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ABSTRACT: The structures of covalent organic frameworks
(COFs) are typically determined through modeling based on
powder X-ray diffraction. However, the intrinsically limited
crystallinity of COFs often results in structural determinations of
low fidelity. Here, we present real-space imaging of an extensively
studied two-dimensional imine-based COF. Contrary to the
conventional understanding that this COF features uniform
hexagonal pores, our observations reveal the presence of two
distinct sets of pores with differences in shape and size. Motivated
by this finding, we conducted reciprocal-space characterizations,
complemented by solid-state nuclear magnetic resonance spec-
troscopy and density functional theory calculations, to reevaluate
this seemingly simple structure. The collective results allow for the
establishment of a new structural model for this landmark COF and its derivatives, differing from the conventional model in both
intra- and interlayer configurations. Furthermore, we identified various previously unrecognized defective structures through real-
space imaging, which have significant implications for COF applications in separation and catalysis. Our study demonstrates the
complexity and heterogeneity of COF structures, while also highlighting the imperative for structural reevaluation using advanced
characterization techniques.

■ INTRODUCTION
Determining the structures of materials is essential for
understanding their properties, yet it is a nontrivial task.
Advances in characterization techniques can transform tradi-
tional views by providing greater precision in structural
determination. For instance, single-layer graphite, known as
graphene, was once thought to be unstable in nature, but its
existence was later demonstrated through the combination of
various imaging and spectroscopy techniques.1 Similarly, liquid
water was long considered to consist of randomly distributed
molecules. However, neutron and X-ray scattering, as well as X-
ray absorption spectroscopy, have revealed the presence of local
structural order within its highly dynamic hydrogen bond
network, although the specific local symmetry remains
controversia.2−5

Covalent organic frameworks (COFs) constitute a novel class
of porous crystalline materials,6−9 with significant applications
in catalysis, adsorption, separation, and sensing.10−13 Due to the
difficulty in growing large single crystals of COFs, their bulk
structures are typically determined through modeling based on
structural building units and chemical linkages, refined using
powder X-ray diffraction data.14−17 This method, however, has
inherent limitations in accuracy. Additionally, probing local

structural features such as grain boundaries and point defects in
COFs is challenging,18−21 because transmission electron
microscopy (TEM), the most suitable tool for this purpose, is
constrained by the high sensitivity of COFs to electron beam
irradiation.

COFs constructed using imine linkages via Schiff base
chemistry have been extensively investigated due to the high
reversibility of bond formation and the wide range of available
monomers.22−27 Among these imine-linked COFs, a material
synthesized from 1,3,5-tris(4-aminophenyl)benzene (TAPB)
and 2,5-dimethoxyterephthalaldehyde (DMPDA), denoted as
TAPB-DMPDA, has garnered widespread attention due to its
exceptional crystallinity and substantial porosity.10,14,17,28−32

Considering the connectivity of its monomers, TAPB-DMPDA
is believed to possess a straightforward two-dimensional (2D)
structure: an ordered porous framework extending in two
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dimensions with layers stacking in the third dimension, where
each layer contains identical six-membered ring (6-MR) pores in
a regular hexagonal shape, and all layers are aligned, resulting in
6-MR straight channels running throughout the stacked layers.

Here, we reexamined this widely studied COF using advanced
characterization techniques, including ultralow-dose high-
resolution TEM (ULD-HRTEM), small-angle X-ray scattering
(SAXS), three-dimensional electron diffraction (3DED), and
two-dimensional nuclear magnetic resonance (2D-NMR)
spectroscopy. Our results explicitly demonstrate that, contrary
to the generally accepted view that TAPB-DMPDA has identical
6-MR channels, it actually possesses two sets of 6-MR channels
that differ in shape and diameter. This finding suggests the
coexistence of cis and trans diimine linkages within this COF.
Our results also reveal that adjacent layers are flipped relative to
each other, contradicting the conventional structural model in
which all layers share the same configuration. Theoretical
calculations indicated that the newly identified dual-pore AA’-
stacking structure is thermodynamically more favorable than the
previously assumed monopore AA-stacking structure, as it leads
to significantly stronger interlayer interactions. Furthermore,
TAPB-DMPDA samples synthesized under varying conditions,
as well as two derivatives incorporating different side groups,
consistently exhibit the dual-pore structure, confirming its
universality. In addition, using ULD-HRTEM, we directly
observed abundant grain boundaries composed of 5-, 7-, and 8-
MR pores, and established their correlation with grain
orientations. Given that the most crucial characteristic of
crystalline porous materials is their size- and shape-selectivity,
the discovery of the previously unknown dual-pore structure and
diverse local non-6-MR structures has significant implications
for the applications of TAPB-DMPDA and related COFs in
catalysis and separation.

