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ABSTRACT: We present a strategy whereby selective
formation of imine covalent organic frameworks
(COFs) based on linking of triangles and squares into
the fjh topology was achieved by the conformational
design of the building units. 1,3,5-Trimethyl-2,4,6-
tris(4-formylphenyl)benzene (TTFB, triangle) and
1,1,2,2-tetrakis(4-aminophenyl)ethene (ETTA,
square) were reticulated into [(TTFB),(ETTA);]imine,
termed COF-790, which was fully characterized by
spectroscopic, microscopic, and X-ray diffraction
techniques. COF-790 exhibits permanent porosity
and a Brunauer-Emmett-Teller (BET) surface area of
2,650 m* g. Key to the formation of this COF in
crystalline form is the pre-designed conformation
between the triangle and the square units to give
dihedral angles in the range of 75-90° without which
the reaction results in the formation of amorphous
product. We demonstrate the versatility of our
strategy by also reporting the synthesis and
characterization of two isoreticular forms of COF-
790, COF-791 and COF-792, based on other square
building units.

Covalent organic frameworks (COFs) are two- and
three-dimensional (2D and 3D) crystalline structures
composed of organic building units linked by
covalent bonds.”” Control over the spatial
arrangement of the linkers and linkages within the
COF backbone has led to frameworks with
predetermined physicochemical properties.*" In the
synthesis of crystalline COFs, the geometry and
connectivity of the starting building units dictate the
choice of structures formed.”™  However,
combination of building units, such as trigonal-

planar (3-c¢) and square-planar (4-c) still presents
great challenge,”*"® because they are expected to
produce an array of different high symmetry
topologies: pto, tbo, mhgqg-z, fjh, iab, gee, and ffc.
The question becomes how a specific COF topology
can be targeted selectively so that the other
possibilities are eliminated from forming and thereby
complicating the purity and crystallinity of the
product. Thus, it is paramount in COF chemistry to
develop strategies to design building units that hold
sufficient information to selectively target a specific
topology and only that topology.

In this report, we show how conformational design™
of the trigonal linkers has led to the fjh topology,
heretofore unknown for 3D COFs. Formation of an
amorphous phase from linkers lacking such
conformational  information underlined the
importance of such strategy in selectively targeting
specific COFs. We further demonstrated the
versatility of our strategy by successful crystallization
of isoreticular forms (fjh) from similar
conformationally designed linkers.

To identify the unique metric information needed
for fjh, this topology was deconstructed into its
trigonal-planar and square-planar building units as
shown in Figure 1a. The dihedral angles between these
units are found to be 75-90°*° Based on this
information, an fjh imine-linked framework should
be resulted by combining 1,3,5-trimethyl-2,4,6-tris(4-
formylphenyl)benzene (TTFB) with 1,1,2,2-tetrakis(4-
aminophenyl)ethene (ETTA); see Supporting
Information (SI), Section S2). The positions of the
methyl groups in TTFB ensures a dihedral angle in the
desired range of 75-90°. Accordingly, we synthesized
a molecular model system of the TTFB linker and
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Figure 1. Synthesis of a 3D COF of the fjh topology through conformational linker design. (a) The fjh deconstructs
into 3-¢ and 4-c building units and their corresponding chemical equivalents: 1,3,5-trimethyl-2,4,6-tris(4-
formylphenyl)benzene (TTFB) and 1,1,2,2-tetrakis(4-aminophenyl)ethene (ETTA), respectively. (b) Single-crystal X-ray
structure of the trigonal-planar molecular model system with dihedral angles of 74-90° and (c) crystal structure of
[(TTFB) 4(ETTA);)imine, termed COF-790, with yellow spheres placed inside the pores at the van der Waals radii of the

framework atoms.

found dihedral angles of 74°, 83°, and 9o° as shown in
Figure 1b (see SI, Section S3). Encouraged by this
structural validation obtained from the model
compound, we used the TTFB and ETTA linkers to
crystallize [(TTFB),(ETTA);)imine (termed COF-790)
having the 3D fjh topology (Figure 1c). COF-790 was
synthesized solvothermally from TTFB and ETTAina
43 molar ratio in nitrobenzene:mesitylene (3:1
volumetric ratio) at 85 °C for 72 h. A modulator, p-

