpyrene unit forced phenyl to
rotate against pyrene. As a result, the tetraphenylpyrene core
formed the “armchair” conformation inducing synchronized
slipped stacking in 2D COFs for less offset and closer
packing, rather than the “propeller” conformation in the
model compound. The controlled geometry of tetra-
phenylpyrene-derived building block produced a periodic
lattice of synchronized docking sites which allowed the
growth of highly crystalline 2D COFs with domain sizes of
half a micrometer. Detailed optoelectronic experiments
suggested these highly crystalline features contributed to
extensive electron delocalization across the m-stacked cen-
tral tetraphenylpyrene core and connecting units. Later,
Bein, Auras and co-workers [15b] incorporated isoindigo-
and thienoisoindigo-based monomers as bridges into highly
crystalline imine-linked COFs (Py-pll, Py-pTII and Py-tTII)
with tetraphenylpyrenes as a node, respectively. In the case
of Py-pll and Py-pTII, steric repulsion between phenyl and
isoindigo or thienoisoindigo led to rotation of the bridge,
but in Py-tTII, the repulsion was replaced by electrostatic
attraction, making the bridge more planar. In another case,
Bein, Auras ef al. [21] synthesized a series of imine-linked
2D COFs by co-condensation of
1,1,2,2-tetrakis(4-aminophenyl)ethene and linear dialde-
hydes. Theoretical analysis and comparison with the model
compound revealed that tetraphenylethene units adopted a
propeller-like conformation in the COFs due to the repul-
sions between aromatic rings, where the twist angle was
around 44°.

2.2 Interlayer distance and exfoliation

Since sterically demanded groups in building blocks inter-
fere the interlayer stacking in 2D COFs, the supramolecular
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interactions (n-7 stacking, hydrogen bonding, etc.) operated
between COF layers are weakened, resulting in an increased
interlayer distance. If the interactions are too weak to main-
tain layered stacking structures, 2D COF's with steric effects
can be easily exfoliated into covalent organic nanosheets.
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Figure 2 a) Synthesis of TDCOF-5 and space-filling models showing
solid-state (AA) stacking: top-view (left) and side-view (right) [22]. b)
Synthesis of triptycene-based 2D polymeric monolayers [23].

El-Kaderi and co-workers [22] have reported the synthe-
sis of boronate ester-linked TDCOF-5 by condensation of
hexahydroxytriptycene and 1,4-benzenediboronic acid. The
structural analysis illustrated that triptycene core was
aligned perpendicularly to the 2D COF plane, exhibiting a
large interlayer d-spacing value of 7.4 A due to the non-
planar conformation of triptycene units (Figure 2a). In the
same year, Zhao and co-workers [23] introduced two steric
methyl groups into 9,10-positions of hexahydroxytriptycene
to suppress interlayer interactions and synthesized 2D pol-
ymeric monolayers without aggregating in solution (Figure
2b). As the polymerization degree became higher, the mon-
olayers were found to curl and evolve into hollow spheres.
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Figure 3 a) Synthesis and chemical structures of TAPB-TPOC,-COF
films (x = 1, 4, 6, and 8). b) Comparison of the experimental PXRD pat-
terns of TAPB-TPOC,-COF films (x = 1, 4, 6 and 8). Inset is the enlarge-
ment of the peaks assigned to (001) planes [16a].

In general, for 2D COFs, the peaks of powder X-ray dif-
fraction (PXRD) patterns assigned to the (001) planes re-
flect the n-m stacking and interlayer distance. Wang, Feng
and co-workers [16a] proposed the synthesis of flexible
TAPB-TPOC,-COF films (x = 1, 4, 6 and 8) via interfacial
polymerization of 1,3,5-tris(4-aminophenyl)benzene and
terephthalaldehyde with dialkoxy substituent (methoxy,
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butoxy, hexyloxy, and octyloxy) (Figure 3a). Based on
PXRD patterns, the peaks of (001) planes became broad and
shifted to lower angles as alkoxy chain length increased
(Figure 3b). Simulation results revealed that the longer
alkoxy side chain loosened the layered stacking by increas-
ing the interlayer distance and distorting the planar struc-
ture.

