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Abstract: In this work, we innovatively assembled two types of
traditional photosensitizers, that is pyridine ruthenium/ferrum
(Ru(bpy)s**/Fe(bpy)s?>*) and porphyrin/metalloporphyrin - complex
(2HPor/ZnPor) by covalent linkage to get a series of dual
photosensitizer-based three-dimensional metal-covalent organic
frameworks (3D MCOFs), which behaved strong visible light-
absorbing ability, efficient electron transfer and suitable band gap for
highly efficient photocatalytic hydrogen (H;) evolution. Rubpy-ZnPor
COF achieved the highest H, yield (30338 pmol g™' h') with
apparent quantum efficiency (AQE) of 9.68% @420 nm, which
showed one of the best performances among all reported' COF
based photocatalysts. Furthermore, the in-situ produced H, was
successfully tandem used in the alkyne hydrogenation with ~99.9%
efficiency. Theoretical calculations reveal that both the two
photosensitizer units in MCOFs can be photoexcited and thus
contribute optimal photocatalytic activity. This work develops a
general strategy and shows the great potential of using multiple
photosensitive materials in the field of photocatalysis.

Introduction

Solar-to-chemical energy conversion to generate high-value-
added chemicals from photocatalytic processes such as water
splitting, carbon dioxide (CO-) reduction, photocatalytic organic
conversion and so on are known as green and promising
strategies to resolve the energy crisis and environmental
pollution over the world. It is ' well known that the strong light
absorption capacity, suitable optical band gap and band position
alignments, efficient charge carrier mobility and restrain
electron-hole recombination are all important factors for highly
efficient photocatalysts that need to be considered
comprehensively and synchronously, thus need rational and
careful regulations.” In recent years, many inorganic
semiconductors such as metal oxide, metal sulfide and metal
nitride photocatalysts have been largely developed for
photocatalysis.®! The optical property of them can be adjusted
by impurity doping, manufacturing defects, introducing
heterojunction, and so on.['* 4l However, rationally and precisely
regulating the above factors and understanding structure-activity
relationships is still a great challenge due to the lack of a well-
defined and precise catalyst structure model.’! Especially,
effective regulation of the visible light absorption ability, which is
the priority of all factors, is highly desired for improving the

photocatalytic performance that needs to be emphasis
addressed.!!

In the field of photocatalysis, metal-based molecular complex
such as Ru(bpy)s?*, Ir(ppy)2(bpy)*, metalloporphyrin, and so on
are traditionally strong photosensitizer (PS) and high frequency
used for various photocatalysis due to the efficient electron
transfer between PS and catalysts.”! However, most of them
only possess narrow visible light absorption ranges thus largely
limiting their photocatalytic performance.® The introduction of
second or more chromophore units into these molecular
photosensitizer complexes has been proven to be an effective
way to regulate their photosensitivity, which have realized
extend the light absorption to visible even near-infrared range.®!
Up to now, some homogeneous multi-chromophore assembled
molecule catalysts or PSs have been studied in this field, while
still hard to realize the recycled and reused during the catalysis
process.[') Therefore, it is superior to develop an economical
and practical heterogeneous photosensitive catalyst system for
efficient photocatalysis.l'""! Unfortunately, the multi-chromophore
heterogeneous photosensitive system is rarely reported. In
addition to this, it remains a great challenge to effectively couple
multiple PS/chromophore together due to the lack of suitable
conjunction method and such an integrated system demanding
rigorous physical properties including efficient electro transfer
and suitable band structure to fulfill the thermodynamic driving
force for further photocatalytic reaction. 2 %!

