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Abstract: The bottom-up synthesis of covalent organic frameworks
(COFs) with desirable organic units furnishes functional materials with
unique structural and chemical properties. As an emerging class of
two-dimensional (2D) COFs, sp?-carbon—conjugated COFs provide a
facile platform with which to construct highly stable and crystalline
porous polymers with intriguing photocatalytic efficiency. However,
constructing COFs with high photoconductivity and charge-carrier
mobility while maintaining a sufficient photoredox potential remains a
considerable challenge. Herein, a 2D vinylene-linked COF was
prepared by employing nanographene, namely, dibenzo[hi,st]ovalene
(DBOV), as a building block. The resulting 2D DBOV-COF exhibits
unique ABC-stacked lattices, enhanced chemical stability, and a
charge-carrier mobility of ~0.6 cm?V*.s? inferred from ultrafast
terahertz conductivity measurements. The ABC-stacking structure
was unambiguously revealed by the high-resolution transmission
electron microscopy, in addition to the powder X-ray diffraction.
Notably, DBOV-COF demonstrated remarkably high photocatalytic
activity in hydroxylation, which was attributed to the exposure of
narrow-energy-gap DBOV cores as active sites in the COF pores, in
conjunction with efficient charge transport following light absorption.

Introduction

The construction of fully conjugated two-dimensional (2D)
covalent organic frameworks (COFs) through topologically
directed polycondensation of rationally predesigned building
blocks provides a facile platform with which to generate functional
porous materials for optoelectronic and heterocatalytic
applications.! By employing thermodynamically controlled and
defect-repairing processes involving reversible or partially
reversible bond formation, numerous 2D COFs with extended -
conjugation have been developed, including vinylene-linked
highly crystalline structures with outstanding stability and
photocatalytic properties.’! However, most of these lattices
possess layered structures with AA stacking, which hampers
heterocatalytic efficiency because the active sites eclipse each
other.®l Although attempts at changing stacking modes by
introducing sterically demanding substituents have been reported
for imine-linked COFs,! the achievement of ABC stacking with
2D vinylene-linked COFs has remained elusive. Their successful
formation with highly ordered structures presumably depends on
the preassembly of monomers and oligomers through n-nt
interactions, which are disturbed by large substituents. Therefore,
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Figure 1. a) Topology-directed synthesis of an olefin-linked DBOV-COF with a pore size of 1.88 nm. b) Experimentally observed PXRD pattern of the DBOV-COF
(red curve), the Pawley refinement (blue curve) and their difference (black curve), as well as simulated patterns for the AA-stacking mode (orange curve), AB-
stacking mode (purple curve) and ABC-stacking mode (green curve). c), d) Rebuilt crystal structure of the c) top and d) side views with an interlayer distance of 3.5

A along the z-direction.

the choice of the functionalized monomeric building block needs
to ensure a proper balance between steric and n-n bonding
effects for both kinetic and thermodynamic control.

Nanographenes, polycyclic aromatic hydrocarbons (PAHs) with
sizes above 1 nm, are considered promising candidates for next-
generation semiconductors with discrete and tunable energy
gaps.® In the past decade, myriad nanographenes with attractive
optical,® electronic and magnetic®® properties have been
developed. In particular, we reported dibenzo[hi,stlovalene
(DBOV) derivatives with both zigzag and armchair edges, which
exhibit intense absorption of visible light over a large wavelength
domain, high stability, and brilliant red fluorescence with quantum
yields up to 97%.°) Moreover, properly functionalized DBOV
adopts a crystal structure with pronounced intermolecular n-xt
interactions.*! These intriguing features prompted us to introduce
DBOV into a 2D vinylene-linked COF skeleton with a packing
mode without AA stacking.

In this work, we synthesized an olefin-linked 2D COF with ABC
stacking by employing 6,14-bis(4-formyl-2,6-
dimethylphenyl)dibenzo[hi,stjovalene (DBOV-CHO) as the
building block. The resuliing DBOV-COF combined high
crystallinity and stability with a strong light-harvesting ability over
a broad absorption domain and high charge-carrier mobility and
has an ABC-stacking structure that can allow guest molecules to
effectively access the active sites. Remarkably, with these key
features, DBOV-COF could serve as an efficient photocatalyst for
the hydroxylation of aromatic boronic acids to phenols under
irradiation with visible light.