Chen, Xu and co-workers [16b] also observed the shift of
PXRD peaks assigned to (001) planes after introducing sub-
stituted groups. The co-condensation reaction of
4,4°.4” 4 ~(pyrene-1,3,6,8-tetrayl)tetrabenzaldehyde ~ with
thiadiazole-based diamines substituted by H, F and Cl at-
oms yielded Py-XTP-BT-COFs (X = H, F, Cl), respectively.
PXRD measurements of the COFs exhibited that the peaks
of (001) planes were found to be 23.46° (Py-HTP-BT-COF),
23.27° (Py-FTP-BT-COF) and 23.14° (Py-CITP-BT-COF).
This suggested that interlayer distances in Py-FTP-BT-COF
and Py-CITP-BT-COF were increased compared with
Py-HTP-BT-COF due to larger steric hindrance of F and Cl
atoms. In addition, the optimized structures and unit cell
parameters presented that the ¢ axis values of
Py-FTP-BT-COF and Py-CITP-BT-COF were larger than
that of Py-HTP-BT-COF due to the steric impact of F and
Cl atoms. Recently, Jiang, Zhao et al. [16c] constructed a
series of isostructural porphyrin-based COFs (COFX, X =
1-5) among which COF5 with steric pentafluorobenzene
group at proximal position showcased a n-n stacking peak at
25.0°, which was lower than the COFs with unmodified
porphyrin units.

Smaldone et al. [24] reported how side chains affected
the crystallinity and interlayer distances of 2D COFs. Tri-
topic aldehyde was modified with methyl groups and long
amide chains, and further condensed with
4,4'-(pyrene-2,7-diyl)dianiline to produce polymer and
PyCOFamide, respectively. The polymer exhibited amor-
phous structure due to pore collapse or poor interlayer
stacking. However, PyCOFamide showed high crystallinity
due to interlayer hydrogen bonding between amide units,
and a (001) reflection peak at 18.5°, indicating an increased
interlayer distance (~4.8 A) caused by the steric hindrance
of amide chains and rotating phenyl rings.

With further increase in steric hindrance, the lay-
er-to-layer interactions will be weaker, which may lead to
the exfoliation of COFs. Banerjee’s group [25] reported a
strategy to delaminate anthracene-based 2D COF DaTp into
covalent organic nanosheets (CONs) by chemical function-
alization with large steric group N-hexylmaleimide. The
anthracene units in DaTp reacted with N-hexylmaleimide
through Diels-Alder cycloaddition reaction, resulting in the
distortion of anthracene units and the attachment of large
steric groups to the layers, thus facilitating the exfoliation of
DaTp. Recently, Loh et al. [26] designed and synthesized
two crown ether integrated monomers, CyHzl (two dihy-
drazides forming a crown ether macrocycle) and CyHz0
(dihydrazide with crown ether) to construct MCOF-1 and
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MCOF-0, respectively. MCOF-0 exhibited a broad peak at
24.87°, which was lower than that of MCOF-1 (26.2°), in-
dicating an increased interlayer distance in MCOF-0 due to
disrupted stacking and steric hindrance compared to m-m
interactions and hydrogen bonding-assisted stacking of
CyHzl in MCOF-1. Further, the complexation of methyl
viologen into the crown ether macrocycles of MCOF-1 and
MCOF-0 generated pseudorotaxane COFs that exfoliated
into monolayers due to electrostatic repulsion.

2.3 Stacking mode

One of the important aspects in the crystallization process
of 2D COFs is the stacking of extended layers through
non-covalent interactions. Thus, steric factors induce a pro-
found impact on the stacking mode of 2D COFs. In general,
steric interactions between substituted groups cause offsets
of adjacent layers in 2D COFs. Once the steric groups or
steric repulsions are too large, the stacking mode of 2D
COFs may change from AA to AB, or even ABC stacking to
weaken the repulsions and stabilize the frameworks.
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Figure 4 a) Synthesis of SIOC-COF-8 with inclined stacking mode [17b].
b) Schematic representation of controlling the stacking modes of 2D COFs
via steric tuning [12a].

In 2017, Zhao et al. [17b] presented a case study on how
steric substitutes influenced the stacking mode of 2D COFs.
The authors reticulated a modified truxene derivative with
methyl groups,
3,8,11-tri(4-formylphenyl)-5,5,10,10,15,15-hexamethyltrux
ene, with 1,4-diaminobenzene and benzidine to afford
SIOC-COF-8 (Figure 4a) and SIOC-COF-9, respectively.
The results revealed that both COFs adopted inclined
stacking mode with adjacent layers offset by 8.2 A, instead
of AA stacking, due to the steric hindrance of methyl groups.
Cui and co-workers [27] constructed N,N-diaryl dihydro-
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phenazine (PN)-based COFs by reacting
5,10-di(3,5-diformylphenyl)-5,10-dihydrophenazine ~ with
linear diamines. All the 2D COFs exhibited slipped AA
stacking mode due to the steric repulsions of PN units. The
PN units in the 2D COFs were aligned perpendicularly to
the layers to some extent, causing an offset of 3.7-3.9 A
between PN units in adjacent layers.

