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ABSTRACT: It is generally believed that the electron-withdrawing
cyano group in the olefin linkage would inhibit the stability and z-
conjugation of covalent organic frameworks (COFs), which raises
concerns about their optoelectronic properties. However, the
structure—activity relationship between the structure of olefin

hnl.(ages a_nd properties of COFs. i§ sti'll inconclusive. I.n th_is wo'rk, ?. - o  Highost shutomsspomse
imine-, vinylene-, and acrylonitrile-linked COFs with identical @Ny@ Aceyionitie - Record PLQY
triphenyltriazine building blocks were designed and synthesized. -~ - - Highest photocatalytic activities
Our work demonstrated that construction of acrylonitrile linkages not
only enhanced the chemical stability and photostability but also led -0

to remarkable optoelectronic properties with a record fluorescence Viylene

quantum yield of 35.37% in the solid state. Further, the acrylonitrile

linkage endows TTAN-COF/Pt NPs with superior and durable

photocatalytic activity in both the hydrogen evolution reaction (11.94 mmol g~' h™'; BET surface area, 739.28 m* g™') and aerobic
oxidation reaction. This work demonstrates that the acrylonitrile linkage can significantly enhance the optoelectronic properties and
photocatalytic activities of COFs compared with the highly 7-conjugated vinylene linkage, providing a valuable reference for the
design of optoelectronic functional materials.
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B INTRODUCTION

As a kind of crystalline and porous organic polymer, covalent
organic frameworks (COFs) have attracted great interest of
researchers since they were first reported by Yaghi’s group in
2005." A variety of COFs have been designed and applied in
the fields of separation,z_5 catalysis,é_9 energy,lo_13 photo-

L1417 ¢ .. 18 19 . 20
voltaics, biomedicine, ® sensors,~ environment,” and so

As the key component, the linkage unit greatly determines
the properties of COFs, especially the stability. In the context
of insufficient chemical stability of conventional borate esters
and imine linkages, the development of robust linkages is
essential to promote the practical applications of COFs. At the
same time, the novel linkage endowed COFs with additional
features, for example, a variety of olefin-linked COFs have been
reported with promising applications in the field of photo-

forth due to the broad artificial design and assembly space of
COFs provided by the adjustability of organic building blocks
and linkages.”' = It is worth noting that photocatalysis has
become an important application area of COFs,”"*> which is
due to several characteristics of COFs: (i) extended -
conjugated frameworks, endowing the COFs with the
properties of an opto-semiconductor and providing effective
conduction paths for carriers; (ii) structural adjustability,
implying that the chemical structure can be easily adjusted
artificially to fine-tune the band structure of the material; and
(iii) large surface areas, providing more accessible reactive sites
and reducing the distance of carrier conduction to the reaction
interface, thus restraining the electron—hole recombination.
After the first report by Lotsch’s group,”® COF photocatalysts
have been widely developed in the fields of photocatalytic
organic reaction,27_29 contaminant d(=.gradation,30’31
splitting,*>"** and CO, reduction.”>*°

water
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catalysis due to the efficient 7-electron delocalization of the
olefin linkage.”” To date, the vinylene (—CH=CH-) linkage
and the acrylonitrile [-CH=C(CN)-] linkage are the two
main kinds of olefin linkage of COFs. Although it is widely
believed that the chemical stability and z-electron delocaliza-
tion of the olefin linkage would be weakened by the electron-
withdrawing cyano substituents, the impact of these two
linkages on the stability and photocatalytic activity of COFs is
still undefined. Because the construction of vinylene-linked
COFs currently relied on several specially designed mono-
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Figure 1. Synthesis and PXRD patterns of TTI/TTV/TTAN-COFs. (a) Illustration of synthetic procedures for three COFs. PXRD patterns for
TTI-COF (b), TTV-COF (c), and TTAN-COF (d): comparison between the experimental (red) and Pawley refined (black) profiles, the
simulated patterns for the eclipsed AA stacking mode (green), the Bragg positions (purple), and the refinement differences (blue). Insets: the
crystal structures of corresponding COFs are viewed along the (001) direction.

