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Intramolecular Hydrogen Bonding-Based Topology Regulation
of Two-Dimensional Covalent Organic Frameworks

Yongwu Peng,§ Liuxiao Li,? Chongzhi Zhu, Bo Chen, Meiting Zhao, Zhicheng Zhang, Zhuangchai Lai,
Xiao Zhang, Chaoliang, Tan, Yu Han, Yihan Zhu* and Hua Zhang*

ABSTRACT: Creating molecular networks with different topologies using identical molecular linkers is fundamentally important,
but requires a precise chemistry control. Here, we propose an effective strategy to regulate network topologies of two-dimensional
(2D) covalent organic frameworks (COFs) through conformation switching of molecular linkages. By simply altering the substituents
of an identical molecular linker, the topology-selective synthesis of two highly crystalline 2D COFs can be readily achieved. Their
distinct crystal structures are observed and determined by low-dose high-resolution transmission electron microscopy imaging, indi-
cating that the driving force for linkage conformation switching is intramolecular hydrogen bonding. Our strategy would greatly
diversify the COF topologies and enable vast post-synthetic modifications like boron complexation, endowing these structures with

unique optical property, such as fluorescence “turn on” and “aggregation-induced emission”.

1. INTRODUCTION

Covalent organic frameworks (COFs), as one of emerging
class of porous crystalline materials built from organic building
blocks connected by covalent bonds,'” have attracted wide-
spread attention due to their various potential applications in-
cluding gas adsorption and separation,'*!? catalysis,'*'® optoe-
lectronics,'*?2 etc.**! The functional diversity of COFs origi-
nates from their high structural tunability and versatility, in
which a large variety of organic building blocks can be inter-
connected to create an almost infinite number of networks.®”
The overall properties of such porous materials are associated
with their compositions and morphologies, but more critically
rely on their network topologies.*>** Generally, the underlying
topologies of two-dimensional (2D) COFs are greatly deter-
mined by the connectivity and symmetries of the building
blocks involved. Once the symmetries of building blocks of a
2D COF are chosen, the regulation of substituents of building
blocks has limited effects on the topologies of COF networks.**
3 Recently, Pang et al. have demonstrated that the introduction
of bulky alkyl substituents into an identical molecular linker
could play a key role in switching the topology of a 2D COF
due to the steric repulsion effect.”? Unfortunately, the obtained
product with uncommon topology exhibits poor crystallinity.
Therefore, it is highly desired to design and synthesize topol-
ogy-selective 2D COF networks with high crystallinity based
on identical molecular linkers.

As known, it is quite challenging to directly identify and de-
termine the topologies of COF networks. In most cases, COF
topologies are modelled by the structural simulation, verified by

the powder X-ray diffraction (PXRD) measurements combined
with other physicochemical characterizations.’”*® However,
sometimes inconsistent results might be obtained.***® The re-
cent advance in the low-dose high-resolution transmission elec-
tron microscopy (HRTEM) has paved the way towards the di-
rect imaging and structure determination of electron beam-sen-
sitive materials at the atomic level.**** Using this technique, not
only the detailed framework information including the pore ar-
chitectures and building blocks in 2D COFs,?® but also the local
structure features such as crystal surfaces and interfaces,** en-
capsulated guest molecules*® and point- or extended-defects*’ in
metal organic frameworks (MOFs) can be identified.

Here, we demonstrate that the introduction of molecular link-
ages with flexible conformation in 2D COFs can provide addi-
tional degrees of freedom for their topologies. Specifically, we
have successfully synthesized two highly crystalline 2D COFs,
namely TPE-COF-OH and TPE-COF-OMe, with different to-
pologies and porosities by activation or passivation of intramo-
lecular hydrogen bonding, which switches the conformation of
molecular linkages in the networks, leading to the topology reg-
ulation of COF networks. Furthermore, the corresponding COF
topologies are determined by low-dose HRTEM imaging, and
further confirmed by the PXRD analyses combined with the
structural simulations and the N2 sorption measurements. In ad-
dition, the presence of (N, O)-bidentate Schiff base moieties in
TPE-COF-OH allows post-synthetic modifications such as bo-
ron complexation, yielding TPE-COF-BF: as a COF derivative
that exhibits exciting fluorescence “turn on” and “aggregation-
induced emission” properties.
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Scheme 1 Synthesis and topology diagrams of TPE-COF-OH and TPE-COF-OMe by the condensation of TPE-NH2 with D2n molecular

