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ABSTRACT: Although isomerism is a typical and significant phenomenon in organic chemistry, it is rarely found in covalent organic
framework (COF) materials. Herein, for the first time, we report a controllable synthesis of topological isomers in three-dimensional COFs
via a distinctive tetrahedral building unit under different solvents. Based on this strategy, both isomers with dia or qtz net (termed JUC-620
and JUC-621) have been obtained, and their structures are determined by combining powder X-ray diffraction and transmission electron
microscopy. Remarkably, these architectures show a distinct difference in their porous features, e.g., JUC-621 with qtz net exhibits perma-
nent mesopores (up to ~ 23 A) and high surface area (~ 2060 m? g™!), which far surpasses those of JUC-620 with dia net (pore size of ~12 A
and surface area of 980 m? g). Furthermore, mesoporous JUC-621 can remove dye molecules efficiently and achieves excellent iodine
adsorption (up to 6.7 g g'!), which is 2.3 times that of microporous JUC-620 (~2.9 g g'!). This work thus provides a new way for constructing
COF isomers and promotes structural diversity and promising applications of COF materials.

INTRODUCTION

Isomerism has been found to be existed widely in organic chemis-
try, in which there is the same chemical composition and molecular
formula but the various spatial atomic arrangement.'> These iso-
mers, typically including small molecules and polymers, show
unique physical and chemical properties, such as different thermal
properties, boiling points, and crystallinity. Recently, Zhou et al.
have defined the isomerism in metal-organic frameworks (MOFs),
a typical crystalline porous material (CPM), as “framework iso-
mers”, and this interesting phenomenon has also attracted wide-
spread attention.® Although isomerism in MOFs has already been
found and their various chemical and physical properties have been
studied accordingly, the type and number of isomers are still very
limited, especially to other kinds of CPMs.

Covalent organic frameworks (COFs), an emerging class of
CPMs, are composed of light elements (typically H, B, C, N, and
0) linked by covalent bonds.*7 They feature well-defined pores
and high specific surface areas that attracted extensive attention in
different fields, such as heterogeneous catalysis,® adsorption and
separation,'%!! organic electronics,'>'* and many others.'*2! The
development of three-dimensional (3D) COFs has lately become
urgent research owing to their extensive advantages in intercon-
nected pores and higher specific surface areas than two-dimen-
sional (2D) counterparts.?? For example, Wang, Sun, and co-work-
ers provided a unique example of the phenomena of interpenetra-
tion isomers based on a well-known 3D COF, COF-300.2> We have
developed a series of 3D COFs with different topologies by using
triangular prism triptycene linkers as node centers, such as JUC-
564 with stp net,?* JUC-568 and JUC-569 with ceq or acs net,? as

Scheme 1. Energy scan analysis of tetrahedral building units as a
function of dihedral angle.?
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3(a) Structures of tetraphenylmethane (TPM, left), 9,9'-spirobifluo-
rene (SBF, middle), and 9,9"-bicarbazole (BC, right). (b) Potential
energy scans of different tetrahedral building units based on the var-
iable dihedral angle ().

well as JUC-596 and JUC-597 with hea net,?® and constructed the
first 3D COF with the zeolitic net (ZOF-1) by combining two kinds
of tetrahedral building blocks with fixed or relatively free bond an-
gles.?” Although many efforts have been made, topological isom-
erism in 3D COFs has never been observed, which remains a great
challenge.



Scheme 2. Controllable synthesis of COF isomers by the condensation of BCTB-4CHO (a) and TFAPPM (b), JUC-620 with dia net (c)

and JUC-621 with qtz net (d), and their transformation.
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Herein, we report the first case of topological isomers in 3D
COFs. By using a unique tetrahedral building unit, two 3D isomer-
ous COFs with diamondoid (dia) or quartz (qtz) net, termed JUC-
620 and JUC-621, have been successfully synthesized under differ-
ent solvents, and their structures are determined by combining
powder X-ray diffraction (PXRD) and transmission electron mi-
croscopy (TEM). Notably, JUC-621 represents the first COF with
qtz net and shows stable mesopores with a pore size of 23 A and a
high BET surface area of 2060 m? g!, which is much larger than
those of its isomer, JUC-620 with dia net (pore size of 12 A and
BET surface area of 980 m? g™!). In addition, JUC-621 can remove
dye molecules in water efficiently, and has a faster absorption rate
(0.56 gh™!) and a better adsorption capacity (6.7 g g™') for iodine
(I2), which far exceeds those of JUC-620 (absorption rate of 0.23
gh™! and uptake of 2.9 g g).