toluidine (7 equiv), was added (see SI, Section S2).
COF-790 was isolated, solvent exchanged with N,N'-
dimethylformamide, 0.1 M of NH,OH in methanol,
methanol, and chloroform, and then activated under
dynamic vacuum at go °C for 4 h to yield the
crystalline compound as a yellow powder in 22% yield
(see SI, Section S2). COF-790 was fully characterized
by Fourier-transform infrared (FT-IR), solid- and
solution-state nuclear magnetic resonance (NMR)
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Figure 2. Structural and molecular characterization of COF-790. (a) Solution-state NMR spectroscopy of the acid-
digested COF-790 indicated a 4:3 stoichiometric ratio of the TTFB:ETTA linkers. (b) N, adsorption isotherm at 77 K
of COF-790 demonstrated a mesoporous structure with a pore diameter of 20.0 A and a BET surface area of 2,650 m*

g

spectroscopies, elemental analysis (EA),
thermogravimetric analysis (TGA), scanning electron
microscopy (SEM), powder X-ray diffraction (PXRD),

nitrogen sorption, and transmission electron
microscopy (TEM; see SI, Sections S3-S10).
The FT-IR spectroscopic traces of COF-790

indicated imine formation (vc-N = 1628 cm™), with no
identifiable aldehyde stretches (vc-o = 1692 cm™)
remaining (see SI, Section S4). Complete imine
formation of COF-790 was corroborated by C cross-
polarization magic angle spinning (CP-MAS) NMR
spectroscopy, displaying characteristic =~ C=N-
resonances at 161.7 ppm and absence of resonances
corresponding to aldehyde groups of the starting
material TTFB. The resonances of the methyl groups
located at the center phenyl of the TTFB unit
appeared at 18.9 ppm (see SI, Section Ss).

The atomic composition of COF-790 was
determined by elemental analysis and found to be
CigsHig4Ni, corresponding to [(TTFB),(ETTA);]imine
(Calcd for C, 88.36; H, 5.39; N, 6.25%. Found: C, 83.36;
H, 5.65; N, 6.45%; see SI, Section S2). The difference
in elemental composition between the calculated and
the experimental values likely originated from
remaining water molecules in the framework (ca.
5.7%), evidence of which was substantiated by the FT-
IR spectroscopy and TGA traces. TGA done under N,
atmosphere showed a weight loss of ~5% at 250 °C,
and an onset in thermal decomposition of COF-790
at around 400 °C (see SI, Section S6). The
constitution of COF-790 was supported by solution
statet. NMR of its acid-digested form, and

demonstrated a 4:3 ratio of TTFB:ETTA (Figure 2a).
This result was consistent with the FT-IR and CP-MAS
BC-NMR results, pointing to negligible defects within
the crystallites, and the absence of unreacted
aldehyde and amine functionalities of the starting
building units TTFB and ETTA (see SI, Section Ss).

SEM micrographs of the COF-790 crystallites
showed a single morphological phase with a
homogenous distribution of needle-shaped crystals
of ~200 nm and aggregated to spherical particles (SI,
Section S7). PXRD analysis of the microcrystalline
powder of COF-790 confirmed its crystallinity and
revealed no diffraction peaks that could be attributed
to residual starting materials or reaction additives
(Figure 3; see SI, Section S8).

The crystal structure was obtained by comparison of
the experimental wide-angle X-ray scattering (WAXS)
pattern of COF-790 with the simulated PXRD
patterns of the model structures. The experimental
diffraction pattern of COF-790 matched well with the
simulated pattern obtained from the fjh net,
displaying two characteristic peaks at 1.91 and 2.30° (4
=1.24 A), where the first peak can be indexed as the
1o reflection, and the subsequent ones as the 200 and
020 reflections. Importantly, alternative structural
models of the pto, tbo, mhq-z, iab, ffc, and gee
topologies matched poorly with the experimental
results (see SI, Section S8).

Additionally, the structural model generated from
the fjh topology displayed one discrete pore size of
21.5 A (see SI, Section S8). To validate our structural
model, we measured the N, sorption isotherm at 77K.



The N, adsorption of COF-790 demonstrated
permanent porosity with a mesoporous pore
structure and a Type I behavior. The Brunauer-
Emmett-Teller (BET) surface area was calculated to be
2,650 m* g . The pore size distribution, estimated
from the N, isotherm and calculated by density
functional theory (DFT) using the cylinder geometry
and N,-cylindrical pores-oxide surface model,
indicated a pore diameter of 20.0 A (Figure 2b; see SI,
Section Sg). This finding was in good agreement with
our structural model (21.5 A).

H_O
*200, 020 e Me “2”""2
H Me H HAN O O NH,

130 ° 1PB ° ETTA
1002
| 411

: COF 790
H 042 (I(TTFB),(ETTA)]. . )
220 b) Hp®
H,N NH,

3: Me. Me
©
; H Me H HN O O NH,
k2 ° TPB ° TAPB
C
Q
= COF 791

([(TTFB),(TAPB),]

Imr'ne)

H_O
Me. Me " O e O i
H. Me H HoN O Me O NH,
TTFB ° TAPB-Me
COF 792

((TTFB),(TAPB-Me).]

imine)

1 1 1 1 1 1 1

5 10 15 20 25 30 35 40
20/°A=1.24 A

Figure 3. WAXS patterns of COF-790 (a), COF-791 (b),
and COF-792 (c) indicated a shift of the lowest angle
peak to lower 26 values with increasing length of the 4-
c linker from COF-790 to COF-791 and COF-792.