mers,>®™* it is difficult to synthesize vinylene- and

acrylonitrile-linked COF materials with identical organic
building blocks. After the successful synthesis of vinylene-
linked COFs via the Horner—Wadsworth—Emmons (HWE)

significant advantages of acrylonitrile linkage over imine and
vinylene linkages, which greatly enhance the stability and

optoelectronic properties of COFs with the record fluores-

reaction reported by Feng’s group,** the chemical structure of
vinylene-linked COFs was no longer restricted. It is possible to
investigate and compare the effects of two olefin linkages and
conventional imine linkages on the properties of COFs.
Herein, three COFs with imine, vinylene, and acrylonitrile
linkages with the identical 2,4,6-triphenyl-1,3,5-triazine (Nj)
building block were constructed, and the relationship between
the linkage structure, stability, and physicochemical properties
was further investigated in detail. Our studies revealed the

cence quantum yield. Furthermore, the acrylonitrile-linked
TTAN-COF showed superior photocatalytic activity to the
other two COFs in both hydrogen evolution (in the presence
of a Pt co-catalyst) and aerobic oxidation reactions. These
results not only break the general opinion that a non-
substituent vinylene linkage would endow COFs with better
properties but also provide a way to modulate the performance

of COFs from the linkage structure.

10719 https://doi.org/10.1021/acscatal.2c02908

ACS Catal. 2022, 12, 10718-10726


https://pubs.acs.org/doi/10.1021/acscatal.2c02908?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c02908?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c02908?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c02908?fig=fig1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c02908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(a) : (b)

TTV-COF

trans -CH=CH-
-CH=CH- |
TTAN-COF

3200 2800 2400 2000 1600 1200 800 400 200 150
Wavenumber (cm™)

(©

160 140 120 100 80
Chemical shift (ppm)

Figure 2. Characterization of TTI/TTV/TTAN-COFs. (a) FT-IR spectra, (b) '*C CP/MAS NMR spectra, and (c—e) TEM images of TTI-COF
(c), TTV-COF (d), and TTAN-COF (e). Inset: FFT patterns of the red dotted area in TEM images.

B RESULTS AND DISCUSSION

Synthesis and Characterization. COFs with 2,4,6-
triphenyl-1,3,5-triazine (N;) building blocks generally showed
high crystallinity and photocatalytic activity due to the high
planarity of the N structure® and the photoactivity of the
triazine unit. Hereby, four monomers with the Nj structure,
2,4,6-tris(4-formylphenyl)-1,3,5-triazine (TFPT), 2,4,6-tris(4-
aminophenyl)-1,3,5-triazine (TAPT), 2,4,6-tris[4-
(diethylphosphonomethyl)phenyl]-1,3,5-triazine (TDPT),
and 2,4,6-tris(4-cyanomethylphenyl)-1,3,5-triazine (TCPT)
were designed and synthesized. As shown in Figure 1, imine-
linked TTI-COF was synthesized through the Schiff-base
condensation of TEPT and TAPT, vinylene-linked TTV-COF
was synthesized through the HWE reaction between TFPT
and TDPT, and acrylonitrile-linked TTAN-COF was synthe-
sized through the Knoevenagel condensation of TFPT and
TCPT, respectively.