Results

Synthesis of DBOV-COF. DBOV-CHO was synthesized by
adapting our previous synthetic protocol,®® as described in the
Supporting Information (Sl). Polymerization of C;-symmetric
DBOV-CHO and 3,5-dicyano-2,4,6-trimethylpyridine (DCTMP)
under optimized solvothermal conditions with piperidine catalysis
provided a deep blue-colored 2D DBOV-COF in quantitative yield
as highly crystalline powder (see the SI, Figure 1a). Through
washing with n-hexylamine in chlorobenzene, well purified DBOV-
COF could be obtained (Figure S1). Other reaction conditions, for
example, utilizing mixtures of dimethylacetamide (DMAc) and 1,2-
dichlorobenzene (ODCB) (v/v = 1/1) as the solvent instead of
DMAc, generated DBOV-based conjugated microporous
polymers (DBOV-CMPs) with amorphous structures based on
powder X-ray diffraction (PXRD) analysis (see the SI).

The chemical structure of the obtained vinylene-linked DBOV-
COF was analyzed by different spectroscopic and microscopic
methods (Figures S2-S5). Fourier transform infrared (FTIR)
spectroscopy revealed the occurrence of polymerization, which
was evidenced by the band at 2223 cm™ corresponding to the
stretching vibration of the C = N substituent and by the
disappearance of the aldehyde band at 2720 cm™ (Figure S2).
The appearance of a peak at 1625 cm, which could be assigned
to the trans-HC=CH stretching vibration, supported the formation
of the vinylene linkage (Figure S2). The formation of DBOV-COF
was also confirmed by '®C cross-polarization/magic angle
spinning (CP/MAS) solid-state nuclear magnetic resonance
(NMR) spectroscopy (Figure S3). According to the solid state **C
NMR spectra of DBOV-COF, the successful polycondensation of
DBOV-CHO and DCTMP monomers could be fully supported by
the disappearance of the peak at 189 ppm assigned to the carbon
atoms of the aldehyde groups and the peaks at 22 ppm and 24
ppm of the two methyl groups of DCTMP. The solid-state NMR
signals of DBOV-COF are significantly broadened compared to



the spectra of DBOV-CHO, suggesting strong variations of the
local molecular packing arrangement after the COF formation. It
is thus not possible to assign the **C CP/MAS NMR signals in the
aromatic range of DBOV-COF to specific aromatic carbon atoms
of the DBOV core and vinyl groups, but they are observed in the
same range as those of DBOV-CHO, corroborating the
retainment of the DBOV structure. It is noted that signals from
carbon atoms inside the DBOV core are strongly reduced in
intensity by the CP/MAS method based on polarization transfer
from protons in close spatial proximity. Additionally, field-emission
scanning electron microscopy (FE-SEM) revealed a flake-like
morphology of DBOV-COF (Figure S4), and thermogravimetric
analysis (TGA) demonstrated its high thermal stability, with no
weight loss occurring until 420 °C under a nitrogen atmosphere
(Figure S5).

Crystal Structure Simulation. PXRD indicated a crystalline
structure of the obtained DBOV-COF; Peaks at 3.68°, 4.82°, 7.38°,
11.27° and 24.83° were assigned to the (110), (300), (220), (330),
and (001) facets, respectively (Figure 1b, red curve). The packing
structures of DBOV-COF were simulated by density functional
theory (DFT) tight binding calculations, followed by generation of
the corresponding PXRD patterns. Among the various possible
stacking types, the ABC stacking mode (Table S3) yielded a
PXRD pattern (Figure 1b, green curve) in good agreement with
the experimentally observed pattern. The Pawley refined PXRD
pattern (Figure 1b, blue curve), generated using the P1 space
group (Table S4) with unit-cell parameters of a = 49.0867 A, b =
49.0867 A, ¢ = 10.0000 A, & = y = 90°, and = 120° from the
ABC-stacking model (see the Sl for details), reproduced the
experimental curve, as evident from the negligible differences
between the two (Rwp = 0.32% and R, = 0.19%, Figure 1b, black
curve). The presence of the peak corresponding to the (001) facet
suggested that the layers aligned along the third dimension
perpendicular to the 2D sheets (Figure 1c-1d).**! Based on the
peak position, the interlayer distance was calculated to be 3.5 A.
By contrast, the simulated XRD profiles of the AA- and AB-
stacking modes (Figure 1b, orange and purple curves,
respectively; see Tables S5 and S6 for the atomistic coordinates)
did not match the experimentally measured PXRD pattern.
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Figure 2. Nitrogen sorption isotherms of DBOV-COF measured at 77K. a)
Absorption and desorption curves. b) Pore size distribution and pore volume
profiles based on NLDFT calculation.