symmetry and 2,3-DHTA/2,3-DMTA with C> molecular symmetry
2.RESULTS AND DISCUSSION

From the topological point of view, the combination of a 4-
connected Dz,-symmetric building block with a 2-connected
C>-symmetric building block can theoretically lead to the for-
mation of two different 2D COF networks, i.e., a dual-pore
kagome and a single-pore rhombic topology.*® It provides an
ideal model to investigate the effect of building blocks on the
topology of 2D COFs. Since the conformation of molecular
linkages in imine-linked 2D COF networks can be finely
switched by virtue of intramolecular hydrogen bonding through
tuning 2,3-substituted groups on terephthalaldehyde. In this
work, the tetrakis(4-aminophenyl)ethane (TPE-NHz) with Dax
molecular symmetry and 2,3-dihydroxyterephthalaldehyde
(2,3-DHTA) or 2,3-dimethoxyterephthalaldehyde (2,3-DMTA)
with C2 molecular symmetry are chosen as building blocks to
explore the effect of linkage conformation switching modulated
by intramolecular hydrogen bonding in the topology regulation
of 2D COFs. Specifically, through the Schiff base reaction be-
tween TPE-NH:> and 2,3-DHTA (or 2,3-DMTA) in the mixture
of o-dichlorobenzene (0-DCB)/dioxane/acetic acid (2:4:0.6,
v:v:v) at 393 K for 72 h, TPE-COF-OH (or TPE-COF-OMe)
was isolated as powder which cannot dissolve in common sol-
vents (Scheme 1, see the detailed Experimental Section in the

Supporting Information). The Fourier transform infrared (FT-
IR) spectra of TPE-COF-OH and TPE-COF-OMe exhibit a
characteristic C=N stretching band at 1619 cm™!. Moreover, the
aldehyde stretching bands of starting materials, i.e., 1658 cm’
for 2,3-DHTA and 1686 cm! for 2,3-DMTA, are greatly
attenuated, indicating the condensation reaction happened and
the formation of imine bonds (Figures S1-S2). Thermogravi-
metric analysis (TGA) analyses reveal that these two COFs
show good thermal stability up to ca. 400 °C. The presence of a
gradual weight loss for TPE-COF-OMe in the temperature
range between 340 to 400 °C is attributed to the decomposition
of methoxy groups in TPE-COF-OMe (Figure S3). As shown
in the scanning electron microscopy (SEM) and transmission
electron microscope (TEM) images, the morphologies of TPE-
COF-OH and TPE-COF-OMe are hexagonal nanosheet and
rectangular nanobelt, respectively (Figures S4a-b and S5a-b).

Recently, besides HRTEM imaging achieved on COFs,*!
low-dose HRTEM imaging integrated with direct detection
electron-counting camera has been developed to provide struc-
tural solutions for a wide range of beam-sensitive materials,*
like MOFs**7 and 2D COFs.?® In this work, the 2D crystal
structures of TPE-COF-OH and TPE-COF-OMe are imaged by
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HRTEM using such a low-dose strategy (see the detailed Ex-
perimental Section in the Supporting Information). Electron dif-
fraction patterns of these two 2D COFs along the [001] direc-
tion confirm a hexagonal symmetry for TPE-COF-OH and an
orthorhombic symmetry for TPE-COF-OMe (Figure S6). In ad-
dition, the observed extinction rules of TPE-COF-OMe with h
=2n and k = 2n for (h00) and (0kO) reflections indicate the pres-
ence of 21 screw axes parallel to the a and b axes, respectively.
As shown in Figure 1a, the HRTEM image and corresponding
fast Fourier transform (FFT) pattern of TPE-COF-OH have
been obtained along the [001] direction with a total electron

