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ABSTRACT: Hexagonal hexaminophenyl benzene, tet-
ragonal tetrakis(4-aminophenyl) ethane, and trigonal
1,3,5-tris(p-formylphenyl)benzene were all joined togeth-
er by imine linkages to yield a 2D porous covalent organic
framework with unprecedented tth topology, termed
COF-346. Unlike the S simple existing 2D topologies
reported in COFs, COF-346 has 3 kinds of vertices and 2
kinds of edges and is constructed with linkers of 3 kinds of
connectivity, and thus represents a higher degree of
complexity in COF structures. The success in crystallizing
COF-346 was based on precisely chosen geometry and
metrics of the linkers and error correction offered by
dynamic imine formation. We also report two additional
related COFs: a crystalline, porous COF, termed COF-
360 with a rare kgd topology, as well as the first
crystalline, porous COF with defected tth topology,
termed COF-340.

eticular chemistry of covalent organic frameworks

(COFs) enables the generation of extended structures
by design.' " COFs are composed entirely of organic building
blocks stitched together through strong covalent bonds. The
structures of 2D and 3D COFs are categorized based on their
underlying topologies, which can be described based on the
number of vertices, edges, rings, and tiles.®> The vast majority of
COFs reported to date have topologies with only one or two
kinds of vertices and one kind of edge and are therefore
described as edge-transitive.” Such nets are the most regular
and thus the most likely to form according to one of the
principles of reticular chemistry.® This, in theory, gives access
to a vast number of framework topologies to be targeted in
COFs. However, most of these nets are 3D topologies and only
S kinds of edge-transitive nets with one or two kind of vertices
(hcb,2 hxl,” kgm,8 sql9 and kgdlo) exist for 2D structures
(Figure la). This constitutes a major limitation in the field of
COFs as layered 2D extended structures represent the majority
of COF structures. While efforts have been devoted to
increasing the structural diversity of 2D COFs, by reticulating
more than 2 kinds of linkers,"' ™" or desymmetrizing the pores
by changing edge lengths and vertex angles,' "> the underlying
topologies remain limited to the 5 aforementioned structure
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Figure 1. (a) The S edge-transitive topologies for 2D COFs. (b) The
6 topologies with 3 kinds of vertices and 2 kinds of edges.

types. To address this challenge, our objective was to target
nonedge-transitive nets and synthesize their corresponding
COFs by using multiple linkers that will increase the number
of vertices and edges and ultimately enhance the structural
diversity of 2D COFs. In the Reticular Chemistry Structure
Resource (RCSR) database, 6 topologies were identified that
have 3 kinds of vertices and two kinds of edges: tth, mta, mtb,
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(b)

60°+ 60°+ 120°+ 120°= 360°
Angles of linkers match.
Closed ring can form.

60°+ 60°+ 120°+ 90°# 360°
Angles of linkers mismatch.
Closed ring cannot form.

Lengths of linkers match.
Closed ring can form.

Lengths of linkers mismatch.
Closed ring cannot form.

Figure 2. (a, b) Sum of the angles of linkers are required to be 360° to form a strain-free closed-ring quadrilateral structure. (c, d) Hexatopic and
tetratopic linkers are required to have the same length to form a strain-free closed-ring quadrilateral structure.

mtc, mtd, and mte (Figure 1b).'° We note that generally, in
making COFs with edge-transitive nets, only the angle of the
linkers needs to be considered, and isoreticular forms of those
COFs can be achieved by increasing the dimensions of the
corresponding linkers.” However, the challenge in synthesizing
COFs with nonedge-transitive topologies is that both the
angles and the lengths of the linkers with the corresponding
geometries need to be chosen to fit together in a precise
manner. This is because the increased number of edges
imposes further restriction on the lengths of those edges, which
would be suitable to make a COF. In this report, we illustrate
using the tth topology how directed reticular synthesis can be
used to make new multinary COFs, where the linkers
employed precisely meet the essential geometry and metric
requirements for that net.