The crystallinity structures of these three COFs were
confirmed by the powder X-ray diffraction (PXRD) analysis
(Figure 1b—d). The PXRD patterns showed diffraction peaks
at 20 = 4.18, 7.05, 8.48, 10.81, and 25.76° for TTI-COF, 20 =
4.20, 7.16, 8.30, 11.23, and 25.37° for TTV-COF and 260 =
4.08, 7.09, 8.05, 10.56, and 25.90° for TTAN-COF, originating
from (100), (110), (200), (210), and (001) planes,
respectively. The structure models of three COFs were
simulated in the hexagonal structure with hcb topology. The
experimental PXRD patterns of the three COFs are more likely
to match the simulated diffraction patterns of the AA-stacking
models (Figure S2). After Pawley refinement of experimental
PXRD patterns, the diffraction patterns were in good
agreements with the hexagonal unit cells of TTI-COF (P1, a
=2612A,b=2574A,c=371A a=287.03° =7039°y=
120.08% R, = 5.73%, and R,, = 4.58%), TTV-COF (P1, a =
2630A,b=2642 A, c=3.65A a=107.82° f="70.59°y=
119.79% R, = 3.41%, and R,,, = 2.15%), and TTAN-COF (P1,
a=2638Ab=2630A,c=3.66A a="7854° =287.52°y
= 120.70° R, = 5.38%, and R,, = 3.96%).
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The chemical structures of the three COFs were analyzed by
Fourier transform infrared (FT-IR) and solid-state '3C cross-
polarization magic angle spinning (CP/MAS) NMR spectros-
copy (Figure 2a,b). In the FT-IR spectrum of TTI-COF, the
characteristic peaks at 1625 cm™" corresponding to the C=N
bond confirmed the formation of imine linkage. The C=C
stretching peaks at 1625 cm™' and the trans —HC=CH-
stretching peaks at 970 cm™ in the spectrum of TTV-COF
indicated the presence of vinylene linkage with a trans-
configuration. The acrylonitrile structure of TTAN-COF was
demonstrated by the existence of C=C—-H and C=N
stretching bands at around 3030 and 2214 cm™, respectively.
All of the *C NMR spectra of the three COFs exhibited the
signals at ~170 ppm assigned to triazine carbons. The signal at
~158 ppm of TTI-COF corresponding to imine carbon
confirmed the formation of imine linkage. The strong peaks at
~128 ppm of TTV-COF and TTAN-COF originate from the
aromatic carbons and olefinic linkage carbons. Additionally,
the signal at ~112 ppm of TTAN-COF indicated the existence
of cyano groups in acrylonitrile linkage. All these results
essentially verify the structural integrity of the three COFs.

The permanent porosities of COFs were assessed by
measuring nitrogen adsorption isotherms at 77 K (Figure
S3). In their nitrogen sorption isotherms, all these COFs
feature a type-I reversible isotherm, suggesting their micro-
porous structure. The Brunauer—Emmett—Teller (BET)
surface areas of the TTI-COF, TTV-COF, and TTAN-COF
were calculated to be 1659.48, 532.82, and 739.28 m* g”', with
total pore volumes of 0.702, 0.301, and 0.396 cm® g_l,
respectively. However, the theoretical specific surface areas of
TTI/TTV/TTAN-COF are similar due to their similar
structure, calculated to be 2466, 2129, and 2381 m* g”'. In
fact, the crystallinity and porosity of COF products are greatly
affected by the reversibility of the condensation reaction. The
condensation reaction with high reversibility is beneficial to the
synthesis of COF products with high crystallinity and porosity.
In this work, the Schiff base reaction is the most reversible, and
the HWE reaction is the least reversible among the three COF
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Figure 3. Stability and band alignment of TTI/TTV/TTAN-COFs. PXRD patterns of TTI-COF (a), TTV-COF (b), and TTAN-COF (c) after 1
day treatment in water, 9 M HCl, 9 M NaOH, and visible light (4 > 400 nm) irradiation. Tauc plots (d) and band alignment (e) of TTI/TTV/

TTAN-COFs. Error bars denate standard deviation.

synthesis reactions, resulting in obvious differences in the
porosity of the three COFs. Furthermore, the pore size
distributions (PSDs) of COFs were evaluated using the
quenched solid density functional theory (QSDFT) by
applying the cylindrical pore model, deriving the dominant
distribution at 1.92, 1.88, and 1.95 nm for TTI-COF, TTV-
COF, and TTAN-COF, respectively, which are in line with
their AA eclipsed model.

Scanning electron microscopy (SEM) images of three COFs
(Figure S4) depict the rod-like morphology, due to the high
planarity of the Nj structure, which facilitates the accumulation
of COFs along the Z-axis during the growth process.”” The
high-resolution transmission electron microscopy (HR-TEM)
images of all the three COFs revealed the distinct honeycomb-
like internal structures (Figure 2c—e). Meanwhile, the (100)
lattice plane with an interplanar spacing of ca. 2.0 nm can be
observed, which are in accord with the PSD results and the
diffraction peak of the 100 plane in PXRD patterns.