-

:»4 é,w& fﬁ-ﬂ' B

e o e W

dose of ~ 28¢” A2. The hexagonally arranged star-shaped bright
contrasts surrounded by dark contours are clearly observed in
the chemically interpretable contrast transfer function (CTF)-
corrected and denoised HRTEM image (Figure 1b). The con-
trast of the projected structure can be more clearly observed
from a real-space motif-averaged image (Figure 1c). Based on
these observations, the bright and dark contrasts can be assigned
to the 1D open hexagonal/triangular channels and the COF net-
work composed of the 4-connected TPE-NH2 and 2-connected
DHTA molecular fragments, respectively.
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Figure 1 Low-dose HRTEM characterization of TPE-COF-OH and TPE-COF-OMe. (a) Low-dose motion-corrected HRTEM image of a
representative TPE-COF-OH. Inset: FFT obtained from the white dashed circle. Scale bar: 20 nm. (b) CTF-corrected HRTEM image of the
TPE-COF-OH based on a -200 nm defocus value, which is denoised by a Wiener filter. Scale bar: 5 nm. (c) Motif-averaged HRTEM image
of the TPE-COF-OH. (d) Projected structural model and (e) simulated projected potential map of the TPE-COF-OH. A specific point-spread-
function (PSF) width of 4.0 A was used for TPE-COF-OH. (f) Low-dose motion-corrected HRTEM image of a representative TPE-COF-
OMe. Inset: FFT obtained from the white dashed circle. Scale bar: 20 nm. (g) CTF-corrected HRTEM image of the TPE-COF-OMe based
on a -426 nm defocus value, which is denoised by a Wiener filter. Scale bar: 5 nm. (h) Motif-averaged HRTEM image of the TPE-COF-
OMe. (i) Projected structural model and (j) simulated projected potential map of the TPE-COF-OMe. A specific point-spread-function (PSF)

width of 3.5 A was used for TPE-COF-OMe.

These two different types of molecular fragments appear as dark
dots and can be well distinguished from each other based on
their distinct connectivity in the image. The TPE-NH> frag-

ments can be identified by the characteristic “four claws” con-
trast associated with the four benzene rings (see the red arrows
labeled in Figure 1c), while the connections between them are
assigned to the DHTA fragments. It is worth mentioning that
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the dark dot contrast for the DHTA fragment is much darker
than expected, which can be attributed to the chemical bonding
between Na* ions and the exposed hydroxy groups of the DHTA
fragments,*” verified by the energy-dispersive X-ray spectros-
copy (EDS) analysis of the TPE-COF-OH (Figure S7). The po-
sitions of captured Na* ions identified from the contrast distor-
tion towards the center of hexagonal channel can further help to
determine the orientations of hydroxy groups in the network.
Based on the aforementioned results, the crystal structure model
for TPE-COF-OH with a P6 symmetry is proposed (Figure 1d
and Tables S1-S2), and the simulated projected potential (Fig-
ure le) matches well with the CTF-corrected (Figure 1b) and
motif-averaged image (Figure 1c).
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Similarly, the TPE-COF-OMe can be imaged by HRTEM
along the [001] direction with a total electron dose of ~ 20 e A
2 (Figure 1f). Based on the CTF-corrected and denoised image
(Figure 1g) along with the motif-averaged image (Figure 1h),
the crystal structure model for TPE-COF-OMe composed of
identical molecular fragments with those in TPE-COF-OH can
be proposed (Figure 1i and Tables S3-S4), based on their re-
spective connectivity and “four claws” (see the red arrows la-
beled in Figure 1h) contrast. The image contrast matches well
with the simulated projected potential (Figure 1j). The TPE-
COF-OMe exhibits a rhombic-shape network different from the
star-pore network in TPE-COF-OH. The positions of methoxy
groups in TPE-COF-OMe structure are not directly observed in
the HRTEM image, but can be determined based on the extinc-
tion rules and the P212:12 symmetry of the network.*’