RESULTS AND DISSCUSSION

In order to explore topological isomerism in 3D COFs, our strategy
is based on the regulation of dihedral angles of tetrahedral building
blocks by reticular chemistry.?®? By using Gaussian 09 software
package, we calculated potential energy scans of three different tet-
rahedral building blocks. As shown in Scheme 1, tetraphenylme-
thane (TPM) as a typical tetrahedral building unit for dia net shows
an energy increase (314 kJ mol?) as the dihedral angle changed
(from 90° to 40°). Different from TPM, 9,9'-spirobifluorene (SBF)
as a partially immobilized building unit exhibits an even more sig-
nificant energy boost (370 kJ mol!) as the dihedral angle transform,
resulting in the first 3D COF with the zeolitic net, ZOF-1.27 Obvi-
ously, 9,9"-bicarbazole (BC) is also a partially immobilized build-
ing unit; however, it has much lower energy enlargement (43 kJ
mol!) with the dihedral angle changed. Therefore, as a distinctive
tetrahedral building unit, BC will probably tend to set up various
architectures based on the partially flexible dihedral angle. Accord-
ing to this strategy, we designed and synthesized a derivative of BC
containing aldehyde groups, 4,4°,4"",4"""-([9,9 -bicarbazole]-
3,37,6,6 -tetrayl)tetrabenzaldehyde (BCTB-4CHO, Scheme 2), and
successfully produced two novel 3D COFs with topological isom-
erism by the condensation of BCTB-4CHO and tetra[(2-fluoro-4-

aminophenyl)-phenyl]methane (TFAPPM).

Typically, isomers could be obtained under different synthetic
conditions, such as solvents with different polarities.3® Therefore,
the synthesis of JUC-620 was carried out by suspending TFAPPM
and BCTB-4CHO in a solution of 1,3,5-mesitylene (low polarity)
with 12 M acetic acid aqueous solution, followed by heating at 120
°C for 5 days. Similarly, JUC-621 was synthesized in a solution of
1,4-dioxane (high polarity) with the same catalyst and temperature
for 3 days (Scheme 2). Crystal morphologies were observed by
combining scanning electron microscopy (SEM, Figures S1 and S2)
and transmission electron microscopy (TEM, Figure 1). Both crys-
tals exhibited a rhombus shape (~20 pm) and a hexagonal prism-
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Figure 1. TEM and PXRD studies of JUC-620 and JUC-621. TEM
images for JUC-620 (a) and JUC-621 (b). The scale bars represent
100 nm. Experimental and refined PXRD patterns of JUC-620 (c)
and JUC-621 (d).



like shape (~2 pm), respectively. Fourier transform infrared (FT-
IR) spectra exhibited new peaks around 1625 cm™, corresponding
to typical C=N stretching vibrations, and the disappearance of N-H
stretching band at 3310~3400 cm™ and C=0 stretching band at
1700 cm!, manifesting the complete conversion of Schiff-base
polymerization (Figures S3 and S4). Furthermore, the solid-state
13C  cross-polarization magic-angle-spinning (CP/MAS) NMR
spectra confirmed the presence of carbon from the C=N bond at
159 ppm for JUC-620 and 160 ppm for JUC-621, respectively (Fig-
ure S5). According to the thermogravimetric analysis (TGA), these
COFs were thermally stable up to 400 °C under nitrogen (Figures
S6-9). These products were stable in various organic solvents and
aqueous solutions of strong acid (HCI with pH = 1) and strong base
(NaOH with pH = 14, Figures S10 and S11) for at least 24 h.