Based on these experimental results, a structural
model was built and the crystal structure of COF-790
was assigned to the space group Ibaz (No. 45) and cell
parameters of a = 62.56 A, b = 60.32 A, and ¢ = 30.06
A. Structural details are given in the SI, Section S8.
High resolution TEM (HRTEM; see SI, Section S10)
showed two kind of lattice d-spacings of 20 and 28 A,
corresponding to the lattice planes of 121/211 and o2o0.

Under comparable synthetic conditions used for the
synthesis of COF-790, but with the TFB lacking the
methyl groups and therefore the conformational

information, we obtained an amorphous solid (see SI,
Section S8). We attributed this to the formation of
multiple phases preventing selective crystallization of
fjh. Alternative synthetic conditions favor the
formation of a 2D COF with a defected tth topology.™
In this 2D COF the TFB units adopt dihedral angles
between 32—51°.

To demonstrate the versatility of our design strategy,
we also report a series of isoreticular structures of
COF-790, namely COF-791 and COF-792, where we
replaced the square-planar ETTA unit of COF-790
with 1,2,4,5-tetrakis-(4-aminophenyl)benzene
(TAPB) and 1,2,4,5-tetrakis-(4-aminophenyl)-3',6'-
dimethylbenzene (TAPB-Me), respectively (Figure 3).
COF-791  ([(TTFB)4(TAPB);]imine) and COF-792
([(TTFB)4(TAPB-Me);]imine) were synthesized and
characterized as demonstrated for COF-790 (see SI,
Section S2). Formation of COF-791 and COF-792 was
corroborated by the FT-IR and CP-MAS “C-NMR
spectroscopies. Disappearance of the aldehyde
functionality, assigned to the resonances at vc-o =
1692 cm ', indicated successful imine-formation (ve-n
=1628 cm™; see SI, Section S4). Solid-state *C-NMR
spectra of COF-791 and COF-792 displayed
resonances associated with the imine functionality at
161.5 and 160.6 ppm, respectively. Moreover, at 18.7
and 18.9 ppm, we observed the resonances
corresponding to the methyl groups in COF-791 and
COF-792 (see SI, Section Ss).

The atomic compositions of COF-791 and COF-792
were determined by elemental analysis (COF-791:
caled  for  CuoHisoNi corresponding  to
[(TTFB),(TAPB);]imine: C, 88.76; H, 5.32; N, 5.92%;
found: C, 86.80; H, 5.51; N, 5.97% and COF-792: calcd
for C,e6Hie.N,, corresponding to [(TTFB),(TAPB-
Me);]imine: C, 88.67; H, 5.58; N, 5.75%; found: C, 86.58;
H, 6.02; N, 5.55%). COF-791 and 792 showed an onset
in thermal decomposition under N, atmosphere at
around 400 °C (see SI, Section S6). SEM micrographs
indicated a homogenous size in crystallites of cube
(~300-400 nm) and needle-shaped (~200 nm) for
COF-791 and 792, respectively.

The crystal structures of COF-791 and 792 were built
analogously to the fjh net of COF-790. Based on the
model structures, COF-791 and COF-792 displayed
pore diameters of 22.8 A, and 22.4 A, respectively. N,
adsorption isotherms at 77 K of COF-791 and COF-792
demonstrated permanent porosity and a Type I
isotherm with mesoporous pore structures. The BET
surface area was calculated to be 1,920 m* g~ for COF-
791 and 2,250 m* g~ for COF-792. Analysis of the pore
size distribution ylelded diameters of 19.0 A for COF-
701 and 22.6 A for COF-792, both in good agreement



to their theoretical values estimated from their model
structures.

The lowest angle peaks of COF-791 and 792, as
measured by WAXS, appeared at 1.89° (1 =1.24 A). A
shift to lower d-spacing was observed for the
isoreticular forms of COF-790 due to the slight
enlargement of the unit cell parameters with
increasing linker lenghts of the TAPB units (Figure 3).
HRTEM analysis of COF-791 indicated lattice fringes
of 25 A, which were attributed to the 220 lattice plane.
Owing to the higher relative crystallinity of COF-792
lattice fringes with d-spacings of 44 A were identified,
which corresponds to the no lattice plane (see SI,
Section S10).
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