Crystalline organic photocatalysts integrated both the
photophysical features of semiconductors and functional organic
functional groups, also their structure is able to rationally design
and precisely adjust through molecular engineering.['22C]
Therefore, developing crystalline organic photocatalyst models
with precise structures is a rational way to study photocatalytic
processes and structure-functional relationships. '3 Covalent
organic frameworks (COFs), a class of well-defined crystalline
organic functional materials, with flexible structural designability
and high stabilites are promising platforms for designing
efficient photocatalysts.'Y More importantly, COFs offer the
advantages of the molecular-level design of their optoelectronic
properties owing to their precise structure frameworks.[4c 151

Herein, based on the reticular chemistry, ('l we developed a
new strategy to implant two types of PS units, that is traditional
metal-based molecular complex photosensitizer pyridine
ruthenium/ferrum (Ru(bpy)s?*/ Fe(bpy)s?*) and porphyrin/metallo-
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a) Rational design of dual photosensitizer coupled COFs

PS-2: M2Por (M2=2H, zn)
*PS = photosensitizer

2HPor or ZnPor
* Zn was introduced by PSM method
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b)

[6+4]
—
Covalent

Linkage

soc topology
Dual photosensitizer 3D MCOFs

Scheme 1. a) Schematic of design and structure of dual photosensitizer 3D MCOFs by combining PS-1: Msbpy (M1 = Ru, Fe) and PS-2: M2Por (M2 = 2H, Zn)
through [6+4] condensation by covalent linkage and b) the constructed soc topology frameworks. * PSM = post-synthesis method.

-porphyrin complex (2HPor/ ZnPor) together (Scheme 1a) via
covalent linkage to form crystalline three-dimensional metal
complex-based COFs (3D MCOFs) for photocatalysis.
Specifically, we rationally designed a series of dual-
photosensitizer based 3D MCOF photocatalysts including
Rubpy-2HPor COF/Rubpy-ZnPor COF and Febpy-2HPor COF/
Febpy-ZnPor COF by condensing six- and tetratopic linkers to
form imine-linked [6 + 4] 3D COFs with soc net topology
(Scheme 1b).

In these photosensitive 3D MCOF photocatalysts, the co-
sensitized and double photoexcited behavior boosts the photon-
to-electron conversion efficiency, and the covalent bond is able
to enhance electron transfer rates.'l As a result, these
synthesized 3D MCOFs combine the properties of a wide range
of visible light-absorbing, efficient electron transfer, and have
suitable band structures for visible light catalytic water splitting.
Among them, the Rubpy-ZnPor COF showed the highest water
splitting to hydrogen (Hy) rate of 30338 pmol g™' h' with
apparent quantum efficiency (AQE) of 9.68% @420 nm, which
performed one of the best performances of all the reported COF-
based photocatalysts. In addition, the in-situ produced H, was
successfully tandemly used for organic hydrogenation reaction,
which achieved >99.9% hydrogenation conversion efficiency for
a series of alkyne substrates. Furthermore, the time-dependent
density functional theory (TD-DFT) and spin density calculations
demonstrated that the excited electronic state was localized on
the Rubpy unit of Rubpy-ZnPor COF. In the process of
photocatalysis, both the Rubpy and ZnPor can be excited by
visible light irradiation, and subsequently electron transfer
proceeded by two pathways then populated on Rubpy unit thus
performing efficient H* reduction to Hy. This is the first report of
multifold photosensitive based COF composites, and it is also of
great significance in the field of photocatalysis catalysts.

Results and Discussion

As shown in Scheme 1a, a [6+4] covalent condensation
reaction was applied to synthesize dual-photosensitizer based
3D MCOFs. Specifically, the Schiff-base condensation was

2

applied between tris(4,4’-dicarboxaldehyde-2,2’-bipyridine)
Ru/Fe (ll) (abbreviated as Msbpy, My = Ru or Fe) and
5,10,15,20-tetrakis (4-aminophenyl)-porphinato] (abbreviated as
2HPor) and then introduced Zn (Il) by PSM to form four 3D
MCOFs, including Rubpy-2HPor COF/Rubpy-ZnPor COF and
Febpy -2HPor COF/Febpy-ZnPor COF (Figure S1-3).