Stability Test. The chemical stability and photo-stability of
the three COFs have been investigated (Figure 3a—c). Both
TTV-COF and TTAN-COF with the irreversible vinylene and
acrylonitrile linkages retained high crystallinity after soaking
them in strong acid (9 M HCI), strong alkaline (9 M NaOH),
and neutral (water) conditions for 1 day. In contrast, due to
the reversibility of imine linkage, structural collapse of TTI-
COF was observed after soaking in strong alkaline conditions
(9 M NaOH) for 1 day. The above results indicated that the
irreversible C=C linkages endowed COFs with superior
chemical stability. Although the strong electron-drawing cyano
group could make the C=C linkage reversible,** our results
and previous reports’’ confirmed that the chemical stability of
acrylonitrile-linked COFs was high enough to withstand
extreme conditions. Additionally, after illumination under a
300 W Xe lamp with a 4 > 400 nm cutoff filter in the CH;CN
suspension for 1 day, the PXRD patterns of TTI-COF and

TTAN-COF showed negligible change. However, the crystal-
line structure of TTV-COF was collapsed after illumination,
which should be attributed to the [2 + 2] photocycloaddi-
tion"™*? of the vinylene linkages given the distance of ca. 3.6 A
between the two C=C bonds along the parallel orientation in
the AA stacking model. In contrast, the 7-conjugation of C=C
bond in acrylonitrile linkage was weakened by the electron-
withdrawing cyano substituent, which hindered the photo-
cycloaddition and significantly improved the photo-stability of
acrylonitrile-linked TTAN-COF. The above results suggested
that acrylonitrile-linked TTAN-COF possessed both good
chemical and photo-stability among the three COFs.

Optical and Electronic Properties. The ultraviolet/
visible diffuse reflectance spectra (UV/vis DRS) (Figure S5)
revealed the broad absorption band of all the three COFs from
200 to 500 nm. TTI-COF showed an absorption edge at ca.
410 nm, while the TTV-COF showed obviously red-shifted
absorption edges at ca. 430 nm. The observed red shift is
mainly attributed to the more efficient z-conjugation trans-
mission of the vinylene linkage. A slightly blue-shifted
absorption edge at ca. 425 nm compared to TTV-COF was
found for TTAN-COF due to the weak x-electron
delocalization. Furthermore, the optical band gaps of three
COFs were derived from the Tauc plot (Figure 3d). TTV-
COF and TTAN-COF possessed a similar optical band gap
(2.66 eV), which are narrower than TTI-COF (2.71 eV). To
further determine the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) levels, the cyclic voltammetry (CV) curves of three
COFs were measured (Figures S6, S7, Table S4). As shown in
Figure 3e, the LUMO levels of three COFs were more negative
to both of the redox potential E (0,/0,°”) and E (H'/H,),
indicating that the visible light-driven reactions of both H,
evolution from water splitting and generation of superoxide
radicals from oxygen molecule excitation are thermodynami-
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Figure 4. Photoelectric characterization of TTI/TTV/TTAN-COFs. (a) PL spectra, (b) time-resolved fluorescence decay curves, and (c)

photocurrent test.

cally feasible. It should be noted that the energy levels obtained
by the CV test were used to preliminarily screen the materials
that were able to undergo the corresponding reaction.
Considering that there are always certain overpotentials in
the hydrogen evolution reaction pathways, the actual reaction
characteristics of the materials still need to be further explored
through experiments. Mott—Schottky plot indicated that all the
three COFs are n-type semiconductors due to the positive
slope, and the flat band potential were derived as —1.21, —1.14,
and —0.98 V vs normal hydrogen electrode (NHE) (Figure S8,
Table SS). According to previous reports, the flat band
potential of n-type semiconductors is generally more positive
than their corresponding LUMO levels.”’ Additionally, we
carried out density functional theory (DFT) calculations to
further understand the energy band structure of COFs (Figure
$10). The theoretically calculated results of energy levels and
band gaps showed similar trends to the experimental results.
The partial density of states (PDOS) of three COFs were
analyzed, manifesting that the HOMO and LUMO of the three
COFs were all mainly contributed by the 2p orbital of C
atoms. These results indicated that the semiconductor optical
properties of the three COFs mainly originated from the
extended 7-delocalization framework.