trans -C=C- and -C=N- linkages

Figure 2 Characterization of TPE-COF-OH and TPE-COF-OMe. (a,b) Experimental and simulated PXRD patterns of TPE-COF-OH (a) and
TPE-COF-OMe (b). Insets: high-magnification experimental PXRD patterns of TPE-COF-OH (a) and TPE-COF-OMe (b). (c,d) Crystal
structures of TPE-COF-OH (c) and TPE-COF-OMe (d), assuming the eclipsed 2D stacking models of dual-pore kagome and single-pore
rhombic topologies, respectively, viewed along the [001] direction. (e) Eclipsed stacking model of TPE-COF-OH viewed along the [100]
direction with the interlayer distance of 5.01 A. (f) Stick diagram of 2,3-DHTA molecular linker from the black dashed circle in (c), showing
the presence of the intramolecular hydrogen bonding. All C=C and C=N linkages are in the cis conformation. (g) Eclipsed stacking model
of TPE-COF-OMe viewed along the [100] direction with the interlayer distance of 5.24 A. (h) Stick diagram of 2,3-DMTA molecular linker
from the black dashed circle in (d). All C=C and C=N linkages are in the trans conformation.

The crystal structures and unit cell parameters of TPE-COF-
OH and TPE-COF-OMe were further verified by the PXRD
measurements combined with structural simulations (Figures
2a-b and Tables S1-S4). Base on low-dose HRTEM imaging in
conjunction with the connectivity and geometries of the build-
ing blocks, two types of structural models with hexagonal P6
and orthorhombic P2:2,2 space groups were built accord-
ingly.>® The experimental PXRD pattern of TPE-COF-OH
(curve 1 in Figure 2a) is in good agreement with the simulated
PXRD pattern acquired using the 2D hexagonal eclipsed stack-
ing model (curve 4 in Figure 2a). The PXRD profile of TPE-
COF-OH shows a strong diffraction peak at 2.71° together with
some weak peaks at 4.72°, 5.43°,7.30°, 8.12° and 9.91°, which

are assigned to the (100), (110), (200), (210), (300) and (310)
reflection planes, respectively. The experimental PXRD pattern
of TPE-COF-OMe (curve 1 in Figure 2b) exclusively repro-
duces the simulated PXRD pattern acquired using the 2D ortho-
rhombic eclipsed stacking model (curve 4 in Figure 2b). The
TPE-COF-OMe exhibits a main diffraction peak originating
from the (110) reflection plane at 4.78°, as well as some weak
peaks at 5.53°, 7.86° and 9.91°, corresponding to the (200),
(120) and (220) reflection planes, respectively. The presence of
broad (001) reflection planes at higher 20 angles, i.e., 20.69° in
TPE-COF-OH (curve 1 in Figure 2a) and 20.59° in TPE-COF-
OMe (curve 1 in Figure 2b), suggests the short coherence length
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of 2D sheets along the c axis. To obtain a more accurate corre-
lation with the experimental PXRD profile and elucidate the
unit cell parameters, Pawley refinement was conducted. The
Pawley-refined PXRD profiles of TPE-COF-OH (curve 2 in
Figure 2a) and TPE-COF-OMe (curve 2 in Figure 2b) match
well with their experimental PXRD profiles, indicated by their
inappreciable difference (curve 3 in Figure 2a, and curve 3 in
Figure 2b), with factors of Rwp and R, converged to 3.82% and
5.72% tor TPE-COF-OH, and 3.72% and 5.16% for TPE-COF-
OMe. The Pawley refinement yielded the hexagonal unit cell
with parameters of a = b = 38.7587 A, ¢ =5.0105 A for TPE-
COF-OH, and the orthorhombic unit cell with parameters of a
=31.4076 A, b =22.1729 A, and ¢ = 5.2386 A for TPE-COF-
OMe. Such grid stacking along the ¢ axis results in one-dimen-
sional pore channels with pore sizes of ca. 7 A and 27 A in TPE-
COF-OH (Figure 2c), and ca. 12 A in TPE-COF-OMe (Figure
2d). The interlayer distances of TPE-COF-OH and TPE-COF-