The structure of M1bpy-M;Por COF was first characterized by
powder X-ray diffraction (PXRD) combined with theoretical
structural simulation by using the Materials Studio package. In
these reticular frameworks (Scheme 1 and Figure 1a, b), the
octahedral M1bpy units with six aldehyde groups acting as the 6-
connected nodes and the square organic ligand M,Por acting as
the 4-connected building blocks, then formed an edge transitive
(6, 4)-connected net. As shown in Figure 1a, b and Figure S60-
61, Msbpy occupy the eight vertices, while planar M,Por units
make up the six faces, forming a cubic cage. The vertices of
each cubic cage are bedecked with 24 linking groups, thus
assembling into 3D MCOFs. The soc topology structure model
based on M bpy-M,Por COF was built and the experimental
PXRD diffraction patterns matched with the calculated results. ['®
Besides, the stp topology structural models were also built
(Figure. S62), however, the PXRD which was calculated from
stp and 2-fold stp topology were found to be fully inconsistent
with the experimental ones (Figure. S63), thus ruling out the
possibilities of stp topology. '®! Structural analysis via PXRD
reveals that both the COFs are crystalline and showed peak
positions at 26 = 4.41, 5.12, 5.78, 7.42, 10.64 and 11.32, which
can be assigned to the 200, 211, 220, 222, 422 and 510
reflections in the simulated raw structural model, respectively.
However, the main peaks of them perform differently, where the
Rubpy-2HPor COF showed main peak at 211 faces, while
Febpy-2HPor COF shows main reflections at 200 faces, which
may be caused by preferred orientations of crystals. Therefore,
the preferred orientation simulation was also included in the
structure refinement process. We then carried out both Pawley
and Rietveld refinements %! based on the PXRD patterns for full
profile fitting against the proposed structure models to optimize
the lattice parameters and crystal structure. As a result, the
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Pawley refinements of PXRD patterns fitted well with the
experimental results with residuals of Rp= 4.13%/ Rwp= 7.31%
for Rubpy-2HPor COF and Rp= 6.21%/ Rwp= 7.89% for Febpy-
2HPor COF (Figures 1c and 1d). Furthermore, the Rietveld
refinement for Rubpy-2HPor COF and Febpy-2HPor COF fitted
with the experimental results with convergence to Rp=6.29%/
Rwp=9.58% and Rp=6.81%/ Rwp=9.79%, respectively (Figures
S58-59). These structure refinements finally provided a unit cell
parameter of a=b=c= 42.7452 A and a=B=y=90° for Rubpy-
2HPor COF with /432 cubic space group and a=b=c= 41.7302 A
and a=B=y=90° for Febpy-2HPor COF (Figures S64-65). 2" The
comparison of PXRD patterns of COFs with those of monomers

e » "
A A A BA
; g -3 ®

Mibpy-2HPor COF (M1 = Ru, Fe)
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was also conducted (Figures S4-5), which proved the purity of
these 3D MCOFs. Besides, the PXRD patterns of Rubpy-ZnPor
COF and Febpy-ZnPor COF also matched well with the
calculated results (Figure S6-7).

The formation of the Schiff-base linkages in these 3D COFs
was first confirmed by Fourier transform infra spectroscopy (FT-
IR). The appearance of a new peak at 1623 cm™' in FT-IR can be
the assignment to the telescopic vibration of the imine bond (-
C=N) (Figure 1e and Figure S8-10).?2 The solid-state '*C cross
polarization magic angle spinning(*C CP/MAS) NMR
spectroscopy showed -a clear peak at 159 ppm which is

M1bpy-ZnPor COF

c . d) zoo : e
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Figure 1. Structure and characterizations. a) The crystal structure model of Mibpy-2HPor COF and b) the synthesized M1bpy-ZnPor COF by PSM and the unit
cubic cage and tunnel of COFs (The PFs™ anions are eliminate for clarity). ¢) The experimental and simulated PXRD patterns of Rubpy-2HPor COF and d) Febpy-
2HPor COF. e) FT-IR spectrum. The N2 adsorption isotherm and pore size distribution of f) Rubpy-2HPor COF and g) Febpy-2HPor COF. h) The TEM and

HRTEM of Rubpy-2HPor COF.

attributed to the carbon of the imine bond (Figure S11-14).1231 All
these results confirmed the successful covalent condensations
required for Mibpy-M;Por COF. The nitrogen adsorption-
desorption isotherms measurement at 77 K was conducted and
we can observe a sharp gas uptake at low relative pressures
(Figure 1f, g and S15-16). A pore width distribution centered at
~1.5 and ~2.7-2.9 nm was calculated from the nonlocal density
functional theory (NL-DFT) method, which is in accordance with
the predicted structure. The Brunauer-Emmett-Teller (BET)
surface area of Ru/Febpy-2HPor COF and Ru/Febpy-ZnPor

