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Rational construction of earth-abundant heterogeneous photocatalysts is of great importance for efficient
and sustainable solar energy utilization. Herein, we have developed a series of earth-abundant MOF
photocatalysts (Cu-1-MOF-Cu-5-MOF) by incorporating Cu(l) complexes with different steric functional
groups, which represents an efficient strategy for regulating the sensitizing ability of MOFs by restricting
the excited state configuration of Cu() sensitizing centers. Remarkably, Cu-5-MOF with strong steric
functional groups can efficiently drive photocatalytic oxidative coupling of benzylamine with a yield of
90.2%, 11 times higher than that with Cu-1-MOF without steric functional groups (8.2%). Systematic
investigations revealed that the introduction of strong steric functional groups (e.g. sec-butyl) into Cu
based MOFs can enhance their visible-light absorption, photochemical stability and electron—hole
separation efficiency, which contributed to facilitating the utilization of solar energy and interface
electron/energy transfer for efficient photosynthesis. This work provides a new insight into rationally
constructing earth-abundant and efficient MOF photocatalysts by engineering copper() sensitizing
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centers with steric functional groups at the molecular level.

1 Introduction

Solar energy can be stored in carbohydrates via natural
photosynthesis, which represents the largest scale matter and
energy conversion process on the Earth. In this process, the
magnesium porphyrin complex, as the active ingredient of
chlorophyll in green leaves, is responsible for light absorption
and electron transfer, largely determining the photosynthetic
efficiency." Therefore, the development of artificial photosen-
sitizers (PSs) by mimicking the structure and function of
chlorophyll represents a promising strategy to construct effi-
cient photosynthetic systems. In this field, transition-metal-
based photoactive complexes have been employed as light-
harvesting PSs for solar energy conversion.”™ In particular,
Ru- and Ir polypyridyl complexes can achieve long-lived metal-
to-ligand charge transfer (MLCT) excited states, which have
been widely applied to various photocatalytic reaction
scenarios, such as organic synthesis,>® H, evolution,” and
CO, reduction.'** However, these metal complex PSs in
homogeneous systems were usually limited by their poor
photochemical stability and excited state self-quenching and
were difficult to recycle. Given that metal-organic frameworks
(MOFs) as a class of structurally defined porous solid materials
can provide an ideal molecular platform to stabilize solution-
inaccessible metal active sites and rationally control the
distance between metal sites,’*** typical [Ru(bpy);]** and
[Ir(ppy)2(bpy)]" have been doped into MOFs for heterogeneous

This journal is © The Royal Society of Chemistry 2023
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photosynthesis.”® Highly tunable MOFs can also hierarchically
integrate Ru-/Ir complex PSs and catalysts to facilitate intra-
framework energy and electron and mass transfers.*>® Sorts
of catalysts, such as single metal sites and nanoclusters, have
been embedded into Ru-/Ir complex sensitized MOFs for
synergistic catalysis.>*** Despite significant progress, it's
highly desirable but remains a great challenge to replace noble
metal complexes with earth-abundant photoactive metal
complexes in these crystalline MOF materials for efficient and
sustainable photosynthesis.

Pioneered by the work of McMillin, Cu(i)-bis-
phenanthrolines ([Cu(NN),]") with Cu(i) MLCT excited states
have emerged as a most promising class of non-noble metal
complexes for solar energy conversion.**** In the ground
state, the bis(diimine) Cu(1) structural motif with d'° config-
uration presented a pseudotetrahedral (D,q) molecular
geometry.*® Upon light excitation, the resulting Cu(u) coor-
dination center has a d° configuration via MLCT, which can
trigger a Jahn-Teller (J-T) distortion owing to the unequal
occupation of electrons in the degenerate 3d molecular
orbitals.?”*® After J-T distortion, a flattened conformation
formed for the Cu(un) complex with a D, symmetry, which
contributes to fully exposing the Cu(u) center to solvents and
makes the Cu(u) center susceptible to nucleophilic attack
from the donor solvents. Therefore, [Cu(NN),]" complexes
usually presented a short-lived excited state and poor photo-
chemical stability in Lewis basic solvents due to the formation
of Cu(u)-solvent exciplexes. In the past half a century,
attempts have been made to introduce steric functional
groups in the 2- and 9- positions of the phenanthroline (Phen)
ligands in [Cu(NN),]" for restricting their J-T distortion and
improving their excited state properties.**** However, to the
best of our knowledge, the influence of excited state config-
uration on the sensitizing ability of Cu(i) complexes has never
been explored in crystalline solid materials for heterogeneous
photosynthesis.