DBOV-COF produced reversible nitrogen sorption isotherms, in
line with the expected porous framework (Figure 2a). The
Brunauer—-Emmett-Teller (BET) surface area was evaluated to be
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581 m? gl The pore size distribution was determined with
nonlocal density functional theory (NLDFT), indicating that DBOV-
COF had a microporous structure with a discrete pore size of 1.9
nm (Figure 2b). This result is consistent with the simulated model
of the DBOV-COF crystal (Figure 1a and ic).

Electron Microscopic Analysis. High-resolution transmission
electron microscopic (HR-TEM) analysis further confirmed the
successful formation of 2D DBOV-COF. As in the previous report
on olefin-linked COFs, ¥ the DBOV-COF was stable for at least
a few seconds under normal electron dose for TEM observation.
A periodic pattern was observed, as shown in Figure 3a, from a
thin film structure exfoliated in dichloromethane (Figure S6a). The
average distance obtained from a plot profile (2.44 + 0.06 nm,
Figure 3b) corresponds to the spacing of the parallel DBOV units
in the ABC-stacking model (2.45 nm, Figure 3d, red lines). Figure
3c and 3d shows an enlarged TEM image and an image simulated
for ABC-stacked films of DBOV-COF with an inclination of ~18° at
the same scale. As shown in the overlaid image of TEM and
simulation (Figure S6c¢), the characteristic stripe pattern was well
reproduced in the simulation. The simulation indicates that the
linear contrasts are composed of a combination of DBOV units in
each of the three layers in ABC-stacking (colored red, green, and
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blue in the model, Figure 3d) and other two stacking modes (AA,
AB) only show dotted linear contrast (Figure S6d), which strongly
supports the ABC-stacking of the obtained DBOV-COF.

Figure 3. TEM characterization of DBOV-COF. a) HR-TEM image of DBOV-
COF, showing the periodic structure. b) The plot profile along the yellow line in
a. ¢) Enlarged HR-TEM image and d) an image simulated for DBOV-COF.
Molecular model in ABC-stacking (three layers are colored red, green, and blue)
is partially overlaid.

Chemical Stability. The stability of DBOV-COF was examined
by soaking powder samples in the following solvents for one
month:  N,N-dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), water, and concentrated aqueous solutions of HCI (12
M) and NaOH (14 M). According to the weights of the residual
samples (Figure 4a), the stability against organic solvents and



water was outstanding with little weight loss (< 5 wt%). The weight
losses were ~10 wt%, even in concentrated HCl and NaOH
solutions. Furthermore, the peak positions and signal intensities
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of the PXRD patterns after soaking in these solvents were almost
unchanged (Figure 4b). These results highlighted the
exceptionally high chemical stability of DBOV-COF.

Figure 4. a) Residual weight of DBOV-COF after soaking in DMF (98%), DMSO
(97%), H20 (92%), HCI (12 M, 90%) and NaOH (14 M, 89%) for one month, and
b) PXRD patterns of DBOV-COF after immersion in the different solvents.

Electronic Structure Characterization. The solid-state diffuse
reflectance spectra measured on a powder sample of DBOV-COF
showed broadband absorption from 300 nm to 800 nm, which
covered the absorption regions of DBOV-CHO and DCTMP
(Figure 5a, red, blue, and black curves, respectively). The optical
bandgap was estimated to be 1.74 eV according to the Kubelka-
Munk-transformed reflectance spectra (Figure 5b). Cyclic
voltammetry (CV) analysis of DBOV-COF (Figure S7) revealed an
oxidation potential of —0.33 V, corresponding to the energy of the
valence band maximum (VBM) at —4.47 eV.