Cui, Liu et al. [12a] reported the control of stacking mode
of 2D COFs by tuning the steric groups in monomers (Fig-
ure 4b). 1,3,5-Tris(4-aminophenyl)benzene (H) was chosen
and modified with ethyl and isopropyl groups to give steric
monomers Et and ‘Pr, respectively, and further reacted with
di- or trialdehydes to afford 2D COFs. The 2D COFs syn-
thesized from H and di- or trialdehydes exhibited AA
stacking mode. However, due to the steric hindrance of al-
kyl substituents, the 2D COFs produced by Et and ‘Pr with
linear dialdehydes exhibited ABC stacking mode, while the
2D COFs generated from Et and ‘Pr with trialdehydes fea-
tured AB stacking mode. Moreover, in multivariate (MTV)
COFs, higher ratios of Et and ‘Pr with alkyl substituents
produced 2D COFs adopting AB or ABC stacking mode,
while higher concentration of H without substituents led to
2D COFs with AA stacking mode.

Zamora et al. [28] applied molecular steric engineering to
control the stacking mode and solid-state photolumines-
cence of 2D imine-linked COFs (IMDEA-COF-1 and -2)
constructed by reacting 1,3,5-benzenetricarbaldehyde
(BTCA) and 2,4,6-triformylphloroglucinol (TFP) with
1,6-diaminopyrene (DAP), respectively. PXRD patterns and
computational modeling revealed that IMDEA-COF-1 had
an AB stacking mode, while IMDEA-COF-2 showed an AA
stacking structure. The steric repulsions between pyrene
units, hydroxyl groups and imine bonds forced the for-
mation of planar layers and led to AA stacking of
IMDEA-COF-2. Moreover, the difference in layer packing
resulted in significant variation in the arrangement of the
pyrene units of IMDEA-COFs, leading to different lay-

er-packing-driven solid-state fluorescence of IMDEA-COFs.

IMDE-COF-1 with eclipsed stacking exhibited green emis-
sion in the solid state with an absolute emission quantum
yield value of 3.5%, while IMDEA-COF-2 was
non-fluorescent under UV irradiation.

Yin et al. [29] demonstrated the steric effects of side
chains on stacking modes of 2D COFs. COF-0-OH and
COF-4-OH were prepared by co-condensation of TFP with
2,7-diaminofluorene and 9,9-dibutyl-2,7-diaminofluorene,
respectively. COF-0-OH was found to have an AA stacking
mode, while COF-4-OH exhibited an AB stacking mode
owing to the steric hindrance of long n-butyl chains. Seki et
al. [17a] described the synthesis of 2D COFs from the con-
densation of TFP and linear diamines with different steric
groups, including benzene (TP), anthracene (Ant), benzo-
thiadiazole (Bt) and tetrazine (Tz). The torsion angles in
diamines increased as the steric groups became larger, re-
sulting in 2D COFs with AB or ABC stacking mode. In ad-
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dition, higher reaction temperatures led to the COFs with
slipped AA or AB stacking.

Cui’s group [30] reported the synthesis of 2D chiral
COFs (CCOFs) by reacting sterically large monomer
tetraaryl-1,3-dioxolane-4,5-dimethanols (TADDOLs) with
4,4’-diaminodiphenylmethane (4,4’-DADPM). Subsequent
PXRD, theoretical calculations and pore size distribution
analyses confirmed that CCOF-1 adopted an unusual
two-fold interpenetrated net with AB stacking mode, while
CCOF-2 possessed a non-interpenetrated net with AB
stacking mode. Recently, they have incorporated a chiral
diphosphine ligand (R)-MeO-BIPHEPA with large steric
hindrance into 2D CCOFs [31]. Due to the steric effects of
(R)-MeO-BIPHEPA, a quarter of the aldehydes in the di-
phosphine ligand were retained during the condensation
process, and the CCOFs showed ABC stacking mode. Apart
from imine-linked COFs, 2D olefin-linked COFs with ABC
stacking mode were also constructed. Narita ef al. [32] have
employed C>-symmetric dibenzol[Ai,stJovalene
(DBOV)-based DBOV-CHO and
3,5-dicyano-2,4,6-trimethylpyridine (DCTMP) as building
blocks to synthesize a -C=C- linked 2D DBOV-COF that
exhibited ABC stacking due to the large steric hindrance of
methyl groups. As a result, active sites of DBOV-COF are
more accessible for interacting with external guest mole-
cules.