TPE-COF-OH

BF3'0Et2
THF/DIPA
33K

TPE-COF-BF,

b 1102%% 300
3 | 210¢ 310 001

_— I 1 l |
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OMe were estimated to be 5.01 A (Figure 2¢) and 5.24 A (Fig-
ure 2g), respectively. This difference in topologies of these two
COFs can be ascribed to the activation and passivation of intra-
molecular hydrogen bonding in TPE-COF-OH and TPE-COF-
OMe, respectively. In TPE-COF-OH, the existence of intramo-
lecular hydrogen bonding interaction between the imine nitro-
gen and the hydroxy group of the aldehyde core ([O-He e
*N=C]) induces all imine and olefin bonds of TPE-COF-OH
into the cis conformation, resulting in the hexagonal topology
(Figure 2f). On the contrary, TPE-COF-OMe does not contain
such hydrogen bonding interaction, as the TPE-NH:> blocks are
connected by 2,3-DMTA blocks in which the hydroxy groups
in 2,3-DHTA are replaced by methoxy groups. As a result, all
imine and olefin bonds of TPE-COF-OMe are in the trans con-
formation (Figure 2h), subsequently leading to the orthorhom-
bic topology.

—— TPE-COF-BF5 in THF/H,O (7:3, v:v)
— TPE-COF-BF; in THF/H,0 (6:4, v:v)
— TPE-COF-BF; in THF
——— TPE-COF-OH in THF
= TPE-COF-OH in THF/H,0 (7:3, v:v)
— TPE-COF-OH in THF/H,0 (6:4, v:v)

e T

420 480 540 600 660 720 780
Wavelength (nm)

Figure 3 Synthesis and fluorescence study of TEP-COF-BFa. (a) Schematic illustration of the synthesis of TPE-COF-BF: by the boron
complexation of TPE-COF-OH. (b) Experimental and simulated PXRD patterns of TPE-COF-OH and TPE-COF-BFo. Inset: high-magnifi-
cation experimental and simulated PXRD patterns of TPE-COF-OH and TPE-COF-BFo-. (c¢) Fluorescence emission spectra of TPE-COF-OH
and TPE-COF-BF: in the THF/H20 mixed solution with water fraction from O to 40 vol%. Both the concentrations of TPE-COF-OH and

TPE-COF-BF: are 12 pg mL-!. The excitation wavelength is 400 nm.

The assigned topologies for TPE-COF-OH and TPE-COF-
OMe were further verified by N2 sorption isotherm measure-
ments performed at 77 K (Figure S8). TPE-COF-OH features a
characteristic type IV sorption isotherm with a step between
P/Py = 0.10-0.20, indicative of its mesoporous character. In
comparison, TPE-COF-OMe exhibits the reversible type I
sorption isotherm, suggesting its microporous structure. The
Brunauer-Emmett-Teller (BET) surface areas of TPE-COF-OH
and TPE-COF-OMe were evaluated to be 1422 m? g'! and 746

m? g, respectively. Pore size distributions estimated based on
nonlocal density functional theory (NLDFT) reveal two main
pore distributions of ca. 7 A and 25 A for TPE-COF-OH and
one narrow pore distribution of ca. 12 A for TPE-COF-OMe,
which are in good agreement with their predicted pore sizes ac-
cording to their modelled structures (Figures 2c-d).