Olefin-linked TTV/TTAN-COF solid powders were
observed to emit a strong green fluorescence under UV light
irradiation, while TTI-COF produced weak yellow fluores-
cence (Figure 4a). Furthermore, photoluminescence (PL) and
time-resolved fluorescence decay analyses were conducted to
give an insight into photo-generated electronic behavior of
COFs. PL spectra showed that the fluorescence intensity of
TTAN-COF is about twice that of TTV-COF. The n—x
interaction between planarized n-conjugated units was
generally unfavorable for fluorescence emission, which is
known as the phenomenon of aggregation-caused quenching
(ACQ).”" However, the cyano-substituted stilbene linkage unit
proved to be an aggregation-induced emission (AIE) reactive
group>” because the bulky and polar CN group in the
acrylonitrile linkage is able to confine the 7—x interaction
between the parallel cyanostilbene unit in the 2D COF plane,
thus resulting in the formation of J-aggregation state™ that
greatly enhances the fluorescence of TTAN-COF. In addition,
TTAN-COF exhibited a blue shift of 11 nm in the maximum
emission wavelength relative to TTV-COF due to the
weakened 7-conjugation of 2D COF plane by cyano groups.
The weak fluorescence of TTI-COF was attributed to the
reduced 7-conjugation of the imine linkage and the non-
radiative relaxation caused by the internal rotation of the imine
bond.>* The photoluminescence quantum yields (PLQYs) of
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TTI/TTV/TTAN-COF in the solid state were determined to
be 0.79, 6.08, and 35.37%, respectively. Notably, the 35.37%
PLQY of TTAN-COF is the highest level among the reported
COF materials so far (Table S6). We anticipated that the
PLQY of acrylonitrile-linked COF materials can be further
significantly improved by further introducing efficient AIE
chromophores. Many reports suggested that materials with
stronger fluorescence generally exhibited poorer photocatalytic
activities due to the fact that the processes of fluorescence and
photocatalysis are associated with different types of photo-
generated carriers.”®> However, if the catalytic active sites are
located on the fluorescent chromophore to share the same type
of photo-generated carriers, the fluorescence effect of materials
would be positively correlated with the photocatalytic
activities. Moreover, TTAN-COF showed the longest transient
fluorescence lifetime (8.78 ns) compared to TTI-COF (2.09
ns) and TTV-COF (5.70 ns) (Figure 4b), implying more
efficient electron transfer and lower recombination rate of
photogenerated carriers in the TTAN-COF. The strongest
photocurrent intensity was observed in the TTAN-COF
photoelectrode among the three COFs (Figure 4c), indicating
best photo—electric activity and more efficient transfer of
photo-induced carriers in acrylonitrile-linked COFs. The above
experimental results indicated that the electron-withdrawing-
CN substituent appended to the olefin linkage significantly
promotes the photoelectric properties of COF materials. Good
photocatalytic activities are also anticipated.

Photocatalytic H, Evolution Reaction. First, the photo-
catalytic H, evolution performance of the three COFs was
evaluated. 10 mg of photocatalyst was dispersed in 50 mL
deionized water with visible light (A > 420 nm) irradiation at 8
°C. A 3 wt % platinum co-catalyst was in situ photo-deposited
on the COFs. When 10 vol % of triethanolamine (TEoA) (pH
10.30) was chosen as a sacrificial electron donor (SED), the
trend of average H, evolution reaction (HER) rates was TTI-
COF < TTV-COF < TTAN-COF (BET surface area: 1659.48,
532.82 and 739.28 m>-g~"), which were determined to be 1.21,
116.58, and 698.68 pumol g~' h™!, respectively (Figure S11). It
is noted that some imine COFs with similar structure also
exhibited poor activity of photocatalytic H, evolution reaction
with TEoA as the SED, which was attributed to the high
oxidation potential of TEoA.*° In contrast, ascorbic acid (AC)
was generally a good SED for photocatalytic H, evolution
reactions (HERs) of imine COFs due to the protonation of
imines under acidic conditions. When 0.1 M AC was applied as
SED, TTI-COF, TTV-COF, and TTAN-COF exhibited
significantly enhanced HER rates of 0.46, 5.50, and 11.94
mmol g~' h™" (Figure Sa). Notably, the HER activity of
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Figure

S. Photocatalytic activities of TTI/TTV/TTAN-COFs. H, evolution test of three COFs with the Pt co-catalyst (a) and without the co-

catalyst (b) over 32 h. (c) Hydrogen-binding free energy, AGys, at nitrogen and carbon sites in the case of one hydrogen atom. (d) NBT reduction
experiment over 30 min by three COFs. (e) Detection of superoxide radicals by electron spin resonance (ESR) spectroscopy.