■ RESULTS AND DISCUSSION
Structural Determination of TAPB-DMPDA. The con-

struction of TAPB-DMPDA from two monomers through an
aldehyde-amine condensation reaction is schematically illus-
trated in Figure 1a. This COF was first reported by Jiang’s
group10 and later widely reproduced by other groups using the
same or modified synthetic methods.29,33,34 The resultant
materials are consistently described as having a 2D hexagonal
layered structure. Each layer consists of identical 6-MR pores in
regular hexagonal shapes (Figure 1a), with all layers being
identical and aligned in an AA-stacking mode.10,14,29,30 The
diimine linkages connecting two nodes are generally considered
to adopt the trans conformation (see Figure 1b) to maintain the
regular hexagonal pore structure extending throughout the layer.

We chose to use the method developed by Dichtel’s group to
synthesize TAPB-DMPDA, as it yields products with excep-
tionally high crystallinity.29 We performed the synthetic reaction
at 150 °C for 1 h before collecting the product. The detailed
synthesis procedure is provided in the Materials and Methods
section. The obtained COF consists of plate-like crystals with
diameters of 1−2 μm (Figure S1). Atomic force microscopy
reveals that these platelets are as thin as ∼20 nm at their
peripheries (Figure S2), making them ideal for HRTEM
imaging. Powder X-ray diffraction (PXRD) using Cu Kα
radiation exhibits five clearly discernible peaks in the 2θ range
of 2−10° (Figure 1c), which are assigned in the literature to the
100, 110, 200, 210, and 310 reflections of a hexagonal lattice.
Following this assignment, the unit cell parameter of the
synthesized TAPB-DMPDA sample is a = b = 36.51 Å, in good
agreement with the previously reported results for this COF. In
the literature, the unit cell parameter c is determined from the
peak at 2θ ≈ 26° to be approximately 3.7 Å, assuming the AA
stacking mode.

We employed ULD-HRTEM real-space imaging35−39 to
examine the structure of TAPB-DMPDA. The images were

Figure 1. Comparison of generally accepted and HRTEM-observed structures of TAPB-DMPDA. (a) Schematic illustration of the synthesis of TAPB-
DMPDA via a Schiff-base condensation reaction, with its structure depicted according to the generally accepted model, where turquoise hexagons
delineate identical 6-MR pores. (b) Enlarged view of a single 6-MR pore marked in a, showing that the diimine linkages exclusively adopt the trans
conformation. (c) PXRD pattern of TAPB-DMPDA, indexed based on the generally accepted monopore structure model. (d) ULD-HRTEM image of
TAPB-DMPDA acquired along the [001] direction, showing two types of 6-MR pores with different shapes, labeled 1 and 2, respectively. The unit cells
of the monopore and dual-pore structures are delineated with red and white rhombuses, respectively.
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acquired along the channel direction with precisely controlled
electron doses of less than 10 e−/Å2 to prevent structural
damage, achieving a resolution greater than 2.5 Å (Figure S3).
Interestingly, the image reveals that, contrary to the generally
accepted structural model featuring identical hexagonal pores
(Figure 1a), this COF possesses two types of 6-MR pores that
differ in shape (Figure 1d). One type consists of six convex
edges, giving it a nearly round appearance, while the other
combines three straight edges with three concave edges,
resulting in shrunken pores with a smaller size (Figure 1d). To
rule out the possibility that this unusual structure is an artifact of
HRTEM, we employed another low-dose technique, integrated
differential phase-contrast scanning TEM (iDPC-STEM), for
cross-validation. The obtained images confirm the coexistence
of round and shrunken pores in TAPB-DMPDA (Figure S4).

A reasonable explanation for the observed dual-pore structure
is that cis and trans conformations of the diimine linkage coexist
in the framework, corresponding to the curved and straight
edges of the 6-MRs, respectively (Figure S5). However, a
question arises: given that the unit cell of the dual-pore structure
is apparently larger than that of the previously assumed
monopore structure (Figure 1d), why has this larger unit cell
not been identified in previous PXRD studies of this COF? We
believe this can be attributed to the low sensitivity of PXRD to
the reflections associated with the larger unit cell, which are
generally weak due to the subtle difference between these two
structures.