In this work, for the first time, we have constructed a series of
earth-abundant MOF photocatalysts via incorporation of Cu(r)
complexes (Cu-1-MOF-Cu-5-MOF). The sensitizing ability of Cu-
MOFs can be improved by systemically tuning the steric func-
tional groups in the 2- and 9- positions of Phen. The catalytic
activities for photo-oxidative coupling of benzylamine with
these Cu(1)-based MOFs were in the order of Cu-5-MOF > Cu-4-
MOF > Cu-3-MOF > Cu-2-MOF > Cu-1-MOF, well consistent with
that of the steric resistance of their steric functional groups
(Fig. 1). Remarkably, the conversion rates for benzylamine
oxidative coupling can reach over 90.2% with Cu-5-MOF as the
photocatalyst, representing the highest yield among all the Cu-
MOFs. Systematic investigations reveal that the introduction of
steric functional groups in Phen can improve the visible-light
absorption, photochemical stability and electron-hole separa-
tion efficiency of photoactive MOFs, which contributed to
facilitating the utilization of solar energy and interface electron/
energy transfer for boosting photosynthesis. This work opened
up a new avenue to develop efficient and earth-abundant MOF
photocatalysts by restricting the excited state configuration of
Cu(1) complexes.

This journal is © The Royal Society of Chemistry 2023
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Fig.1 Schematic view of the synthetic process (up) and the structures
(down) of Cu-MOFs.

2 Experimental
2.1. Photocatalytic measurements

2.1.1 Aerobic oxidation coupling of benzylamine. 5.0 mg
photocatalyst was added into the mixed solvent of 0.75 mL
CH;CN and 0.75 mL CH,Cl, in a glass vial for ultrasonic
dispersion. 0.02 mmol benzylamine was added into the above
mixture, which was stirred in air upon irradiation with a 300 W
Xe lamp (100 mW cm 2, A > 400 nm). The reaction process was
monitored by TLC analysis. After the reaction is complete, the
solvent is concentrated to dryness under reduced pressure. The
conversion rate of crude products was determined by "H NMR.
For the recycling experiments, the photocatalyst was collected
by centrifugation and washed with CH,Cl,. After drying in
avacuum oven at 50 °C for 3 h, the sample powder was used for
the next round of photocatalysis.

2.2. Synthesis of MOFs

2.2.1 Synthesis of UiO-67-bpy. ZrCl, (10.0 mg, 0.042 mmol),
4,4"-biphenyldicarboxylic acid (H,bdc, 6.0 mg, 0.025 mmol),
2,2"-bipyridine-5,5-dicarboxylic acid (H,bpydec, 4.0 mg, 0.016
mmol) and glacial acetic acid (83 pL) were mixed in 1.5 mL
DMTF. After being sealed in a vial, the mixture was placed in an
oven. The temperature was kept at 100 °C for 24 h. After cooling
down to room temperature, the resulting precipitate was
collected by centrifugation, washed with DMF/CH;OH and
dried under vacuum at 100 °C to afford 12.5 mg UiO-67-bpy with
ayield of ~84.2%.

2.2.2 Synthesis of Cu-MOFs. UiO-67-bpy (50.0 mg) was
dispersed in 10 mL CH;CN and transferred into a dried 50 mL
three-neck round-bottom flask. Cu(CH3;CN),PF¢ (93.2 mg, 0.25
mmol) in 10 mL CH,Cl, was added to the above flask and the
mixture was stirred for 24 h under argon. After the reaction
was complete, the solid was collected by centrifugation and
washed with CH,Cl, several times to remove excess Cu salt.
The resulting solid and phenanthroline ligands (0.10 mmol)
were added into the mixed solvent of 2 mL CH,CI, and 1 mL
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CH;CN, which was stirred for 24 h. After the reaction was
complete, the product was collected by centrifugation,
washing with CH,Cl, and drying under vacuum at 50 °C to
afford the Cu-MOFs.

3 Results and discussion

3.1. Synthesis and characterization

A series of Cu(i)-based MOF photocatalysts (Cu-MOFs) were
successfully synthesized through a modular step-by-step
assembly strategy (Fig. 1). Using UiO-67-bpy as a molecular
platform, Cu(CH;CN),PF was first coordinated to the diimide
sites of the bpy ligands in MOFs, and then Phen with different
steric functional groups could be coordinated to the Cu() sites
to afford the Cu(i) complex sensitized MOFs (Cu-1-MOF-Cu-5-
MOF) (Fig. S11). Cu(i)-based MOFs were fully characterized
using the powder X-ray diffraction pattern (PXRD), X-ray
photoelectron spectroscopy (XPS), a scanning electron micro-
scope (SEM) and a transmission electron microscope (TEM)
(Fig. S2-S51). As shown in Fig. S2,1 the characteristic peaks of
PXRD for UiO-67-bpy were well consistent with that of the
simulated PXRD pattern of UiO-67, indicating the correct
structure and good phase purity of UiO-67-bpy. The PXRD
patterns of Cu-MOFs were similar to those of UiO-67-bpy, con-
firming the well maintained structure and crystallinity before
and after incorporating Cu(i) complexes. As shown in Fig. 54,
the two main peaks at 932.2 and 952.0 eV correspond to Cu 2p4,
and Cu 2pj),, respectively, which could be attributed to Cu().

SEM and TEM analyses revealed that Cu-5-MOF exhibited
a regular uniform octahedral morphology with a size of ca.
400 nm (Fig. S57).