DFT calculations (Figure S8) helped to evaluate the band
structure and the partial density of states (PDOS), suggesting an
indirect bandgap of 1.27 eV. The PDOS result indicates that both
the conduction band minimum (CBM) of —4.97 eV and the VBM of
—3.70 eV originate from the n-delocalization of the 2p orbital of the
C atoms. It is noted that optical transitions across an indirect
bandgap are not allowed for indirect bandgap semiconductors,
which can explain the difference between the optical bandgap
estimated above and the calculated indirect bandgap.*?

Photoconductivity and Charge-Carrier Transport. To
investigate the electrical properties of DBOV-COF, we measured
the time- and frequency-resolved photoconductivity employing
optical-pump THz-probe (OPTP) spectroscopy on a powder-
based thin film (~200 xm thickness) sandwiched between two
fused silica substrates. OPTP spectroscopy is a purely optical
method that measures the photoconductivity and quantifies the
intrinsic charge-carrier mobility of samples in a contact-free
fashion. Figure 5c shows the photoconductivity dynamics of
DBOV-COF following 3.1 eV photoexcitation. An ultrafast, sub-ps
rise in the real part of the photoconductivity is attributed to the
optical generation of free charge carriers. This is followed by
biexponential decay with an average carrier lifetime (t) of ~8 ps
(determined by weighting the slow and fast decay contributions),
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which could be attributed to the loss of mobile carriers as a result
of localization (e.g., trapping to localized states or forming bound
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excitons) and/or electron-hole recombination.**!

Figure 5. Optical and electronic properties of DBOV-COF. a) Solid-state UV/vis
diffuse reflectance spectra (DBOV-COF, red curve; DBOV-CHO, blue curve and
DCTMP, black curve). b) The Kubelka-Munk-transformed reflectance spectra.
c) Time-resolved photoconductivity dynamics for DBOV-COF. The samples
were photoexcited by a pulsed laser with a duration of ~ 50 fs, photon energy
of 3.1 eV, and an incident photon density of 4.1 x 10%cm2 The
photoconductivity Ao is proportional to the change in the transmitted THz
electrical field (-AE/E) following photoexcitation. d) Frequency-resolved
complex photoconductivity of DBOV-COF at ~3 ps after photoexcitation. The
solid lines are the Drude-Smith fits to the data, as discussed in the main text
and SI.

Figure 5d presents the frequency-resolved complex THz
photoconductivity of DBOV-COF at ~3 ps after photoexcitation.
The spectral response could be well fitted by the Drude-Smith
modell*“l (see the Sl for details), which depicted the conduction of
free charge carriers subject to a preferential backscattering effect
due to the presence of, e.g., grain boundaries and variations in
the structural configuration. The degree of backscattering is
quantified by a parameter ¢ spanning from 0 (for Drude-like
transport) to —1 (for localized charges with 100% backscattering).
The best fit to the data yielded a scattering time (z) of 36 + 6 fs
and a c parameter of —0.85 + 0.02. Using the effective mass m*
from DFT calculations (see the Sl for details, Figure S8), the
charge-carrier mobility in the dc limit for DBOV-COF was
estimated to be 0.6 + 0.1 cm?-V-1-s, The estimated mobility is
reasonably high on the basis of comparison to the previously
reported values for other state-of-the-art conductive metal-free
COFs, which were determined with the same or similar
photoconductivity measurements and range from ~0.014 to ~8
cm?-V-1.s71 15 Such high charge-carrier mobility enables effective
transport of photogenerated carriers towards!*® catalytically active
sites in DBOV-COF and thus may play a role in facilitating the
photocatalytic process.
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Photocatalytic Properties. The high chemical stability and high
charge-carrier mobility of DBOV-COF motivated us to investigate
the possible application of DBOV-COF as a photocatalyst. This is
particularly relevant for the hydroxylation reaction since the
energy levels of DBOV-COF appeared suitable for transferring
photogenerated electrons to oxygen.'”) We thus chose the
transformation of 2-naphthylboronic acid to 2-naphthol as the
model reaction, with oxygen gas as the oxidant, triethylamine
(TEA) as the sacrificial agent, and acetonitrile as the solvent
under irradiation with visible light at room temperature. In view of
the broad absorption of DBOV-COF, we selected a low-power
white LED lamp (0.07 W/cm?) as a light source instead of a
commonly used xenon lamp (300 W). After 5 h of photoirradiation,
2-naphthol was isolated in an excellent yield of 97% (Table 1,
entry 4), while the absence of either DBOV-COF, light, or oxygen
resulted in trace yields (Table 1, entries 1-3). In marked contrast
to DBOV-COF, both DBOV-CHO and DCTMP monomers showed
much lower photocatalytic performance with limited reaction
yields of 20.6% and 11.9%, respectively (Table 1, entries 5-6).