TTAN-COF is higher than most of the reported sp” carbon-
bridged COFs and is also comparable to most of COF-based
HER photocatalysts (Table S8). It should be noted that TTI-
COF with the highest crystallinity BET surface area among the
three COFs shows the lowest HER activity, suggesting the
crucial role of sp* carbon bridge to enhance the HER
performance of the photocatalyst. In addition, the HER
activity of acrylonitrile-linked TTAN-COF was unexpectedly
significantly better than that of vinylene-linked TTV-COF,
which breaks the common perception. In order to exclude the
positive effect of higher crystallinity and BET surface area of
TTAN-COF, the photocatalytic activity of the TTAN-CMP
with the lower crystallinity and porosity (BET surface area:
482.48 m* g') than TTV-COF was investigated (Figure S12).
As expected, TTAN-CMP (3 wt % Pt as co-catalyst) still
exhibited higher photocatalytic HER activities (6.00 mmol g™*
h™) compared to TTV-COF, confirming that the photo-
catalytic activity is intrinsically driven by the chemical structure
of linkages in COFs while the crystallinity and surface area are
the secondary factors.

The TEM images of the recovered photocatalysts clearly
show the distribution of Pt nanoparticles (NPs) in three COFs
(Figure S14). It can be seen that Pt NPs were uniformly
distributed in TTAN-COF with the smallest average particle
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size in TTAN-COF, which could be attributed to the
anchoring effect of cyano groups in acrylonitrile linkage to Pt
NPs. There was also a certain coordination interaction
between imine N in TTI-COF and Pt NPs but weaker than
that of the cyano group; hence, Pt NPs were uniformly
distributed in TTI-COF with a slightly larger average particle
size. In contrast, significant aggregation of Pt NPs occurred on
vinylene-linked TTV-COF. Although the photocatalytic HER
activity is essentially determined by the structure of the
material, we believe that the particle size of the Pt co-catalyst
and the interaction with COFs still play a non-negligible
auxiliary role. Furthermore, the weight percentage of Pt NPs
loading on the recovered three COFs after 8 h of photo-
catalytic HER was measured. The results showed that the Pt
co-catalyst loading on TTI/TTV/TTAN-COFs and TTAN-
CMP photocatalysts were 2.4, 1.7, 1.6, and 14 wt %,
respectively, implying that the actual loading of Pt NPs is
directly related to the specific surface areas of COFs rather
than the metal—ligand interaction. Therefore, we further
determined that the good photocatalytic activity of TTAN-
COF is intrinsically derived from the chemical structure of the
acrylonitrile linkage, rather than the secondary factors such as
surface area and Pt loading.
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Three pure COFs were still capable of producing H, with an
average HER rates of 91.07, 23.38, and 43.66 umol g~ h™' for
TTI/TTV/TTAN-COF in the absence of Pt co-catalyst
(Figure Sb), implying a higher overpotential on the active
site of COFs which inhibit the process of HER. According to
previous reports, the N sites, especially the imine N, in the
linkage of COFs were the main active site for HER.”
Therefore, DFT calculations were performed to investigate the
H, evolution reaction pathways and the optimal HER active
sites in the three COFs (Figure Sc). Specifically, the energy
barrier for adsorbed H* intermediates (AGy) at the imine N
site (0.02 eV) was significantly lower than that at other sites,
implying the high activity of imine N in HER. The highest
HER activity of pure TTI-COF can also be explained. In
contrast, triazine N sites were the main HER active sites in
TTV/TTAN-COF. The AGy« at triazine N sites showed a
decreasing trend in TTI/TTV/TTAN-COF, which were 0.55,
0.38, and 0.25 eV, respectively, indicating that acrylonitrile
linkage effectively decreases the energy barrier at triazine N
sites for H, formation. Overall, the linkage plays an important
role in the hydrogen production efficiency of COFs. Imine
linkages with low overpotentials are suitable for HER of pure
COFs, while the optoelectronic properties of COFs are the
main factors determining the HER activity in the presence of
Pt co-catalysts.

