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ABSTRACT: Finding new ways to construct crystalline
multiple-component covalent organic frameworks (COFs)
has become an important focus. Herein we report the
synthesis of three novel COFs containing a homogeneous
and heterogeneous distribution of π-conjugated dehydro-
benzoannulene (DBA) vertex units. The COFs were
synthesized by reacting different ratios of C3-symmetric
DBA catechol monomers with C2-symmetric pyrene-2,7-
diboronic acid (PDBA) to yield three COFs, Py-DBA-
COF 1, Py-DBA-COF 2, and Py-MV-DBA-COF. All three
materials are highly crystalline and display unique
luminescent properties in the solid state.

Covalent organic frameworks (COFs)1−3 are an advanced
class of porous crystalline materials that enable the

specific inclusion of various π-conjugated units into highly
ordered periodic arrays. This feature allows the properties of
the materials to be tailored for applications pertaining to gas
storage,4,5 catalysis,6,7 separations,8 energy storage,9 optoelec-
tronics,10−14 and proton conduction.15,16 Since COFs are
typically constructed through a reversible dynamic nucleation−
elongation process,17 the surface area, pore size, and structural
topology of the materials can be conveniently modified by
careful selection of the molecular building blocks. Although
many COFs possessing high surface areas and uniform pore
channels have been reported, there has been an increased effort
to create other COF materials that contain heterogeneous pore
channels18−22 or different types of π-conjugated monomers by
utilizing a mixed-linker strategy.23 Such explorations are
believed to be important not only to increase the structural
diversity of COFs but also to provide access to ordered
polymeric materials with unique separation, optoelectronic, and
gas adsorption properties.
Recently, Zhao and co-workers have shown24 that by the use

of an orthogonal reaction strategy in which two different
functional groups are attached to one monomer, two different
types of covalent bonds and vertex units can be incorporated
into one COF structure. Intrigued by this work, we were
curious to determine whether a mixed-vertex strategy could be
used to create a COF material containing an assortment of
heterogeneous pore sizes using only one type of covalent bond.
We hypothesized that mixing C3-symmetric triangular-shaped
monomers of different pore sizes in a 1:1 ratio with a C2-
symmetric ditopic linker could yield a hexagonal-shaped COF
structure with a heterogeneous distribution of vertex units

(Scheme 1c). To test this strategy, we decided to use C3-
symmetric π-conjugated dehydrobenzoannulenes (DBAs) and

C2-symmetric pyrene-2,7-diboronic acid (PDBA) as our vertex
and ditopic linker molecular building blocks. DBAs are planar
carbon-rich macrocycles that contain triangular pores and
exhibit unique optoelectronic properties.25 We26 and others27

have shown that DBA[12]28 and DBA[18] monomers can be
utilized to create highly luminescent porous materials.
However, the incorporation of both DBA monomers into
one two-dimensional (2D) COF has yet to be reported.
To begin our study, we first reacted DBA[12] with PDBA

under solvothermal conditions in a 2:1 (v/v) 1,4-dioxane and
mesitylene mixture at 105 °C for 3 days to produce Py-DBA-
COF 1 (Scheme 2). Py-DBA-COF 2 and Py-MV-DBA-COF
were constructed under similar reaction conditions with the
exception of utilizing a 2:1 (v/v) 3-pentanone and mesitylene
solvent mixture on account of the limited solubility of DBA[18]
in dioxane. It should be noted that the ideal reaction conditions
described above were achieved after carefully screening
different monomer and solvent ratios (see pp S4−S5 in the
Supporting Information (SI) for details). All three COFs were
obtained by transferring and suspending the remaining solids in
acetonitrile or tetrahydrofuran.
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Scheme 1. Design of DBA-COFs Containing a Mixture of
Hexagonal and (A) Small Triangular, (B) Large Triangular,
or (C) Small and Large Triangular Vertices
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The formation of the boronate ester (B−O) linkages for Py-
DBA-COF 1, Py-DBA-COF 2, and Py-MV-DBA-COF were
confirmed by Fourier transform infrared (FT-IR) spectroscopy,
exhibiting stretching modes at 1332, 1329, and 1328 cm−1,
respectively (Figures S1−S3 in the SI). Thermogravimetric
analysis (TGA) revealed that all three DBA-COFs displayed
excellent thermal stability, maintaining more than 96% of their
weight up 400 °C (Figures S11−S13). The solid-state 13C
cross-polarization magic-angle spinning (CP-MAS) NMR
spectra of Py-DBA-COF 1 and Py-DBA-COF 2 revealed the
characteristic resonances of the alkynyl units at ∼92.6 and 78.2
ppm, respectively (Figures S17 and S18). In comparison, Py-
MV-DBA-COF exhibited two broad resonances at ∼91.7 and
78.7 ppm, which confirmed the incorporation of both DBA[12]
and DBA[18] monomers into one COF structure (Figure S19).
Scanning electron microscopy (SEM) images of Py-DBA-COF
1 revealed the existence of ball-shaped and elongated needle-
shaped crystallites (Figure S20), whereas Py-DBA-COF 2 and
Py-MV-DBA-COF displayed a cauliflower-like morphology
(Figures S21 and S22).