COF is 537.50, 436.3, 541.42, 460.76 m? g, respectively. The
relatively low surface area may contribute to the PFg ions
dispersing in the pores of 3D MCOFs.?l We also test the CO,
adsorption of these COFs and the isotherm curve is shown in
Figure S17-18. The CO, adsorption capacity of them is 31.1,
20.2, 22.7, and 13.7 cm? g, respectively. These results confirm
the permanent porosity structure of COFs. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
were performed to characterize the morphology of M1bpy-M,Por
COF, which showed that these 3D MCOFs composed of
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microcrystalline particles with 100—200 nm in diameter (Figure
1h and Figure S19-23). The structural characteristics of these
MCOFs were then visualized by high-resolution transmission
electron microscopy (HRTEM). As shown in the inset image of
Figure 1h, Rubpy-2HPor COF displayed clear lattice fringes of
(211) crystal face with d-spacing of 1.7 nm, which also
confirmed the rationality of the simulated crystal structure. The
chemical stability was studied, and the PXRD and FT-IR results
showed that the Rubpy-2HPor COF were stable in common
organic solvents (tetrahydrofuran (THF), methanol (MeOH),
acetonitrile (ACN)) for 3 days (Figure S24-25). We then
performed X-ray photoelectron spectroscopy (XPS), inductively
coupled plasma (ICP), and thermo gravimetric analysis (TGA) to
study the structural properties of these 3D MCOFs. High-
resolution XPS measurements were conducted and the analysis
results showed the divalent state of the Ru/Fe of bipyridine
complex and Zn in the porphyrin pocket of MCOFs (Figure S26—
S31). The TGA results showed that these COFs could be stable
up to ca. 200 °C under O; and start to sharply weight loss at ca.
300 °C, which is caused by the decomposition of COFs (Figure
S32-S39). The ICP analysis revealed that the Ru and Zn mass
content in Rubpy-ZnPor COF is 5.13 and 5.09 wt.%, which is
close to the theoretical value under complete coordination (5.82
and 5.64 wt.% for Ru and Zn in Rubpy-ZnPor COF, calculated
from moiety formula CzsH120N3sRU2Zn3). In addition, the details
of the structure and characterization of Rubpy-ZnPor COF and
Febpy-ZnPor COF are further discussed in the Supporting
Information.

a) b)
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Figure 2. Optical characterization. a) Solid-state UV/Vis absorption spectrum
and b) PL spectrums. c) Transient photocurrent response and d) The
fluorescence lifetime of Rubpy-ZnPor COF and Rubpy-2HPor COF. e) Mott—
Schottky plot of Rubpy-ZnPor COF. f) Band-structure diagram for COFs.

The optical physics characterizations including ultraviolet-
visible (UV/Vis) light adsorption ability, photoluminescence
spectroscopy (PL) and lifetime decay, transient photocurrent
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response, and band structure were first studied to investigate
the features of these MCOFs for potential photocatalytic
applications. The solid-state UV/Vis absorption results reveal
that all these MCOFs especially Rubpy-ZnPor COF and Febpy-
ZnPor COF possess strong visible light absorption capacity
(Figure 2a and Figure S40-45) and the absorption range
covered almost all visible regions. The PL and time-resolved
fluorescence decays were studied to investigate the charge
separation behaviors (Figure 2b, d, and S47). Interestingly, the
PL intensity of Rubpy-ZnPor COF was significantly quenched
compared to the other three COFs. At the same time, Rubpy-
ZnPor COF has the longest average fluorescence lifetime (tayg =
9.89 ns), suggesting efficient charge separation efficiency.

Furthermore, the intensity of the transient photocurrent
response showed that Rubpy-ZnPor COF owns the highest
intensity than other COFs (Figure 2¢c and S46), which suggested
superior photoinduced electron separation and transport
efficiency. The Mott-Schottky (MS) measurements were then
conducted to determine the electronic band positions of the as-
prepared materials (Figures 2e and S48-S50). The test results
showed that the conduction-band position is -0.36 V (vs. Normal
Hydrogen Electrode, NHE) for Rubpy-ZnPor COF (Figures 2f).
Combined with the band gap calculated from UV/Vis absorption,
the valence-band position can be determined as 0.95 V.
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Figure 3. Photocatalytic H2 evolution performance. a) Comparation of photo-
catalytic Hz evolution activity. b) Time-dependent H yield performance. c)
Durability measurements. d) Wavelength-dependent AQE of photocatalytic H2
evolution. e) Performance comparison of Rub-py-ZnPor COF with reported
representative COF photocatalysts.

