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ABSTRACT: The crystal structure of a new covalent
organic framework, termed COF-320, is determined by
single-crystal 3D electron diffraction using the rotation
electron diffraction (RED) method for data collection. The
COF crystals are prepared by an imine condensation of
tetra-(4-anilyl)methane and 4,4’-biphenyldialdehyde in
1,4-dioxane at 120 °C to produce a highly porous 9-fold
interwoven diamond net. COF-320 exhibits permanent
porosity with a Langmuir surface area of 2400 m*/g and a
methane total uptake of 15.0 wt % (176 cm®/cm®) at 25
°C and 80 bar. The successful determination of the
structure of COF-320 directly from single-crystal samples
is an important advance in the development of COF
chemistry.

he linking of organic building units through strong bonds
typically yields poorly crystalline or amorphous solids,
thus precluding the characterization of their structures at the
atomic level. Recent progress in this area has led to
microcrystalline materials of covalent organic frameworks
(COFs) based entirely on strong covalent linkages (B—O,
C-N, and B—N) between building units."” The crystal
structures of these COFs have traditionally been determined by
analysis of powder X-ray diffraction data and aided by
consideration of geometry principles developed in reticular
chemistry.® Therefore, without analyzing single-crystal samples
of COFs, uncertainties still remain regarding their precise
atomic structure. Although a single crystalline form of a
covalent organic network was recently reported, the building
units making up the structure are held together by significantly
weaker linkages (trans azodioxy, 20—30 kcal/mol) than those
typically used to make COFs (e.g, imine linkages, >100 kcal/
mol).” These weak linkages greatly facilitate crystallization but
unfortunately lead to frail architectures with no permanent
porosity.9
Here, we report the single-crystal structure of a new COF
determined by 3D rotation electron diffraction (RED)'*—a
technique applied in this context for the first time. Electron
diffraction (ED) is a useful technique for the structure
determination of micro- and nanosized single crystals.'"">
Crystals of this COF were prepared by the condensation of
tetra-(4-anilyl)methane (as shown in Scheme 1: the tetrahedral
unit, A) and 4,4’-biphenyldialdehyde (the linear ditopic linker,
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Scheme 1. Synthesis of COF-320 and Its Molecular
Analogue
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B) to form the corresponding COF termed COF-320 (C)
having an imine-linked three-dimensional extended structure
based on the diamond topology.

A mixture of A (100 mg, 0.263 mmol) and B (100 mg, 0.476
mmol) in 1,4-dioxane (S mL) and aqueous acetic acid (3 mol/
L, 1 mL) was sealed in a Pyrex tube and heated at 120 °C for 3
days. The resulting yellow precipitate was collected by filtration
and washed with anhydrous 1,4-dioxane and tetrahydrofuran
(THF), and it was subsequently activated using the supercritical
CO, drying protocol"? yielding a guest-free sample of 120 mg
(70% based on B). The chemical formula of the activated COF-
320 was determined from the elemental analysis (Calcd for
Cs3HyeNy: C, 87.33; H, 4.98; N, 7.69%. Found: C, 86.99; H,
4.91; N, 7.51%). A molecular analogue E was synthesized and
used for comparison in the analyses of the FT-IR and solid-
state NMR spectra of COF-320. The FT-IR spectrum of an
activated sample of COF-320 shows characteristic imine
stretching vibrations at 1620 and 1200 cm™"' (1626 and 1202
cm™ for E; see Figures S2—S6) corresponding to C=N and
C—C=N-C stretching vibrations, respectively.** The *C
cross-polarization with magic-angle spinning (CP/MAS) solid-
state NMR spectrum of COF-320 shows a chemical shift for
the imine-">C at 158.4 ppm (160.9 ppm for E), which is distinct
from the aldehyde-'*C of starting material B at 193.6 ppm (see
Figures $S7—S10).>* The SN CP/MAS and high-power
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decoupling MAS solid-state NMR spectra were acquired with a
N-isotope labeled sample of COF-320, which both show the
imine-'"N  chemical shift at 324 ppm and the residual
aniline-'"N at S3 ppm (see Figures S11—S12). These
observations support the formation of the covalently linked
extended solid.