Inspired by the HRTEM observations, we reexamined the
structure of TAPB-DMPDA by conducting selected-area

electron diffraction (SAED) and small-angle X-ray scattering
(SAXS) characterizations, which are more sensitive to weak
reflections. As expected, “extra” reflections with large d-spacings
were observed in the SAED pattern (Figure 2a). Similarly, SAXS
reveals a notable peak at 2θ ≈ 1.6°, along with several peaks at
higher angles that were missed by PXRD, as indicated by
asterisks in Figure 2b. These findings confirm the presence of a
large unit cell at a = b = 63.34 Å.

Further, we conducted 3DED to comprehend the three-
dimensional structure of TAPB-DMPDA. From the recon-
structed 3D reciprocal lattice [Figure 2c(i,ii)], the unit cell
parameters are determined to be a = 65.30 Å, b = 63.84 Å, c =
7.20 Å, α = 89.72°, β = 90.57°, and γ = 118.94°. The large unit
cell can be more clearly recognized from the high-angle
reflections at approximately 4.0−2.0 Å. Further analysis of the
reflection conditions reveals the Laue class of 6/mmm,
indicating a hexagonal crystal system. The 2D slice cuts of the
3D reciprocal lattice exhibit reflection conditions as hh h2 l: l =
2n; hh̅0l: l = 2n [Figure 2c(iii,iv)]. Therefore, the possible space
groups for TAPB-DMPDA are P6cc (no. 184) and P6/mcc (no.
192). Eight 3DED data sets (Table S1) were merged for
structural analysis, achieving a completeness of 75.7%, and a
resolution of 1.97 Å. Although this resolution was not sufficient
for ab initio structure solution, the rendered electrostatic
potential map exhibits a dual-pore structure, with the shapes of
the two types of pores being consistent with the ULD-HRTEM
and iDPC-STEM observations (see Figure 3b). In addition to
confirming the dual-pore structure, the most crucial information
from 3DED is that the unit cell parameter c is twice as large as

Figure 2. Electron diffraction and X-ray scattering characterizations of TAPB-DMPDA. (a) SAED pattern acquired along the [001] direction. The
yellow circles and violet circles mark the {100} and {200} diffraction spots, respectively, which were overlooked in earlier studies. Note that {100}
represents the six equivalent planes: (100), (010), (−110), (−100), (0−10), and (1−10). (b) Experimental and refined (Rwp = 3.53%, Rp = 2.77%)
SAXS patterns, indexed based on the dual-pore structure. Asterisks indicate the peaks missed in previous PXRD studies. The hash mark indicates the
only unindexed peak, which may arise from impurities (see Figure S6 for further discussion). (c) 3D reciprocal lattice reconstructed from 3DED data,
viewed along the (i) [001] and (ii) [100] directions. 2D slice cuts show the (iii) hh h2 l and (iv) hh̅0l planes. Red, green, and blue lines represent the
lengths of the three basis vectors of the reciprocal lattice (a*, b*, and c*), respectively.
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previously determined based on the AA stacking mode. The
doubled unit cell size along the c direction can be explained by
the COF adopting an AA’ stacking mode, where adjacent layers
are flipped relative to each other (Figure 3a).

Combining the results from ULD-HRTEM, SAXS and 3DED,
we propose a new structural model for TAPB-DMPDA that
differs from the widely accepted one in both the in-layer
structure (dual-pore vs monopore) and the layer stacking mode
(AA’ stacking vs AA stacking). The newly identified structure,
following geometry optimization using the Forcite module and
refinement based on SAXS data via the Le Bail method (Table
S2), was used for HRTEM simulation. The HRTEM image
simulated with a specimen thickness of 20 nm and a defocus of
−100 nm exhibits a perfect match with the experimental image
(Figure 3b). The effective diameters of the round and shrunken
6-MR pores, determined from the optimized structure, are
approximately 32 and 30 Å, respectively (Figure S7). This
difference is not distinguishable in the pore size distribution
profile derived from the N2 sorption isotherm (Figure S8).

The dual-pore structure features coexisting cis and trans
diimines in a 2:1 ratio, resulting in two sets of chemically distinct
carbon atoms (11 types in each set) within the framework
(Figure 3c). To differentiate the two sets of carbon atoms, we
employed 600 MH solid-state NMR and introduced hetero-
nuclear correlation (HETCOR) 1H−13C spectroscopy. Due to
the resolution limitations of solid-state NMR, most carbon
atoms show broadened peaks, with their splitting not discernible
in the HETCOR spectrum. However, the carbon atoms on the
imine groups (i.e., carbon-10) exhibit two peaks with an area
ratio of 2:1 (Figure 3c). This result provides additional evidence
for TAPB-DMPDA having a dual-pore instead of a monopore
structure.