To identify the restrictions of angles and lengths imposed by
the tth net, we deconstructed it into quadrilateral rings, each of
which is composed of one hexagon, two triangles, and one
quadrilateral (Figures 1b and 2). To form a strain-free, closed
quadrilateral, the sum of the angles of the geometric units
needs to equal 360°, and the lengths of the hexatopic and
tetratopic linkers have to be equal (Figure 2). With these two
criteria in mind, we identified hexaminophenyl benzene
(HAPB), tetragonal tetrakis(4-aminophenyl) ethane (ETTA),
and trigonal 1,3,5-tris(p-formylphenyl)benzene (TEFPB) as
suitable hexatopic, tetratopic, and tritopic linkers, respectively.
The angles of the hexatopic, tetratopic, and tritopic linkers are
60°, 60°, and 120°, respectively. The sum of the angles of one
HAPB, one ETTA, and two TFPB is 360° (Figure 2a).
Another common tetratopic linker porphyrin tetraamine with a
90° angle cannot be used in this case because the sum of the
angles is not 360°, and therefore the closed ring cannot form
(Figure 2b). Furthermore, the lengths of HAPB and ETTA
(from the points of extension to the intersection) are both 7.1
A, allowing for closed quadrilaterals to form (Figure 2c). In
contrast, if a tetratopic linker 1,3,6,8-tetrakis(4-aminophenyl)-
pyrene with a 60° angle is used, even though the sum of the
angles satisfies, the mismatched length (11.3 A) still forbids the
closed ring to form (Figure 2d). Similarly, COFs with mta and
mtc topology were designed according to the aforementioned
principles, demonstrating the generality of the reticular design
of nonedge-transitive COFs (SI, section S11). Lastly, we chose

amine and aldehyde linkers to form imine linkages in the tth
COF because imine chemistry offers dynamic error correction,
which facilitates the crystallization of COFs."”

After identifying geometrically equivalent linkers, we
screened reaction conditions such as linker ratios and solvent
combinations for COF synthesis. A crystalline framework,
termed COF-346, was synthesized in a mixture of o-
dichlorobenzene and n-butanol with 6 M aqueous acetic acid
as the catalyst under solvothermal conditions at 120 °C for 3 d
(Figure 3). The product was isolated as a yellow powder,
insoluble in common organic solvents such as acetone,
tetrahydrofuran, and alcohols. The phase purity of COF-346
was confirmed by scanning electron microscopy (SI, figure
$28). Elemental analysis was in good agreement with the
calculated formula of [(HAPB),(TFPB)4(ETTA);]imine:
(H,0),5 for COF-346 (SI, section S2).

The formation of imine linkage in COF-346 was confirmed
by Fourier transform infrared (FT-IR) spectroscopy (SI,
section S3). The diminished C=O stretching vibration at
1681 cm™ of the aldehydes and the appearance of character-
istic C=N stretching vibrations at 1621 and 1202 cm™
corroborated the formation of imine bonds. *C cross-
polarization magic angle spinning nuclear magnetic resonance
(MAS NMR) spectroscopy further validated the formation of
imine linkages in the COF-346 (SI, section S4). The '*C CP-
MAS NMR spectra of COF-346 showed resonance signals at
157.5 ppm, characteristic of the C=N carbons. The remaining
signals from 114.9 to 151.1 ppm can be assigned to the
aromatic carbons based on liquid spectra of the linker
molecules. Digested 'H NMR spectra of the washed and
activated COF-346 indicated the presence of all three linkers
with a ratio of 1.0:6.2:3.3 (HAPB:TFPB:ETTA), which
matches well with the theoretical ratio of 1.0:6.0:3.0 (SI,
section S4).

The crystallinity of COF-346 was confirmed by powder X-
ray diffraction (PXRD). The powder pattern of this COF
displays 6 distinct diffraction peaks at 2.19°, 3.83°, 4.43°,
5.89°, 6.74°, 7.78°, corresponding to the (100), (110), (200),
(210), (300), and (220) reflection planes. Pawley refinement
was performed on the obtained powder pattern against an
eclipsed stacking model constructed in space group P6 to
afford unit cell parameters a = b = 46.999 A, c = 5413 A, a =
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6 M Acetic acid
120°C, 3d
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Figure 3. Synthetic scheme for COF-346, -340, and -360.

oriented in the COF-340 structure.
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=90°, y = 120° with good agreement factors (RWP = 8.43% and
R, = 6.23%) (Figure 4a).

(a) ——Simulated
§ Experimental
— Difference
— I Bragg position
S R,, = 8.43%
S ° R, =6.23%
> -~ COF-346
=
n
C
2 8
£ Neog
N‘%N
| L T O 1 O MR VT A LTLC MMV C M LAAUL WOy O R PR T
Mf\f\,«\ A U SRRV
T T T T T T T T
5 10 15 20 25 30 35
20 (°; Cu Ka)
(b)
400
_— 350+
D 300+
‘}’E |
O 2504
N i
L 200
© |
o 1504
S i
N 100
pzd |
50
1 10 20 30 40 50 60 70 80 90 100
0 : : : : Pore wildth (A)
0.0 0.2 0.4 0.6 0.8 1.0
PIP,

Figure 4. (a) PXRD pattern and Pawley refinement of COF-346. (b)
N, sorption isotherm and pore size distribution diagram of COF-346
using QSDFT method. The hysteresis may be due to a sorbate-
induced swelling of the microporous material or restricted filling of
the pores.