2.4 Topologies of 2D COFs

Building blocks with steric substituents also induce topo-
logical changes in 2D COFs. In case the expected topolo-
gy-guided 2D COFs lack enough space to accommodate
steric groups in pores, the topology may change to over-
come steric repulsions and form COFs with other topolo-
gies.

COF-DBTA

COF-DETA

Figure 5 Synthesis and structures of a dual-pore COF (COF-DHTA) and
single-pore COFs (COF-DETA and COF-DBTA) from ETTA and dialde-
hyde with different substituents (H = hydrogen atoms, Et = ethyl groups,
n-Bu = n-butyl groups) [18].

Zhao and co-workers [18] reported the first topological
regulation of 2D COFs by introducing steric substituents.
COF-DHTA with hydroxyl groups constructed from
2,5-dihydroxyterephthalaldehyde (DHTA) and
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4,4’ 4”7 4°-(ethene-1,1,2,2-tetrayl)tetraaniline (ETTA),
presented a kagome dual-pore topology. However,
COF-DETA and COF-DBTA built from
2,5-diethoxyterephthalaldehyde (DETA) and

2,5-dibutoxyterephthalaldehyde (DBTA) with ETTA, re-
spectively, exhibited a rhombus-like single-pore topology
(Figure 5) in order to reduce steric repulsions between long
alkyl chains.

Deng and co-workers [33] presented the topological reg-
ulation of 2D COFs by applying steric organic Lewis acid
tris(pentafluorophenyl)borane (TPFB) as catalyst. The au-
thors obtained COF-820 with sql topology and quadrilateral
pores through the condensation of ETTA and terephthalal-
dehyde under catalyzed by TPFB. However, in contrast, the
same building blocks under Breonsted acid catalysis afforded
4PE-1P-COF with kgm topology, because the steric size of
TPFB was larger than the triangular pore in 4PE-1P-COF.
In addition, using aniline as a quencher of TPFB, a mixed
phase appeared with increasing aniline dosage, and the
phase corresponding to sql topology decreased gradually.

3 Steric Effects on Structural Changes of 3D
COFs

In contrast to 2D COFs, the design and synthesis of 3D
COFs are considered to be very challenging [34]. As a result,
controlling steric factors of the building blocks is crucial to
the successful construction of 3D COFs with tailored struc-
tural features [11b]. The monomers with sterically demand-
ing substituents upon extended reticulation and subsequent
3D network formation results into altered folds of interpen-
etration [12b, 35], appearance of unprecedented topology
[13] etc.

3.1 Constructing spatial nodes

The primary criterion for constructing 3D COFs is to select
molecular node that can be reticulated in spatial directions.
In general, non-planar tetrahedral building blocks are pre-
ferred choices [10e, 36]. However, the integration of steric
substituents into planar molecules induces an increased tor-
sion angle and strain between neighboring units, leading to
conformational changes of the molecules and the formation
of non-planar spatial nodes.

In this regard, Wang, Sun and co-workers [11b] intro-
duced a biphenyl-based monomer with methyl groups posi-
tioned in sterically demanding position and constructed a
new tetrahedral node for 3D COFs (Figure 6). The authors
reversibly condensed
3,3°,5,5 -tetra(p-aminophenyl)-biphenyl (BPTA) and
3,3°,5,5’-tetra(p-aminophenyl)-bimesitylene (BMTA) with
1,2,4,5-tetrakis(4-formylphenyl)-benzene (TPB-H) to give
two COFs, respectively. According to the crystal structures
resolved from continuous rotation electron diffraction
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(cRED), for BPTA without methyl groups, the dihedral an-
gle between the biphenyl rings was around 0° in the frame-
work due to negligible steric interactions, leading to the
formation of a 2D COF (2D-BPTA-COF). However, for
BMTA with methyl groups at the ortho positions of bi-
phenyl rings, the dihedral angle between the biphenyl core
was restricted to 60° in the framework due to the large steric
repulsions, forcing BMTA to form a tetrahedral confor-
mation and producing a 3D COF (3D-BMTA-COF) with
7-fold interpenetrated pts topology.

3D-BMTA-COF

Figure 6 Schematic representation of the synthesis of 2D-BPTA-COF
and 3D-BMTA-COF based on biphenyl units through steric tuning (H =
hydrogen atoms, Me = methyl groups) [11b].