Scanning electron microscopy (SEM) imaging of the as-
synthesized sample of COF-320 shows only a homogeneous
morphology, consisting of the aggregation of rice-shaped
crystals with a minimal dimension of about 200 nm (Figure
1a). By ultrasonic oscillation of the sample in THF, single
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Figure 1. Morphology and electron diffraction of COF-320. (a) SEM
image of the aggregation of crystallites. (b) The 3D reciprocal lattice of
COF-320 reconstructed from the RED data collected from a crystal of
1.0 X 0.5 x 0.2 um?® (insert). (c) (h0l) and (d) (hkO) slices cut from
the reconstructed reciprocal lattice.

crystals of COF-320 were dispersed on a copper sample grid for
transmission electron microscopy (TEM) study. 3D RED data
of the COF-320 single crystals were collected on a JEOL
JEM2100 TEM by combing small beam tilt and lar%e
goniometer tilt steps using the RED—data collection software.'*

RED data sets were collected at both 298 and 89 K. We
found that COF-320 was electron beam sensitive and lowering
the temperature reduced the beam damage. The RED data set
collected at 89 K has a tilt range from —34.19° to 38.33° and a
step width of 0.20°. In total, 396 ED frames were collected over
21 min. The 3D reciprocal lattice of COF-320 (Figure 1b—d)
was reconstructed from the ED frames using the RED—data
processing software.'* 570 unique reflections with resolution up
to 1.5 A were obtained. The unit cell was determined from the
3D reciprocal lattice suggesting a body-centered tetragonal unit
cell (a = 30.17 A, ¢ = 728 A, V = 6628 A3). The reflection
conditions obtained from the RED data suggest the space
group to possibly be I4;md (No. 109) or [42d (No. 122). The
simulated annealing parallel tempering algorithm found in the
FOX software package'® was used to find a starting molecular
arrangement from the 3D RED data. Finally, the crystal
structure of COF-320 was solved in the space group I42d and
refined using the SHELXL software package.'® All carbon and
nitrogen atoms were refined isotropically, with soft restraints
for the C—C and C=N bond lengths and the geometry of the
phenyl ring being applied. All hydrogen atoms on the
framework were added on the riding model, and the thermal
displacement parameters were fixed for all of the non-hydrogen

atoms. The agreement, R;, value of the refinement converged to
0.31 after using the PLATON/SQUEEZE procedure'’ to
deduct the contribution of diffraction from the highly
disordered guest molecules in the pores (see Tables S3—S4).

The single-crystal structure of COF-320 exhibits a 3D
extended framework by linking the tetrahedral organic building
blocks and biphenyl linkers through imine bonds forming a
diamond net. The resulting adamantane-like cage (Figure 2a;
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Figure 2. Single-crystal structure of COF-320 determined from RED
data at 89 K. (a) Representative adamantane-like cage in the diamond
net. (b) Structure of COF-320 viewed along the a-axis shows a 9-fold
interpenetration of a diamond net. (c) The 1D rectangle-shaped
channels along the c-axis.

the cage dimensions from center-to-center distances between
the tetrahedral carbon atoms is 30 X 30 X 65 A®) is elongated
along the c-axis, which allows for a 9-fold interpenetration in
this direction (Figure 2b). The overall structure has 1D
rectangular channels with an aperture size of 13.5 A X 62 A
running along the c-axis (Figure 2c). Although the structure is
highly interpenetrated, COF-320 still possesses 49% of void
volume.