Figure 2. Structural analysis of JUC-621 by using TEM. (a) and
(b), TEM images taken along [100] and [001] directions showing
the strict and hexanol arranged channels, as well as the correspond-
ing SAED patterns (i) and kinematical simulation results (ii) in
both zone axes; (c) a high resolution iDPC-STEM image of JUC-
621 acquired along the [100] zone axis; (d) lattice averaged image
in pl symmetry (i), p2mm symmetry imposed image (ii), simulated
iDPC-STEM image (iii) and the corresponding structure projec-
tion (iv); (e) and (f), reconstructed 3D electrostatic potential map
viewed along [110] and [001] zone axes, with the structure model
superimposed. The boxes in (d) and (f) indicate one unit cell.

The precise structural determination and characteristics of
both isomers were determined by combining PXRD patterns and
TEM technique. To understand their crystal structures, rotation
electron diffraction (RED) was first conducted for primary unit
cells (Figure S12). The primary unit cells were further refined by
PXRD data with the full profile pattern matching (Pawley) method
(Figures 1c,d and S13). An orthorhombic unit cell with a =43.287
A, b=58.125 A, and ¢ = 6.720 A was obtained for JUC-620, where
peaks at 5.09°, 7.34°, 8.46°, 10.18°, 12.63°, 15.30°, and 18.28°
could be attributed to the (220), (240), (400), (440), (620), (660),
and (621) Bragg peaks (Rp =4.91% and wRp = 3.74%). Similarly,
the cell parameters of JUC-621 were determined as a = b = 35.980
A, c=12.875 A, a = =90.00°, and y = 120.00°, where peaks at
2.74°, 4.74°, 5.47° and 8.23° of PXRD could be attributed to the

(100), (110), (200), and (300) Bragg peaks (Rp = 6.93% and wRp
= 5.05%). The crystal system of JUC-621 was confirmed by se-
lected area electron diffraction (SAED) patterns in [001] zone axis
which exhibited 6mm symmetry (Figure 2a). Therefore, the crystal
of JUC-621 was determined as hexagonal system. As shown in Fig-
ure S14, we were able to index 13 peaks from the PXRD pattern of
JUC-621 after 6.00°, implying high crystallinity of the material.
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Figure 3. N> adsorption-desorption and UV/Vis spectrascopy. (a)
N2 adsorption-desorption isotherm of JUC-620 at 77 K, Inset:
pore-size distribution of JUC-620. (b) N2 adsorption-desorption
isotherm of JUC-621 at 77 K, Inset: pore-size distribution of JUC-
621. (c) UV/Vis spectra of fast adsorption of CV for JUC-620 in
120 min. (d) UV/Vis spectra of fast adsorption of CV for JUC-621
in 120 min.

The dia net is the most classic among all the 4-connected net-
works. A series of structure models were built according to the dia
net and its interpenetration isomerism dia-cN, where N is the de-
gree of interpenetration, N =2 ~ 10 (Figure S15). Noticeable, JUC-
620 is overlap (AA-stacking) but not staggered (AB-stacking) ar-
range on the c-axis (Figures S16 and S17), which is proved by only
6.38 A length in c-axis of unit cells of RED. After geometrical en-
ergy minimizations by using the Materials Studio software package,
the simulated PXRD pattern of the structure following 7-fold dia
net (Figures S18-20) was in good agreement with the experimental
results.

In order to determine the structure of JUC-621, high resolu-
tion TEM images were firstly conducted (Figure 2a,b). Hexagonal
arranged white spots and periodically arranged white lines were
observed in [001] and [100] directions of JUC-621, respectively.
High-resolution iDPC-STEM images were taken to further gain in-
sights into the crystal structure of JUC-621 (Figure 2c). The pro-
jection symmetry of JUC-621 along the [100] direction was deter-
mined as p2mm (¢pres = 11.4) by CRISP software (Figure S21).3! On
the other hand, the reflection condition 00/: / = 3n was also ob-
tained from the Fast Furious Transform (FFT) of Figure 2c. Thus,
the space group symmetry was determined as P6222 (No. 180) or
P6422 (No. 181), a pair of enantiomorphic space groups. Using the
square root of reflection intensities in SAED as amplitudes and the
phase information obtained from iDPC-STEM, we could list 23 re-
flections as experimental structure factor (Table S1). The 3D elec-
trostatic potential map (Figure 2e) could then be reconstructed
through Vesta software,’? in which BCTB-4CHO and TFAPPM
were clearly identified (Figure S22). A 5-fold qtz net was built by
connecting neighbor BCTB-4CHO and TFAPPM molecules. After
geometry optimization, a model of JUC-621 in P6422 space group
as qtz net has been determined. The optimized unit cell parameters