One of the main obstacles for diversifying 3D COFs is
the availability of suitable nodes. Therefore, in past few
years, constant efforts have been made to construct 3D
COFs by applying high valency nodes through new topolo-
gy directed designs. Zhang and co-workers [37] demon-
strated the significant influence of steric factors to develop
an 8-connected sterecoscopic node for the construction of 3D
COFs. The synthesized 8-connected node,
4’,5’-bis(3,5-diformylphenyl)-3’,6’-dimethyl-[1,17:2°,1”-ter
phenyl]-3,3”,5,5”-tetracarbaldehyde (DPTB-Me), showed a
cuboid shape owing to the steric hindrance of two methyl
groups on the central phenyl ring, which made a dihedral
angle of about 75° between central and peripheral rings,
forcing the molecule to form the desired spatial confor-
mation. A series of 8-connected 3D COFs (NKCOF-21, -22
and -23) with bcu topology were obtained by the
co-condensation of DPTB-Me and linear diamines. Peng,
Zhu, Dai et al. [38] reported another 8-connected node,
1,3,6,8-tetrakis 3,5-bis[(4-amino)phenyl]phenylpyrene
(OAPy) exhibiting D4, symmetry due to steric hindrance
and reacted with diamines to afford 3D COFs (ZJUT-2 and
ZJUT-3) with 2-fold interpenetrated beu topology. Similarly,
Fang, Yao, Li et al. [39] synthesized two 8-connected
building blocks,
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3,3°,5,5-tetra(3”,5” -diformylphenyl)-2,2°,6,6-tetramethox

y-4,4’-dimethyl biphenyl (TDFTD) and
2,3,5,6-tetrakis(([3,5-diformylphenyl]-5-yl)-9H-carbazol-9-

yl)-1,4-benzenedicarbonitrile (TDFCB). Due to steric hin-
drance, both TDFTD and TDFCB displayed cubic geometry,
which were condensed with 1,4-phenylenediamine to give
3D COFs, JUC-588 and JUC-599, respectively, with bcu
topology.

3.2 Interpenetration degree

In the construction process of 3D COFs, interpenetration
helps in managing the vacant space and stabilizes the over-
all network. It has been generally noticed with the longer
struts [40]. Moreover, highly interpenetrated 3D COFs were
built with micropore apertures and smaller pore volume [41].
Introducing substituents with steric demands into building
blocks will increase intermolecular repulsions during the
assembly of 3D COFs. In order to reduce these unfavorable
interactions, the building blocks with steric groups will tend
to accommodate into the framework with fewer folds of
interpenetration and highly accessible pores.

a)

HoN,

H;NNH; O

0

SP-3D-COF 2

b)

NH,

__>
J

NH, -9

DABP

O &, Mﬁ'
NH, -
TMSFTA DADMBP
JUC-551

Y
O e
NH, -

DATMBP
JUC-552

Figure 7 a) Synthesis and structure of SP-3D-COF 2 with high interpen-
etration degree [42]. b) Synthesis of JUC-550 to -552 by the condensation
reaction of TMSFTA and DABP, DADMBP, or DATMBP, and the
non-interpenetrated dia structures of JUC-550 to -552 [12b].

Zhao, Li, Jiu et al. [42] selected
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3,37,6,6’-tetraamine-9,9’-spirobifluorene ~ with  tetrago-
nal-disphenoid conformation as the tetrahedral node and
condensed with linear dialdehydes to synthesize
SP-3D-COFs featuring microporous structures with high
interpenetration degrees (Figure 7a). Later, Fang and
co-workers [12b] introduced multiple methoxy groups into
spirobifluorene core and selected biphenyl units with me-
thyl groups to synthesize non-interpenetrated 3D COFs.
Methoxy-modified

2,27, 7’ -tetramethoxy-9,9’-spirobi[ fluorene]-3,3°,6,6’-tetra
carbaldehyde (TMSFTA) was synthesized and condensed
with 4,4’-diaminobiphenyl (DABP),
4,4’-diamino-2,2’-dimethylbiphenyl ~ (DADMBP)  and
4,4’-diamino-2,2’,6,6’-tetramethylbiphenyl (DATMBP) to
produce 3D COFs (JUC-550, JUC-551 and JUC-552), re-
spectively. Due to the steric hindrance of methoxy and me-
thyl groups, all the 3D COFs featured mesoporous struc-
tures with non-interpenetrated dia topology (Figure 7b) and
high specific surface area.