Theoretically, a more negative lowest unoccupied molecular
orbital (LUMO) level than the H*/H standard reduction potential
and a more positive highest occupied molecular orbital (HOMO)
level than the HA/H,A (L-ascorbic acid) standard oxidation
potential for a photocatalyst are needed to catalyze the H*
reduction to H, with H,A as the electron donor. Interestingly, the
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band-structure diagram demonstrated that all these 3D MCOFs
meet the requirements of the above two half-reactions.
Furthermore, the water contact test showed that these 3D
MCOFs are all hydrophilicity (Figure S51-52), which is beneficial
to the photocatalytic water splitting reaction. Based on the above
illustration of the structure and features, it can be proposed that
the covalently linked two photosensitizers coupled COFs will
have great potential for photocatalytic reactions.

We then studied the photocatalytic H, evolution performance
of these 3D MCOFs by using platinum as a co-catalyst. After
screening the photocatalytic conditions, the highest H, yield was
observed in the Rubpy-ZnPor COF with 30338 pmol g™' h™,
which is 31 times higher than Febpy-ZnPor COF (966.2 pmol g™
h-') and ~12 times higher than Rubpy-2HPor COF (2616.8 pmol
g™ h"y (Figure 3a). It is noted that Febpy-2HPor COF only
showed little activity for H, evolution, which may be due to it
possessing a very closed HOMO level to HA/H,A redox
potential, thus suggesting unfavorable thermodynamically for
HA/H,A oxidation. A time-dependent hydrogen evolution
experiment was then conducted. The H; production exhibited a
linearly increasing tendency at the first ~10 h and then tardily
mitigate due to the continually consume of sacrificial agents
(ascorbic acid) (Figure 3b). We also tested the water-splitting
performance of the precursors (Rubpy/Febpy and Por/ZnPor
monomers) of these MCOFs, and the results showed that all
these building units only performed low H, evolution activity
(Figure S53), while after formed COF composites, the water-
splitting activity greatly improved. More importantly, the
covalently linked Rubpy-ZnPor COF showed much higher
activity than the physical mixing of components (named
Rubpy/ZnPor, 1390 pymol g™ h™), proving the validity of the
covalent connection. Additionally, the activity of Rubpy-ZnPor
COF catalyst can maintain at least five cycles without obvious
decay (Figure 3c).

a)
+/ Solar energy to chemical energy

+/ Direct utilization of photo-hydrogen

 Efficient tandem catalytic reactions
H, production Hydrogenation

b)

Moy Mbet L O= O O&H '_%H o ._%H
Rubpy-ZnTAPP COF Pd/C 5 wt.%, 80 °C, Ethanol H W H W
5
1 w~O— O = 10 >99.9 (:g ﬁ) (>2?19h)9
2 —)—= - - 24 >999  trace >999
3 s)= ErO—\ <)\ 24 >999  trace >99.9
4 )= - - 2 >999 885 114
5 -O—= YO~ O 24 535 434 565
6 O= -~ - 24 813 583 417
7 O o< 24 982 - >999
8 O @) 24 706 - >999

Figure 4. a) Schematic of photocatalytic H2 production in tandem with organic
hydrogenation. b) The performance of photocatalytic H2 production in tandem
with organic hydrogenation. Reaction conditions: Chamber A (H2 evolution):
COF (5 mg), H2A (0.1 M), HzPtCls (5 pL, 1 wt.%), H20 (30 mL), 300 W Xe
lamp. Chamber B (hydrogenation reaction): Ethanol (10 mL), alkyne (20 pL),
Pd/C (5 mg, 5 wt.%), 80 °C. The conversions were determined by gas
chromatography (GC).