Owing to the strong n—= stacking interactions and rotation-

ally variable imine linkages in 2D COFs, most of the imine-
linked 2D COFs based on the previously reported TPE-NH2
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building blocks are non-fluorescent or weakly fluorescent. 35453
In the study of imine-linked organic fluorophores, the covalent
complexation of guest molecules with imine bonds has been
demonstrated as an efficient strategy to restrict the rotation of
imine bonds and subsequently suppress its effect in fluores-
cence quenching.’*>” Considering the sheet-shaped morphology
and the abundant existence of (N, O)-bidentate Schiff base moi-
eties in TPE-COF-OH, the boron complexation of TPE-COF-
OH and the fluorescence property were studied. As shown in
Figure 3a, by reaction of the solvent-free TPE-COF-OH and the
boron trifluoride etherate in the presence of N, N-diisopro-
pylethylamine (DIPA) at 313 K for 12 h, the boron complexed
TPE-COF-OH, namely TPE-COF-BF, was synthesized (see
the detailed Experimental Section in the Supporting Infor-
mation). Compared to the TPE-COF-OH, TPE-COF-BF: shows
almost identical diffraction peaks (Figure 3b), indicating their
isoreticular crystal structures. Moreover, the morphology of
TPE-COF-OH is well preserved in TPE-COF-BF: (Figures
S4a,c and S5a,c). The BET surface area and pore size of TPE-
COF-BF: are determined to be 1188 m? g and ca. 23 A, respec-
tively, which are smaller compared to TPE-COF-OH (1422 m?
g and ca. 25 A) (Figure S8), suggesting the graft of BF> groups
in TPE-COF-BFo:. The successful preparation of TPE-COF-BF2
was further confirmed by TGA (Figure S3), FT-IR (Figure S9),
and UV-Vis diffuse reflectance spectroscopy (Figure S10). As
shown in Figure 3c, the fluorescence emission spectrum analy-
sis reveals that TPE-COF-OH dispersed in THF at 25 °C only
emits a very weak luminescence at 468 nm after excitation at
400 nm (black curve). After the boron complexation, the ob-
tained TPE-COF-BF: displays a prominent enhancement of lu-
minescence (blue curve), which is ca. 8 times that of TPE-COF-
OH in intensity under the identical conditions. Interestingly, ad-
dition of a certain amount of water (ca. 30 vol%) in TPE-COF-
BF: dispersed in THF causes a further enhancement of fluores-
cence intensity, indicating the typical aggregation-induced
emission (AIE) characteristic of TPE-COF-BF: (olive curve).
Upon further increasing the fraction of water (ca. 40 vol%), a
slight decrease of fluorescence intensity was observed, which
may be attributed to the precipitation of TPE-COF-BF. from
solution (wine curve). The AIE behavior of TPE-COF-BF: is
quite similar to that of boron complexed (N, O)-bidentate Schiff
base organic fluorophores reported previously.’® In contrast,
TPE-COF-OH does not show the AIE behavior, evidenced by
the gradual decrease of fluorescence intensity with the in-
creased amount of water in THF (red curve for 30 vol% and
dark yellow curve for 40 vol%). The enhanced fluorescence
property of TPE-COF-BF: could be attributed to its increased
rigidity and the resulting elimination of electron transfer from
imine linkage to COF skeleton.

3. CONCLUSION

In summary, we have demonstrated that switching the link-
age conformation in 2D COFs can effectively regulate their to-
pologies. By simply altering the substituents of an identical mo-
lecular linker to introduce/eliminate intramolecular hydrogen
bonding, two highly crystalline 2D COFs with different topol-
ogies and porosities have been synthesized, and their structures
have been unraveled by low-dose HRTEM imaging combined
with other characterizations. Furthermore, the (N, O)-bidentate
Schiff base moieties in TPE-COF-OH can be used for boron
complexation to generate unique optical properties, including
fluorescence “turn on” and “aggregation-induced emission”.

Our unique strategy sheds light on the precise design and syn-
thesis of 2D COFs with specific topology and unique property,
which might be used for diverse promising applications.
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Publications website. Experimental procedures and characteriza-
tion data, including Figures S1-S10 and Table S1-S4.
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