In another case, Fang and co-workers [35] chose
tetrakis(3-formyl-4-hydroxylphenyl)methane (TFHPM) as
the tetrahedral node and 4,5-difluorophenylene-1,2-diamine
(DFPDA), 4,5-dichlorophenylene-1,2-diamine (DCPDA) as
linkers to synthesize 3D Salphen-based COFs (JUC-508 and
JUC-509), respectively. The subsequent PXRD measure-
ments combined with theoretical simulations revealed that
both 3D COFs possessed non-interpenetrated dia networks
owing to the steric hindrance of Salphen units.

3.3 Topologies of 3D COFs

The topology design strategies for constructing 3D COFs
were found to be highly dependent on steric factors induced
by bulky substituents in building blocks. In the process of
minimizing intermolecular steric repulsions, building blocks
with different steric bulk may produce 3D COFs with al-
tered topology under the same construction approach.

In 2021, Wang, Sun and co-workers [13] reported for the
first time the topology tuning of 3D COFs through steric
control (Figure 8). Tetraphenylbenzene core with different
steric substituents (methoxy and phenyl) were selected as
quadrilateral building blocks (TPB-OMe and TPB-Ph) for
subsequent condensation with the tetrahedral node tet-
ra(p-aminophenyl)-methane  (TAPM) and  generated
3D-TPB-COF-OMe and 3D-TPB-COF-Ph, respectively.
The crystal structures analyses using cRED technique
showed that 3D-TPB-COF-OMe possessed 5-fold interpen-
etrated pts topology, which was identical to other
3D-TPB-COFs with H, F, methyl, or hydroxyl substituents,
indicating the steric hindrance of methoxy groups was not
sufficient to change the topology. However, due to the large
steric repulsions of phenyl groups, 3D-TPB-COF-Ph crys-
tallized in unprecedented ljh topology with a
self-interpenetrated net. Later, BMTA was used instead of
TAPM as elongated tetrahedral node to produce
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3D-BMTA-COF-Ph with the targeted pts topology [43].
The extended shape of BMTA led to increased intermolecu-
lar distance between TPB-Ph units in the framework, which
alleviated the intermolecular repulsions and promoted the
formation of 3D-BMTA-COF-Ph with 5-fold interpenetrat-
ed pts topology.

NH;

Elongate

N,N‘©§©NNZ - D\mensltﬁ

TAPM
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Q3 2 Increase @)
mm “Steric HmcmnNC ) : Cl o
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3D-TPB-COF-Ph (ljh)

3D-TPB-COF-OMe (pts) 3D-BMTA-COF-Ph (pts)

Figure 8 Schematic representation of the synthesis and topology tuning
of 3D-TPB-COF-OMe, 3D-TPB-COF-Ph and 3D-BMTA-COF-Ph through
steric control [43].

4 Conclusions and outlooks

In conclusion, steric effects play an important role in tailor-
ing the structures of COFs. Introducing sterically demand-
ing substituents or bulky groups into monomers brings
about conformational changes and intermolecular repulsions
of building blocks, thus leading to structural changes of
COFs. For 2D COFs, the steric substituents generally affect
the torsion angles between adjacent units, disrupt the pla-
narity and n-n stacking of layers, and lead to increased in-
terlayer distances or, if the steric hindrance is too high,
changes in stacking mode and topology of the framework.
For 3D COFs, the incorporation of steric groups may force
the monomers to form spatial nodes with stereoscopic con-
formation, reduce the degree of interpenetration of 3D
COFs and even induce the formation of new frameworks
with altered topologies.

Although great progress has been made in studying steric
effects on the structural changes and tailoring of COFs,
there are still many aspects to be investigated. Understand-
ing the steric effects and structure-property-function rela-
tionship largely relies on the precise structures of COFs,
which remains a great challenge in the field of COFs. In
addition, systematic investigations on the steric effects af-
fecting the structures of COFs are still deficient, such as in
what cases would the substituents with steric requirements
induce the formation of new frameworks with altered to-
pology, rather than changing the stacking modes or reducing
the degree of interpenetration. Moreover, the targeted syn-
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thesis of COFs with desired spatial conformations and to-
pologies is still limited, thus the applications based on steric
effects in COFs have not been well explored.

Overall, understanding the impacts of steric effects on the
structures of COFs will provide deep insight into the design
and synthesis of COFs with desired structures and function-
alities, and promote the explorations of struc-
ture-property-function relationships and applications of
COFs.
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