Such high HER activities of TTI-COF and TTAN-COF
remained steady during the 32 h of photocatalytic HER
experiments under light irradiation (Figure Sa,b), while TTV-
COF showed slight decrease of HER activity. Furthermore, the
PXRD analysis of the COFs after a long-term photocatalytic
reaction showed the retention of crystallinity in TTI-COF and
TTAN-COF but the collapse of the crystalline structure in
TTV-COF (Figure S15), which resulted in the gradual
diminution of HER activity. Such results were in line with
the photo-stability test, demonstrating the significant advant-
age of acrylonitrile linkage in photo-stability.

Photocatalytic Aerobic Oxidation Reaction. Photo-
catalytic aerobic oxidation is also a typical application field of
COF-based photocatalysts. Oxygen molecules can be stimu-
lated by excited COF photocatalysts under light irradiation to
generate reactive oxygen species (ROS), including superoxide
anion radical (O,"”), singlet oxygen ('O,), hydroxyl radical
(*OH), and hydrogen peroxide (H,O,). Notably, triazine-
functionalized COFs have been reported to induce contami-
nant degradation and organic reactions by producing O,"7;°"*"
therefore, production efficiency of O,°” via the three COFs
were investigated by nitro blue tetrazolium (NBT) reduction
and radical trapping experiments® (Figure 5d,e). NBT can be
reduced by all the three COFs under visible light, and the ratio
of O, generation rates by TTI/TTV/TTAN-COF was
determined to be 1:1.35:3.08. The 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) was used as the particular trapping agent for
0,°". After the mixture with DMPO solution under light
irradiation, typical signals of DMPO—OOH were detected by
ESR spectroscopy for TTI/TTV/TTAN-COF with an
increasing order of signal intensity. From these results, it is
clear that the acrylonitrile linkage endowed TTAN-COF with
the best generation rate of O,°” under light irradiation.

The hydroxylation reactions of boronic acids, mainly
induced by O,°”, were selected to evaluate the photocatalytic
aerobic oxidation activity of three COFs. Specifically, the
transformation of 4-cyanophenylboronic acid into 4-cyano-
phenol was chosen as the model reaction, with N,N-

diisopropylethylamine (DIPEA) as the sacrificial agent under
an O, atmosphere (Table S9). After visible irradiation for S h,
the yield of 4-cyanophenol reached 67, 83, and 99% with TTI/
TTV/TTAN-COF as the photocatalyst. This result indicated
that the acrylonitrile linkage also endowed TTAN-COF with
the highest photocatalytic activity in the aerobic oxidation
reaction. Control experiments indicated that photocatalyst, O,,
and light were necessary to this reaction, which implied that
the reactions were aerobic oxidation reactions induced by
photocatalysts. The activities of the TTI/TTAN-COF were
retained after five catalytic cycles with retention of crystallinity
(Figure S16), while a gradual decay of the activity was
observed in TTV-COF with the increase of catalytic cycle
(Figure S17) and the crystalline structure was completely
collapsed, which are predictable.

B CONCLUSIONS

In this work, imine-, vinylene-, and acrylonitrile-linked TTI/
TTV/TTAN-COFs based on functionalized Nj structures
were synthesized and the effect of linkages on the performance
of COFs was also investigated in detail. It was found that the
acrylonitrile linkage endowed the COFs with the best
performance in all aspects among the three linkages. First,
the acrylonitrile linkage provided TTAN-COF with both good
chemical and photostability. In contrast, the chemical stability
of TTI-COF and the photostability of TTV-COF are not good
enough. Moreover, TTAN-COF with acrylonitrile linkage
showed a strong fluorescence effect, photoelectric response,
and higher conduction efficiency of photogenerated carriers.
The PLQY of TTAN-COF in the solid state is as high as
35.37%, which is superior to all reported COFs even without
introducing AIE chromophores. Further, TTAN-COF showed
comprehensive and efficient photocatalytic activity in both
photocatalytic HER reaction and aerobic oxidation reaction
with good durability. A HER efficiency of 11.94 mmol g~ h™!
(BET surface area: 739.28 m*g™") reached a high level among
COF photocatalytic materials (in the presence of the Pt co-
catalyst). This work demonstrates the critical role of
acrylonitrile linkage in the enhancement of photoluminescence
and photocatalytic performance of COFs, especially compared
to vinylene linkage. It is expected to develop acrylonitrile
linked COF-based high-performance fluorescent and photo-
catalyst materials by a further functionalized monomer design
and derivatization of cyano substituents.
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