3
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Figure 4. Study of iodine capture. Uptake of I for JUC-620 (a) and JUC-621 (b) as a function of exposure time at 75°C and ambient
pressure. XPS for JUC-620 (c) and JUC-621 (d) after I> uptake. Raman spectra of JUC-620 (e) and JUC-621 (f) before (red curve) and

after (black curve) I uptake.

were a =b=137.260 A and ¢ = 13.350 A. In Figure 2a,b, kinemati-
cal calculations of SAED along [001] and [100] zone axes of the
JUC-621 model matched near perfectly with experimental results.
The lattice averaged iDPC-STEM image in pl and p2mm sym-
metry-imposed image also highly agreed with the simulated pro-
jective potential (Figure 2d). In order to display the mesoporous
channels along [001] direction, a superimposed structure model has
been given in Figure 2f. Notably, JUC-621 represents a rare chiral
COF framework and the first case of 3D COFs with qtz net.

Furthermore, we performed an investigation to explore the
transformation between two isomers. To facilitate the transfor-
mation, we added excess TFAPPM to promote the process via
monomer exchange. In this case, an in-situ transformation was suc-
cessfully realized from JUC-621 to JUC-620 at different times (12
h, 24 h, 3 days, and 5 days; Figure S23). Conversely, a failed con-
version from JUC-620 to JUC-621 was observed (Figure S24).
These results demonstrated that JUC-620 might be a thermody-
namic product, whereas JUC-621 should be a kinetic product. This
hypothesis was also supported by the results of DFT calculations,
which indicates that the total energy of JUC-620 is significantly
lower than that of JUC-621 (up to 264.3 kcal mol!).3334

The porosity and specific surface areas of two isomers were
proved by nitrogen (N2) adsorption-desorption isotherms at 77 K.
As can be seen in Figure 3a, a rapid N2 uptake at low relative pres-
sure for JUC-620 was observed (P/Po < 0.01), which reveals a mi-
croporous characteristic. This isotherm was followed by a gradual
increase ranging from P/Po = 0.1 to 0.4, and the significant hyste-
resis loop was attributable to a guest-induced structural transfor-
mation and/or reorientation of the guest packing under increased
pressure, which is similar to those typical dia nets, such as COF-
300 and COF-320.35% In contrast, JUC-621 had a N2 adsorption at
the low pressure of P/Po < 0.05 along with a second step at P/Po =
0.2, which is a typical characteristic of mesoporous materials (Fig-
ure 3b). According to their Nz adsorption isotherms, the

Brunauer—Emmett—Teller (BET) specific surface area of JUC-621
was as high as 2060 m? g”!, which is much higher than that of JUC-
620 (980 m? g”!, Figures S25 and S26). Furthermore, the pore-size
distribution was calculated by nonlocal density functional theory
(NLDFT). JUC-621 showed the mesopore with a size of 23 A, and
JUC-620 was only a microporous material with a pore size of 12 A
(Figure 3a,b). The pore-size distribution of both materials was in
good agreement with those of crystal structures (13 A for JUC-620
and 25 A for JUC-621, respectively). Remarkably, compared to
MOFs with the same qtz net (Table S2), e.g., 8.6 A and 150 m¥/g
for QMOF-1, 7.8 A and 190 m? g' for QMOF-237 6 A for
{(Me2NH2) [Tb(OBA)](Hatz)(H20)1.5},% and 4.4 A for In-BDC-
NH2,% JUC-621 as a pure organic framework displayed an impres-
sive BET surface area (2060 m? g'') and pore size (up to 23 A),
which indicates that such materials have great potential because of
their large channels and high surface areas.