Table 1. Screening and control reaction conditions for the photocatalytic
hydroxylation of 2-naphthylboronic acid.l?!

OH white light

B‘OH photocatalyst, r.t., 5h OH
CH4CN, O, (1 atm), TEA

Entry Photocatalyst Visible light Oz Yield
(%)®
1 none + + trace
2 DBOV-COF - + trace
3 DBOV-COF + - trace
4 DBOV-COF + + 97
5 DBOV-CHO + + 20.6
6 DCTMP + + 11.9
7 TFPPy-PDA-COF  + + 28
8 Py-DCTMP-CMP + + trace
9 g-C4oN3-COF + + 13
10 DBOV-CMP + + 46
11 DBOV-COF (1,4- + + 8.6
benzoquinone)
12 DBOV-COF (KI) + + 171

[a] Reaction conditions: 2-naphthylboronic acid (0.5 mmol), TEA (1.5 mmol),
photocatalyst (1 mg/mL), CHsCN (3 mL), Oz (1 atm), 5 h white LED lamp (0.07
W/cm?). [b] Isolated yield.

To evaluate the critical role of the DBOV unit, imine-linked
TFPPy-PDA-COF with pyrene-based porous structures*® and
olefin-linked amorphous py-DCTMP-CMP (see the SI for details)
were prepared as control COF samples. In sharp contrast to the
results with DBOV-COF, both TFPPy-PDA-COF and py-DCTMP-
CMP showed limited catalytic activity, giving only 28% yield and
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trace amounts, respectively, of the hydroxylated product (Table 1,
entries 7 and 8).

A p-terphenyl-based g-CiN3-COF® was also prepared for
comparison, but the product yield was only 13% (Table 1, entry
9). On the other hand, amorphous DBOV-CMP resulted in a 46%
product yield (Table 1, entry 10), which was significantly lower
than the product yield with DBOV-COF. All these results indicated
that the ordered lattice structure is a prerequisite for the excellent
catalytic function of DBOV-COF and highlighted the relevance of
DBOV as a unique photocatalytic component of COFs, in stark
contrast to smaller PAHSs typically used to fabricate COFs.

The high photocatalytic activity of DBOV-COF could also be
demonstrated for various other arylboronic acids, including 1-
pyrenylboronic  acid, 4-biphenylboronic acid, and 4,4-
biphenyldiboronic acid (Table 2, entries 1-3). Substrates with
electron-withdrawing groups resulted in lower yields, but 4-cyano-
and 4-nitrobenzeneboronic acids could be hydroxylated to the
corresponding phenols in 89% and 85% yields, respectively
(Table 2, entries 6 and 7). Figure S9 shows a proposed reaction
mechanism for the photocatalytic process, based on the
literature.l*” We have performed an additional control experiment
by implementing 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a
superoxide radical trapping agent, and the EPR analysis
demonstrated a typical pattern characteristic for DMPO-0,-~
adducts (Figure S10).”°! The photocatalytic performance of
DBOV-COF significantly decreased in the presence of 1,4-
benzoquinone or Kl as electron or hole scavenger, respectively,
further supporting the proposed mechanism of photocatalytic
hydroxylation (Table 1, entries 11-12). As an olefin-linked stable
heterogeneous photocatalyst, DBOV-COF could be readily
recovered by filtration and directly reused after washing with
tetrahydrofuran and acetone. Even after 8 cycles of reaction and
recovery, no significant decay was observed in the reaction yields
(Figure S11) or crystallinity (Figure S12) of DBOV-COF, which
further indicated the robustness of its ordered frameworks. Finally,
we investigated the hydroxylation of 2-naphthylboronic acid
catalyzed by DBOV-COF and recorded a time-dependent
conversion plot (Figure S13). The turnover frequency (TOF) was
estimated to be 1.6 x 102 s, which was higher than those
reported for other COFs (see Table S2).