It is noteworthy that while TAPB-DMPDA was traditionally
believed to be composed solely of trans diimines, cis diimines
have been identified in other COFs.24,25,27,40−42 A recent study
using single-crystal X-ray diffraction observed a trans-to-cis
transition of diimines in COF Py-1P, accompanied by a change
in stacking mode driven by loss of solvent.27 The discovery of
the coexistence of both cis and trans diimines in a COF in this

Figure 3. Validation of the dual-pore AA’-stacking structure of TAPB-DMPDA. (a) Schematic representation of the dual-pore AA’-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 A′) are oriented in a flipped arrangement relative to each other. (b) From left to right: projected structural model, simulated HRTEM
image, experimental HRTEM image, and electrostatic potential map rendered from 3DED data. (c) Heteronuclear correlation 1H−13C NMR
spectrum. The left panel shows the structural fragment of TAPB-DMPDA with two sets of chemically distinct carbon atoms labeled.
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study adds a new dimension to our understanding, further
highlighting the structural complexity of COFs.
Theoretical Calculations. Density functional theory

(DFT) calculations reveal that the dual-pore AA’-stacking
structure has a formation energy 280 kJ per mol unit cell
(specific to the dual-pore structure) lower than that of the
monopore AA-stacking structure (Figure 4a), indicating that it is
the more thermodynamically favorable configuration. This
substantial difference in formation energy is mainly attributed
to the variation in noncovalent interlayer interactions, which is
223 kJ per mol unit cell, as determined by comparing the bulk
and slab models. We further analyzed the noncovalent
interaction (NCI) using Reduced Density Gradient function43

and found that the interlayer interactions are primarily
contributed by π−π stacking, as shown by the NCI isosurfaces
colored according to the sign(λ2)ρ function. Notably, the NCI
isosurface between the dimethoxyphenyl moieties is denser and
energetically lower in the dual-pore AA’-stacking structure
compared to the monopore AA-stacking structure, suggesting
stronger local π−π stacking (Figure 4b).

Figure 4c depicts the electrostatic potential on the van der
Waals surfaces44 of the two structures. The dual-pore AA’
structure exhibits strong dipole separation, with the round
channels being more negatively charged and the shrunken
channels being more positively charged. In comparison, the
channels of the monopore AA structure are more evenly and
weakly charged. This highlights the potentially profound
impacts of this newly identified structure on not only the
regulation of channels’ dimensions but also their physical and
chemical environments.
Universality of the Identified Dual-Pore Structure.

According to DFT calculation results, the dual-pore structure is
thermodynamically favorable and therefore destined to be
obtained in TAPB-DMPDA and other COFs with the same
scaffold, provided there are no kinetic factors dominating the
synthesis. To verify this hypothesis, we synthesized a series of
TAPB-DMPDA samples and characterized them using SAXS,
with the low-angle reflection at ∼1.6° serving as an indication of

the dual-pore structure. We first synthesized three samples using
the aforementioned method but with varying reaction temper-
atures. We found that their crystallinity increases with reaction
temperature, with the low-angle reflection becoming apparent
above 90 °C (Figure S9a). Moreover, we examined two samples
synthesized using methods reported by Jiang’s group10 and
Marder’s group.34 Despite relatively lower crystallinity, the
characteristic low-angle reflection was discernible in their SAXS
patterns (Figure S9b). Additionally, we synthesized two other
COFs with the same framework as TAPB-DMPDA, but with
hydroxyl45 or prop-2-yn-1-yloxy46 groups substituting the
methoxy groups. These COFs also exhibited the dual-pore
structure, as evidenced by SAXS and HRTEM analyses (Figures
S10−S13). These results substantiate that the dual-pore
structure is universal for TAPB-DMPDA-related COFs and
can be easily recognized when the material’s crystallinity is
sufficiently high. However, it is worth noting that the monopore
structure cannot be ruled out for all 2D imine-linked COFs with
the same topology, given the complex factors influencing
structural formation. Our ongoing research indicates that a
monopore structure can form in a related system by altering the
substitution groups. These findings will be reported separately in
the future.
Diverse Grain Boundary Structures. In addition to the

previously unknown bulk structure, TAPB-DMPDA exhibits
abundant local structures, which are easily recognizable from the
distinct contrast in the low-magnification (S)TEM images
(Figure S14). We performed ULD-HRTEM to investigate these
local structures in detail. Figure 5a displays a typical interfacial
structure observed in TAPB-DMPDA, where two grains with the
same orientation are interconnected through two rows of round
6-MR pores, forming a twin boundary. To accommodate the
connection of two round 6-MR pores, the shared edge needs to
be straight, adopting the trans conformation. Consequently, the
interface region possesses two types of nonstandard 6-MR
pores: five cis edges combined with one trans edge and four cis
edges combined with two trans edges. As these interfacial
structures do not significantly deviate from the bulk structure,