The crystalline and chemical structure of COF was retained
after the reaction, as confirmed by PXRD, FT-IR and TEM
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characterizations (Figure S54-57). The AQE for H evolution was
calculated as a function of incident light wavelength (Figure 3d).
It showed that the maximum AQE of Rubpy-ZnPor COF was
9.68 % at 420 nm, which showed a positive relationship with the
UV-vis adsorption spectrum. We then compared the
performance with the previously reported COF catalysts used for
photocatalytic H, evolution, the results showed that the Rubpy-
ZnPor COF catalyst is one of the best among the reported COF
based photocatalysts to the best of our knowledge (Figure 3e
and Table S2).

In view of the high efficiency and sustained high production of
H, (30338 umol g™' h'', 743 mL g' h'') for the synthesized
Rubpy-ZnPor COF photocatalyst, we believe the further tandem
utilized the generated H; by converted it into high value added
fine organic chemicals will be a meaningful chemical process.
Herein, in the following work, we attempted to directly use the
photocatalytic generated H, for the hydrogenation reaction of
unsaturated hydrocarbons (alkyne and alkene). The tandem
reactors were homemade by pipeline connecting two glass
chambers, thus ensuring the yield H, can freely diffuse to the
hydrogenation reactor (Figure 4a).

As shown in Figure 4b, the photocatalytic H, production in
tandem with organic hydrogenation results suggested that the
yield H, was sufficient to support hydrogenation reactions with
>99.9% conversation for phenylacetylene, 4-
chlorophenylacetylene,  4-bromophenylacetylene, and 4-
methylphenylacetylene hydrogenation. Furthermore, we also
evaluated the performance of the olefin’'s hydrogenation
reactions. The conversion efficiency of a-methylstyrene and
cyclohexene to corresponding alkanes was achieved at 98.2%
and 70.6% when using Rubpy-ZnPor COF photocatalyst to
produce H; as a reductant source. Overall, this tandem reaction
method realized the direct utilization of photocatalytic generated
hydrogen to chemical compounds, thus achieving the
photocatalytic products upgrade to highly valued organic
chemicals.

Based on the precise structure of these COFs, the density
functional theory (DFT) calculations based on Rubpy-ZnPor
COF as molecular model were conducted to gain insights into
the population of excited states and photophysical processes
(Figure 5a and S66). We found that, in the excitation process,
two major transitions (SO — S4 and SO — S6) were located at
2.55 eV and 3.14 eV and the corresponding molecular orbitals
were distributed on Rubpy and ZnPor ligands in Rubpy-ZnPor
COF. The calculated results reveal that the singlet excited states
(SESs) of S4 and S6 were both the charge transfer states as
their approximative oscillator strength. The simulated adsorption
and emission spectrums are shown in Figure S67. We found the
absorption spectrum shows peaks at ~400 and 1000 nm
(denoted as S4-6 and S1-S2), which is consistent with the
experimental UV-vis spectrum. While for the emission spectrum,
those two peaks are broadened, weakened and red shift to 450
nm and 1300 nm and the intensity becomes rather weak. This
explains the origin of the one peak in the experimental
fluorescence (FL) spectrum. The intersystem crossing (ISC)
process has been studied by the triplet calculation and the spin-
orbital coupling effect. The SESs of Rubpy-ZnPor COF can
efficiently transform into triplet state via an ISC process. The
triplet state was localized on the Rubpy unit, which fully agreed
with the spin density surfaces (Figure 5b) of Rubpy-ZnPor COF.
In addition, T5 and T6 states were populated on both Rubpy and

This article is protected by copyright. All rights reserved.
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ZnPor units and then degenerate to T1. It is well known that
triplet state will supply longer time for efficient electron transfer
between photocatalysts and other components, thus resulting in
an efficient process for promoting hydrogen evolution.® 102

In summary, the photophysical processes of Rubpy-ZnPor
COF were rationalized by TD-DFT calculations, confirming the
efficient energy excitation and the population of the Rubpy-
localized electronic state, which can efficiently trigger the
electron transfer to afford further redox reactions. Based on the
above experiments and analysis, an intrinsic photocatalytic cycle
was proposed to explain the photosensitive process and
photocatalytic H, evolution mechanism for this COF catalyst