Table 2. Photocatalytic hydroxylation of various arylboronic acids using DBOV-
COF as photocatalyst. &

Entry Substrate Product Time Yield
(h) (%)
Hi
1 OH 5 97



[a] Reaction conditions: arylboronic acid (0.5 mmol), DBOV-COF (1 mg/mL),
Et:N (1.5 mmol), white LED illumination (0.07 W/cm?), Oz (1 atm), CHsCN (3
mL). [b] Isolated yield.

We have also performed photocatalytic reductive
dehalogenation of a-bromoacetophenone and photoredox
borylation of diazonium salt to boronic ester with DBOV-COF as
photocatalyst. The yields were higher than 90% in both reactions.
These results demonstrate general applicability of the DBOV-
COFs as photocatalysts for different types of organic reactions,
including reduction (Scheme S3) and redox reactions (Scheme
S4).

Discussion

Compared with previously reported COFs as photosensitizers
for the hydroxylation of arylboronic acids (Table S2),1%¢ 1) DBOV-
COF provided oxidation with higher yields, shorter irradiation
times and smaller loading amounts. The photocatalytic
performance largely depends on the light-harvesting and photon-
to-electron conversion ability of the catalyst. It is thus also notable
that DBOV-COF demonstrated high catalytic performance with an
apparent quantum yield (AQY) of 9.73% upon irradiation under a
low-power LED lamp with a wavelength of 620 nm (see the SI for
more details),?” highlighting the excellent light-harvesting ability
of DBOV-COF.

In porous catalysts, photoexcited electrons need to quickly
move to the interfaces with guest molecules for efficient
photocatalysis while minimizing hole-electron recombination.?*
The efficient charge-carrier transport along the highly ordered
lattice of DBOV-COF, as shown by THz spectroscopy indicating
a long average carrier lifetime of 8 ps, most likely plays a key role
in its high photocatalytic performance. This is in contrast to py-
DCTMP-CMP and DBOV-CMP, which have amorphous
structures and can most likely cause fast trapping of charge
carriers and dissipation by hole-electron recombination. Moreover,
the extraordinary ABC-stacked layered structure of DBOV-COF
with its large “open” n—surface can increase the access of
arylboronic acids as guest molecules together with oxygen
molecules that are supposed to be initially reduced by the transfer
of photogenerated electrons.!® Theoretical calculation (Figure
S14) indicates that both VBM and CBM locating on the DBOV
units in DBOV-COF, which most probably serve as the effective
photocatalytic sites. Therefore, the superior features of DBOV-
COF for photocatalytic hydroxylation can be summarized as i) a
marked light-harvesting ability, ii) reasonably a high charge-
carrier mobility within an ordered framework and iii) large exposed
interfaces.
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Conclusion

In summary, a DBOV-based ABC-stacked 2D COF was
synthesized with robust olefin linkages. The COF exhibited
unique structural and electrical properties, as demonstrated by
PXRD, HR-TEM, OPTP spectroscopy. When employed as a
photocatalyst, DBOV-COF efficiently promoted the hydroxylation
of aromatic boronic acids to hydroxylated arenes with stable
cycling performance. This work provides a facile strategy for
introducing various functional nanographenes to the world of
COFs to achieve unprecedented structures and properties, e.g.,
enhanced photocatalytic activity. The use of nanographenes, with
tunable energy levels and gaps, as building blocks of COFs could
also direct research toward hitherto elusive photocatalytic
processes.
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ABC Stacking

Nanographene based vinylene-linked framework. Dibenzo[hi,stJovalene based covalent organic frameworks form 2D ABC stacking
sp? carbon lattices with robust olefin linkage. The resulting 2D unique structure exhibits high photoconductivity, charge -carrier mobility
and photocatalytic activity in hydroxylation attributed to the narrow-energy-gap nanographene cores as active sites.