The RED data set collected at 298 K suggests a body-
centered orthorhombic unit cell (a =27.93 A, b =31314, c=
7.89 A, V = 6899 A%) and space group Imma (No. 74). With
this data set we could only locate the central carbon atom of the
tetrahedral building blocks, probably due to the relative low
resolution of the RED data and from beam damage, which is
more pronounced at higher temperatures. Nevertheless, based
on the unit cell, space group, and atom coordinates determined
from RED data, we were able to build a crystal structure model
(Figure 3 and Table SS) using the Materials Studio 5.0 software
package.'®

The crystal structure of COF-320 at 298 K has the same
connectivity and degree of interpenetration as the one at 89 K.
The structural difference comes from the positional relation
between the two nitrogen atoms on the biphenylbisimine
fractions (the distance between them changed from 11.3 to
11.9 A). The dimensions of the adamantane-like cage is now 28
X 31 X 71 A’. The distortion of the framework gives the crystal
structure a lower symmetry and alters the 1D channel into a
square shape with an aperture size of 11.5 A X 11.5 A (Figure
3c).
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Figure 3. The crystal structure model of COF-320 based on the RED
data at 298 K. (a) The adamantane-like cage in the diamond net. (b)
The 9-fold interpenetration of the diamond net, viewed along the a-
axis. (c) The 1D square-shaped channels running along the c-axis.

The PXRD pattern of the activated sample of COF-320 is in
agreement with the calculated pattern from the model at 298 K
(Figure 4; unit cell after refinement: a = 27.92(1) A, b =
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Figure 4. Indexed PXRD pattern of the activated sample of COF-320
(red) and the Pawley fitting (blue) from the modeled structure.

31.306(1) A, c = 7.891(3) A, V = 6897 (4) A3). In this case, the
degree of interpenetration and the framework distortion
observed in COF-320 preclude a structure solution based
only on PXRD data and computer modeling, making the use of
single-crystal diffraction data necessary for an accurate structure
solution.

The presence of permanent porosity for an activated sample
of COF-320 was confirmed by an Ar adsorption isotherm
measurement at 87 K (Figure Sa). The profile of the isotherm
is reminiscent of Ar and N, isotherms for COF-300;** a steep
Ar uptake was observed in the low relative pressure region (P/
P, < 0.01), followed by a gradual increase of the uptake, ranging
from P/P, = 0.1 to 0.35. Considering that the pore diameter of
COF-320 from the crystal structure is in the micropore region,
a unique profile of the isotherm accompanying a significant
hysteresis loop is attributable to a guest-induced structural
transformation and/or reorientation of the guest packing under
increased pressure.19 Due to the presence of steps, an accurate
BET surface area estimation from the adsorption branch is not
applicable. A pore volume of 0.81 cm?®/g can be estimated
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Figure 5. Gas adsorption measurements of COF-320: (a) Ar
adsorption isotherm of COF-320 at 87 K. (b) High-pressure excess
methane uptake at 273, 283, 298, and 313 K, respectively. Solid and
open circles represent adsorption and desorption branches,
respectively.

based on the DR plot method, which is equivalent to a
Langmuir surface area of 2400 m?/ g. This result illustrates that
even a high degree of interpenetration does not necessarily
impede permanent porosity, which is in sharp contrast to
previously reported crystalline materials in a 9-fold inter-
penetrated diamond net.”’

COF-320 has relatively small pore diameter without
sacrificing pore volume, making this COF material potentially
suitable for room temperature methane storage. Therefore
methane isotherms of COF-320 were measured up to 80 bar at
273, 283, 298, and 313 K (Figure Sb). These isotherms are
nearly saturated at 80 bar, where excess methane uptake is 175
cm’/g (= 11.1 wt %) at 80 bar and 298 K. We estimated total
methane uptake using the pore volume of COF-320 and bulk
density of methane (Nyy = Neess + (methane density) X
(pore volume)), since total uptake cannot be measured
experimentally.”’ Total methane uptake capacity is estimated
to be 15.0 wt % at 80 bar and 298 K, which outperforms most
of the 2D COFs.”" This value is smaller than that for COF-102
(25 wt %) having a high BET surface area; however, volumetric
total methane uptake for COF-320 is approaching that for
COEF-102 (176 and 203 cm®/cm® for COF-320 and COF-102,
respectively).>!

In conclusion, we have determined the single-crystal
structure of a highly porous new COF by collecting the 3D
electron diffraction data with the RED method, which is a
powerful tool for addressing the structure determination
challenges encountered during the discovery of new COF
materials.
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