Figure 1 shows the experimental and refined powder X-ray
diffraction (PXRD) profiles for Py-DBA-COF 1, Py-DBA-COF
2, and Py-MV-DBA-COF, which were indexed utilizing a
primitive hexagonal unit cell. Py-DBA-COF 1 displayed strong
peaks at 2.51, 4.33, 4.98, 6.55, 8.52, and 25.9°, corresponding to
the (100), (110), (200) (210), (310), and (001) planes,
respectively. The PXRD profile for Py-DBA-COF 2 was slightly
shifted to lower angles, exhibiting peaks at 2.25, 3.87, 4,45, 5.83,
7.67, and 26.1, which also correspond to the (100), (110),
(200) (210), (310), and (001) planes, respectively. Simulated
PXRD patterns of Py-DBA-COF 1 and Py-DBA-COF 2 were
produced using an eclipsed bnn (P6/mmm) hexagonal unit
cell.29 Pawley refinement of the experimental data for Py-DBA-
COF 1 provided unit cell parameters of a = b = 41.014 Å and c
= 3.4 Å (residuals Rp = 6.06, Rwp = 7.73), whereas Py-DBA-
COF 2 provided unit cell parameters of a = 48.622 Å, b =
48.834 Å, and c = 3.39 Å (residuals Rp= 5.43, Rwp= 6.76). The
simulated spectra were in good agreement with the
experimental values for both COFs.

Scheme 2. Synthesis of DBA-COFs

Figure 1. Indexed experimental (red) and Pawley-refined (blue) PXRD profiles of Py-DBA-COF 1 (left), Py-MV-DBA-COF (middle), and Py-DBA-
COF 2 (right) overlaid with the bnn-simulated patterns (green). The extra reflection peaks at 18° and 28° for Py-MV-DBA-COF are from H3BO3, a
decomposition product formed in the presence of moisture.12
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In comparison, Py-MV-DBA-COF unveiled peaks at 2.37,
4.06, 4.66, 6.11, 7.83, and 25.9°, corresponding to the (100),
(110), (200) (210), (310), and (001) planes, respectively.
Pawley refinement of the experimental data provided unit cell
parameters of a = 43.042 Å, b = 43.223 Å, and c = 3.33 Å
(residuals Rp= 6.06, Rwp= 7.73). These values were also in good
agreement with the bnn net simulated data. In order to confirm
the ratio of DBA[12] and DBA[18] monomers, we performed a
1H NMR experiment in which 3 mg of Py-MV-DBA-COF was
hydrolyzed in dimethyl sulfoxide-d6 by adding 50 μL of 1 M
HCl. Interestingly, the 1H NMR spectrum revealed a 1:1.12
molar ratio of DBA[18] and DBA[12], respectively (Figure
S33). We believe that the two DBA vertices for Py-MV-DBA-
COF are incorporated in an alternating manner throughout the
COF (Scheme 2). In addition, we also considered staggered gra
(P63/mmm) packing conformations for all of the DBA-COFs.
However, the experimental data did not match the simulated
profiles (Figures S6, S8, and S10).
The porosity of each DBA-COF was evaluated by measuring