To further demonstrate the different porous specialties of iso-
mers with different topologies, we explored the adsorption of a dye
molecule, crystal violet (CV), which is a triangular structure with a
molecular size of ~12.0 A.*%*! Typically, the samples of JUC-620
and JUC-621 was ultrasonic dispersion (~30 s) in a 20.0 mL aque-
ous solution of CV (20.0 mg L!). The amount of CV in the super-
natant was monitored through UV-Vis spectrophotometry, and the
characteristic absorbance at 583 nm was measured from 0 to 120
mins. As shown in Figure 3c,d, the results displayed a continuous
decrease until complete elimination (~100%) of the amount of CV
in suspended JUC-621 due to the presence of its mesopores. How-
ever, a limited decrease in the amount of CV in suspended JUC-
620 (~38%) was observed because of the micropore characteristic
of JUC-620 (Figures S27 and S28). JUC-621 can be isolated by
centrifugation and reused at least three times almost without loss
of adsorption capacity (Figures S29 and S30). The obvious differ-
ence in dye adsorption further proved distinct pore characteristics
in these COF isomers.
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We also conducted the experiment of I adsorption by expos-
ing these isomers to I» vapor at 75 °C under ambient pressure with
a humidity of 38%. Both isomers exhibited a nearly linear incre-
ment of I adsorption in 10 h, and then reached adsorption satura-
tion within 22 h (Figure 4a,b). Due to the larger pore volume and
specific surface area, JUC-621 showed much higher > uptake (6.7
g ¢') and faster Iz absorption rate (0.56 g h™!) compared to those of
JUC-620 (uptake of 2.9 g g and absorption rate of 0.23 gh™),
which has surpassed most of porous materials (Table S3), such as
5.20 g g! for JUC-560, 2.18 g g! for MOF-808, 4.73 g g for
HcOFs, and 6.07 g g! for 60PEI@HCP.*-4 To investigate the ex-
isting state of I in L@COFs, we conducted X-ray photoelectron
spectroscopy (XPS). Two conspicuous peaks located at 632.46 eV
and 620.96 eV for L@JUC-620, as well as 632.38 eV and 618.98
eV for h@JUC-621, belong to I 3ds2 and I 3ds.2 orbitals of I> re-
spectively, and another two peaks at 630.50 eV and 619.01 eV for
L@JUC-620 as well as 630.44 eV and 620.91 eV for L@JUC-621
could be attributed to the formation of polyiodides (such as I3~ and
Is, Figure 4c,d).*? Furthermore, strong peaks at 166 (or 168), 132
(or 136) and 110 cm™! were observed for @JUC-620 (or L@JUC-
621) by using the Raman spectra, indicating the stretching vibra-
tions of I3~ and Is anions (Figure 4e,f). The iodine release process
of L@COFs in ethanol solution could be detected using a UV spec-
trophotometer (Figures S31-36), and simultaneously these regener-
ated COFs maintained good recyclability (Figures S37 and S38).

CONCLUSIONS

In conclusion, for the first time, we designed and synthesized two
3D COFs with topological isomerism, JUC-620 with dia net and
JUC-621 with qtz net, based on a flexible tetrahedral building unit
under different solvents. The structures of isomers have been re-
solved by combining PXRD patterns and high-resolution iDPC-
STEM images. To the best of our knowledge, JUC-621 is a rare
chiral framework and the first example of 3D COF's with qtz topol-
ogy. Furthermore, these isomers showed an obvious difference in
their porous properties. JUC-621 had permanent mesopores (up to
~23 A) and a large surface area (~ 2060 m? g'!), which are much
higher than those of JUC-620 (pore size of ~12 A and a surface
area of 980 m? g'!). In addition, due to the mesoporous channels,
JUC-621 could efficiently adsorb dye molecules and exhibited a
high I» uptake (as high as 6.7 g g'"), which is 2.3 times than that of
JUC-620 (~2.9 g g!). This work not only observes a novel phe-
nomenon of topology isomerism in 3D COFs, but also greatly pro-

motes the study of structure-property relationship of COF materials.
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