Figure 4. DFT calculations. (a) DFT-optimized structures for the dual-pore AA’-stacking and monopore AA-stacking models, along with their
formation energy difference. (b) The noncovalent interaction isosurface of the dual-pore AA’-stacking structure, colored according to the sign(λ2)ρ
function. The local region between the dimethoxyphenyl moieties is enlarged for comparison with that of the monopore AA-stacking structure. (c) van
der Waals surfaces projected with electrostatic potentials of the two structures, showing distinct charge distributions.
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they are expected to have negligible effects on the material’s
properties.

Grain boundaries (GBs) containing non-6-MR pores are also
frequently observed, as exemplified by the three areas marked in
Figure 5b, with enlarged images shown in Figure 5c−e. When
two grains with a 30° orientation relationship meet, the resulting
GB is typically not straight, comprising alternating 5-MR and 7-
MR pores (Figure 5c).33 Occasionally, this type of GB, featuring
alternating 5-MR and 7-MR pores, can form a loop, enclosing a
small domain as an island that is 30° misaligned with the
surrounding area (Figure 5d). Another prevalent GB structure
identified in TAPB-DMPDA involves grains sharing identical
orientations but offset by half the diameter of a 6-MR pore. In
this situation, the GB is straight, consisting of alternating double
5-MRs and 8-MR pores (Figure 5e). The observed diverse non-
6-MR pores are reminiscent of graphene, which has similar GB
structures, albeit at the atomic scale.47 The larger pore diameters
of 7-MRs and 8-MRs, compared to the standard 6-MRs, would
significantly influence TAPB-DMPDA’s size- and shape-
selectivity when employed as a separation medium or in
catalysis. Being aware of their presence and knowing their

density is crucial for understanding their performance in various
applications.

■ CONCLUSION
Real-space imaging has revealed a previously unknown dual-
pore AA’-stacking structure in the extensively studied COF,
TAPB-DMPDA. This discovery is corroborated by reciprocal-
space characterizations, including SAXS, SAED, and 3DED, and
further substantiated by solid-state NMR and DFT calculations.
Compared to the previously perceived structure, the newly
identified structure exhibits variations in both pore size
distribution and charge distribution, suggesting significantly
different physicochemical properties. Furthermore, the identi-
fied structure has been consistently observed for this COF and
structurally related COFs sharing the same framework,
regardless of synthetic conditions. Additionally, real-space
imaging directly uncovers the presence of numerous defects
and diverse grain boundaries, including previously unknown
nonstandard 6-MR, alternating 5-MR and 7-MR, as well as
alternating double 5-MRs and 8-MR pore structures. The
findings of this study, suggesting that both cis and trans

Figure 5. Diverse grain boundary structures in TAPB-DMPDA revealed by HRTEM. (a) Twin boundary formed between two grains with identical
orientation. Nonstandard 6-MR pores are formed at the interface, with straight edges highlighted by white line segments. (b) Area exhibiting numerous
defects and grain boundaries, as evidenced by the diffraction contrast in the image. (c) Enlarged view of region I in (b) showing alternating 5-MR and 7-
MR pores along the boundary between two grains exhibiting a 30° orientation relationship. (d) Enlarged view of region II in (b) where alternating 5-
MR and 7-MR pores form a loop, enclosing a small domain that is 30° misaligned with the surrounding area. (e) Enlarged view of region III in (b)
showing a straight boundary consisting of alternating double 5-MRs and 8-MR between two grains with the same orientation but slight offset.
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conformations of diimine bonds can coexist in an ordered
manner, are believed to represent a general phenomenon across
various imine-based COFs. Our research provides important
insights into the applications of imine-based COFs, one of the
most significant COF families, in separation and catalysis. It is
worth noting that several effective methods for synthesizing
large single crystals of COFs have been reported recently,22,25,27

enabling the resolution of COF structures using single-crystal X-
ray diffraction. While these methods are not yet applicable to
TAPB-DMPDA, we anticipate that TAPB-DMPDA could
eventually be grown into large single crystals. When this
becomes possible, the dual-pore AA’ structure identified in this
study can be further validated through single-crystal X-ray
diffraction.
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