(Figure 5¢): Under \visible light irradiation, both the
photosensitive group Rubpy and ZnPor can be excited and
a)
f:? pe0sq
w’} T30S
~ Lumo+4 LUMO+1
. pag x = 0.599 f= 0,027
LUMO+4 & 404 N
, spriesh BUPR
f=0.474 ~ ¥ wE -
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% D) 3.14eV
g ,,%\Q o m:,___e__,\(&_:\a\.(‘)g ev
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“‘&m UG Frontier molecular orbitals of Rubpy-ZnPor COF
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subsequently electron transfer proceeded by two different
pathways: 1) upon exciting the Rubpy part, the triplet state of
Rubpy-ZnPor COF was populated on Rubpy by a photochemical
process of [Rubpy]-[ZnPor] — *'[Rubpy]-[ZnPor] — *3[Rubpy]-
[ZnPor]. 2) upon exciting ZnPor unit, a three-step photophysical
process was revealed as follows: [Rubpyl-[ZnPor] — [Rubpy]-
[ZnPor]*'  —[Rubpy]-[ZnPor]*®* —(TTET) *3[Rubpy]-[ZnPor]
(triplet-triplet energy transfer, TTET). After that, Rubpy-localized
triplet state of Rubpy-ZnPor COF could accept electron from
electron donor to generate the reduced -Rubpy]-[ZnPor],
followed by transfer to the active sites (Pt as co-catalyst) for H*
reduction to H,. Above all, Rubpy-ZnPor COF with dual-PSs
showed binary excitation channels, which can promote light
energy conversion and subsequent photocatalytjc water splitting.

HOMO-1 T5

Rubpy-ZnPor COF

((P boe! z c)
- [ amapeee [Rubpy]-[ZnPor]

vl nPp *'[Rubpy]-[ZnPor]

7 LumMos7 ‘ - hv ‘ p—
0028 [Rubpy]-{ZnPor]*" *[Rubpy]-{ZnPor]
[ o ‘ Isc .(\é" H2 XED-+
,"H‘ e ,:.;
e 1) Pt ED
Homo  T1 [Rubpy]-[ZnPor]*® }ﬂubpy]-[ZnPor]

H20

Figure 5. Mechanism and DFT calculations. a) Selected frontier molecular orbitals involved in the excitation and singlet excited state/triplet excited state (TES) of
Rubpy-ZnPor COF. For clarity, only selected excited states are presented. b) Triplet spin density surfaces for Rubpy-ZnPor COF. ¢) Proposed photochemical

process for Hz evolution.

Conclusion

In conclusion, this work innovatively developed a versatile
method to couple multiple traditional PSs, mainly Ru(bpy)s?* and
metalloporphyrin by covalent linkage and get a series of dual
photosensitive based 3D MCOFs. As expected, these MCOFs
combine the properties of strong light-absorbing ability, efficient
electron transfer, and suitable band gap for photocatalytic HER.
Among them, Rubpy-ZnPor COF achieved the highest H;
generation rate (30338 umol g' h'') with AQE of 9.68%@420
nm, which showed one of the best performances over reported
COF based catalysts. Besides, the in-situ produced H, was
successfully tandem used for organic hydrogenation reaction
due to its sustained high production. Furthermore, the TD-DFT
calculation thoroughly demonstrated the photophysical process,
where both the Rubpy and ZnPor can be excited and
subsequently went through two pathway electron transfer
process to get Rubpy-localized electronic state. Thereafter, the
dual excitation behaviors promote light-electron conversion and
the subsequent highly efficient photocatalytic water splitting to
H.,. This work pioneeringly explored the covalently linked of two
photosensitizer monomers to construct photoactive COFs, which
shows the great potential of using multifold photosensitive
heterogeneous materials in the field of photocatalysis, also

provides new insight into the design and development of highly
efficient photocatalysts.
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A versatile method allows dual-photosensitizer-based three-dimensional metal-covalent organic framework (3D MCOF)
photocatalysts to be built by covalently linking two traditional photosensitizers (pyridine ruthenium and metalloporphyrin complex).
These COFs exhibit outstanding activity in photocatalytic hydrogen evolution and the in-situ produced hydrogen can be used in
tandem for alkyne hydrogenation.
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