Permanent porosity of COF-346 was evaluated by N,
adsorption experiments after solvent exchange with tetrahy-
drofuran and acetone, and activation of the COF in vacuo at
elevated temperatures. The N, isotherm was measured at 77 K,
and was found to have a characteristic Type I shape, indicating
microporosity (Figure 4b). The Brunauer—Emmett—Teller
(BET) surface area was calculated to be 1081 m” g~". The pore
size distribution of the structure was estimated using a
quenched solid density functional theory (QSDFT) model
based on slit/cylindrical pore to fit the adsorption branch of
the isotherm, as this model gave the lowest fitting error
(0.087%). Two kinds of pore widths (10.4 and 21.9 A) were
found for COF-346, in good agreement with the predicted
values based on an eclipsed stacking model (11.7 and 22.5 A).

One of the challenges of synthesizing COFs with multiple
components is potential crossover reactions between the
linkers. For comparison with the three-component COF-346,
we first carried out the reactions between hexatopic HAPB and
tritopic TFPB only. However, attempts to synthesize COFs
using HAPB and TFPB linkers only yielded poorly crystalline

product, which might be due to the low solubility of HAPB.
Therefore, we switched the functionalities and wused
hexaformylphenyl benzene (HFPB) and tritopic 1,3,5-tris(p-
aminophenyl)benzene (TAPB) for the synthesis of this model
COF (Figure 3). A new 2D COF, termed COF-360, was
successfully crystallized as a white powder (SI, section S7).
This 3,6 connected net has a rare kgd topology. The
crystallinity of COF-360 was confirmed by PXRD, and the
formation of imine linkages was confirmed by FT-IR and solid-
state 13C NMR (SI, section S3, S4, S7).

By comparing the pore sizes of COF-346 and COF-360, the
structure of COF-346 was further validated. These two
topologies are closely related because the tth topology can
be converted into the kgd topology, by replacing all the
tetratopic linkers with hexatopic linkers and adding the
corresponding tritopic linkers while retaining the overall
metrics of the framework (SI, figure S24). Due to the use of
linkers with similar lengths, the sizes of the micropores in
COF-346 and COF-360 are expected to match closely.
Analysis of the pore size distribution based on the same
QSDFT model previously described showed that COF-360
only has one kind of pore of 10.5 A in diameter, which is close
to the micropore of COF-346 (10.4 A).

It is interesting to note that in the course of our studies we
performed the reaction between TFPB and ETTA only and
uncovered another crystalline COF, termed COF-340 (Figure
3) (SI, section S7). We were surprised to find that COF-340
has an almost identical PXRD pattern as COF-346 (S, figure
S$22). Furthermore, even though a large excess of ETTA was
used in the synthesis, free aldehyde groups were still observed
by FT-IR (SI, figure S4). Moreover, digestion 'H NMR
showed a consistent linker ratio of 3:2 for TFPB and ETTA
despite the variation of linker input ratios, suggesting a
systematic free aldehyde defect site (SI, figure S13). We
speculated that the structure of COF-340 is a defected COF
based on the tth topology, in which the tetratopic ETTA
linkers occupy the hexatopic sites, with frustrated aldehyde
groups pointing into the pores due to steric hindrance.'® This
defected COF provides the initial backbone for the
crystallization of COF-346 during its synthesis. This was
supported by the pore size distribution of COF-340, showing
the presence of two kinds of pores (9.3 and 22.0 A), which are
close to the pore sizes of COF-346 (SI, section S7). In
contrast, switching the functionalities by using tetrakis(4-
formylphenyl) ethene and 1,3,5-tris(p-aminophenyl)benzene
only yielded amorphous products (SI, figure S17).

In summary, we have designed and synthesized a crystalline,
porous COF, termed COF-346, with a new tth topology. We
also reported COF-340 and COF-360, both of which are
structurally related to COF-346. The topological design and
reticular synthesis coupled with linkers of precise geometry and
metrics allowed us to incorporate linkers with 3 different kinds
of connectivity within a 2D COF. This work serves to expand
the scope of 2D COF structures and realize new strategies for
increasing complexity of COFs by design.
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