nitrogen gas adsorption/desorption isotherms at 77 K (Figure
2). Py-DBA-COF 1 and Py-DBA-COF 2 both exhibited type-IV

isotherms, which are indicative of mesoporous materials. Py-
DBA-COF 1 displayed a sharp uptake at low relative pressure
(P/P0 < 0.01) followed by a sharp step between P/P0 = 0.04
and 0.32, while Py-DBA-COF 2 exhibited similar uptake
characteristics with the exception of revealing a step between
P/P0 = 0.05 and 0.37. The Brunauer−Emmett−Teller (BET)
model was applied to the data for Py-DBA-COF 1 and Py-
DBA-COF 2 over the low-pressure region of the isotherm
(0.04/0.05 < P/P0 < 0.25) to provide surface areas of 1392 and
1354 m2 g−1, respectively. The total pore volumes of Py-DBA-
COF 1 and Py-DBA-COF 2, calculated at P/P0 = 0.994 and
0.991, respectively, both were 1.21 cm3/g. In comparison, Py-
MV-DBA-COF also displayed a type-IV isotherm, and applying
the BET model over the low-pressure region (0.06 < P/P0 <
0.26) afforded a surface area of 1134 m2 g−1. The total pore
volume evaluated at P/P0 = 0.949 was 1.06 cm3/g. The pore
size distributions for Py-DBA-COF 1, Py-DBA-COF 2, and Py-

MV-DBA-COF were estimated using nonlocal density func-
tional theory (NLDFT), which provided values of 3.6, 4.3, and
4.1 nm, respectively. The experimental values for Py-DBA-COF
1, Py-DBA-COF 2, and Py-MV-DBA-COF were very close to
their theoretical pore sizes of 3.8, 4.3, and 4.1 nm, respectively,
which were estimated using the bnn models. It should be noted
that Py-MV-DBA-COF contains the largest pore size reported
for a COF containing mixed vertices.
In addition, all three DBA-COFs are highly luminescent in

the solid state (Figure 3). Upon excitation of the DBA[18]

units at 365 nm, the solid-state powder of Py-DBA-COF 2
exhibited a blue-greenish luminescent color with a λmax of 483
nm. In contrast, the emission wavelengths of Py-DBA-COF 1
and Py-MV-DBA-COF are red-shifted by ∼47 nm, providing a
λmax of 530 and 528 nm (λexc = 350 nm), respectively. The
powders of both COFs displayed yellow luminescence under
UV radiation. The large bathochromic shifts for these two
COFs is likely due to the fact that the lowest-energy transitions
of DBA[12]-based materials are symmetry-forbidden in the
ground state compared with DBA[18]-based materials (Figures
S29 and S30).30,31 Interestingly, the presence of the DBA[12]
units rather than the DBA[18] units appears to dominate the
excited-state properties of Py-MV-DBA-COF. UV−vis diffuse-
reflectance spectra indicate that all three DBA-COFs exhibit
broad absorption bands ranging from 300 to 420 nm (Figures
S23, S25, and S27).
In summary, we have demonstrated that DBA monomer

units can be used to construct crystalline luminescent COFs
with a homogeneous and heterogeneous distribution of vertex
components. We believe that the mixed-vertex approach
described herein is a complement to the mixed-linker strategy
and that the combination of the two approaches could
undoubtedly lead to the synthesis of other highly diverse
multicomponent COF systems. Such investigations could be
beneficial for constructing crystalline porous organic materials
with unique optoelectronic, separation, or gas adsorption
properties.
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Figure 2. Nitrogen adsorption/desorption isotherms (top) and
NLDFT pore size distributions (bottom) for Py-DBA-COF 1 (red),
Py-DBA-COF 2 (green), and Py-MV-DBA-COF (blue) measured at
77 K.

Figure 3. Normalized emission spectra and photographs of Py-DBA-
COF 1 (orange, λexc = 350 nm), Py-DBA-COF 2 (green, λexc= 365
nm), and Py-MV-DBA-COF (oranged dashed, λexc = 350 nm). The
photographs of the fluorescent solids were taken using a hand-held
UV-lamp at 365 nm.
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