Besides, elemental mapping images showed the even
distribution of Zr, Cu, C, N and O elements in the Cu-5-MOF
skeleton, further supporting that Cu() complexes were
successfully introduced into UiO-67-bpy (Fig. 2). Inductively
coupled plasma mass spectrometry (ICP-MS) analysis man-
ifested that these different Cu-MOFs exhibited a similar Cu
content (Table S17), precluding the influence of Cu content
differences in different MOFs on their catalytic performance.

200 nm 200 nm 200 nm

Zr Cu

200 nm 200 nm 200 nm

Fig. 2 High angle annular dark field scanning transmission electron
microscopy and elemental mapping images of Cu-5-MOF.
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3.2. Photophysical and electrochemical characterization

Visible light harvesting ability and photoelectrochemical prop-
erties of Cu-MOFs were systematically investigated using steady/
transient spectra and photocurrent/electro-chemical imped-
ance spectroscopy (Fig. 3). As shown in Fig. 3a, the absorption of
UiO-67-bpy was mainly limited in the ultraviolet region, which
was harmful to the utilization of solar energy. After the intro-
duction of Cu(i) complexes, the absorption of UiO-MOFs can be
expanded to the visible light region. Cu-5-MOF exhibited
avisible light absorption peak at around 450 nm, similar to that
of Cu-2-MOF. This indicated that 2,9-di(sec-butyl)Phen and 2,9-
dimethylPhen modified Cu-based MOFs possessed a similar
electronic configuration in the ground state. The absorption of
Cu-3-MOF extended to 490 nm as compared with that of Cu-2-
MOF, which could be attributed to an extended conjugated
system of ligands due to the introduction of phenyl at the 4 and
7-positions of Phen. Besides, Cu-4-MOF presented a much
broader visible absorption than other Cu-MOFs, well consistent
with the absorbing feature of the reported PS [Cu(dpp),]’ (dpp =
2,9-diphenylphenanthroline).* Both the emission and photo-
luminescence lifetimes of UiO-67-bpy significantly quenched
after introducing Cu(i) complexes (Fig. 3b and S6, S7t). This
could be ascribed to the transformation from the singlet state of
UiO-67-bpy into the triplet state of the Cu(r) complex.”*** The
photocurrent intensity was in the order of Cu-5-MOF > Cu-4-
MOF > Cu-3-MOF > Cu-2-MOF > Cu-1-MOF, well consistent with
that of the steric resistance of their steric functional groups
(Fig. 3c). This result revealed that Cu(1) complexes with large
steric functional groups contributed to facilitating photo-
generated electron-hole separation of photoactive MOFs.
Notably, Cu-5-MOF exhibited the most efficient electron-hole
separation among Cu-MOFs due to the restricted J-T distortion
of sec-butyl steric functional groups to reduce the excited state
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Fig. 3 (a) UV-vis absorption spectra of UiO-67-bpy and Cu-MOFs, (b)
Photoluminescence lifetimes of UiO-67-bpy and Cu-5-MOF, and (c)
and (d) photocurrent response and Nyquist plots of the electro-
chemical impedance spectra (EIS) of Cu-MOFs under 300 W Xe lamp
irradiation.
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loss via non-radiation transition.*® This viewpoint was further
supported by their electrochemical impedance spectra (EIS),
where their EIS radii were in the order of Cu-5-MOF < Cu-4-MOF
< Cu-3-MOF < Cu-2-MOF < Cu-1-MOF (Fig. 3d). Furthermore, the
energy level diagram of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) for
UiO-67-bpy and Cu-MOFs can be estimated by Mott-Schottky
(MS) measurements and Tauc plot analysis (Fig. S8 and S97).
The calculated LUMO level of Cu-MOFs was determined to be
—0.60 V — —0.85 V, more negative than the reduction potential
from O, to superoxide radicals (E(O,/O," ) = —0.33 V vs. NHE)
(Fig. S107), indicating that the electron transfer from the LUMO
of photoactive Cu-MOFs to O, was thermodynamically feasible.
As a result, Cu-5-MOF with large steric functional groups
exhibited favorable visible absorption and efficient electron-
hole separation, highlighting its great potential for solar energy
conversion.

3.3. Photocatalytic oxidation reactions

Imines, as active intermediates, played an important role in the
synthesis of dyes, drugs and agricultural chemicals. Photo-
catalytic oxidative coupling of amines represented a mild, clean
and efficient approach for the synthesis of imines.”” Here we
examined the sensitizing ability of Cu-MOFs by photo-oxidative
coupling of benzylamines. As shown in Fig. 4a, upon irradiation
with visible light, the yield of product 2a (N-benzylidene-
benzylamine) was in the order of Cu-5-MOF > Cu-4-MOF > Cu-3-
MOF > Cu-2-MOF > Cu-1-MOF > UiO-67-bpy (Table S27).
Remarkably, the yield of 2a with the Cu-5-MOF photocatalyst
can reach 90.2% within 1 hour, 11 times higher than that with
Cu-1-MOF (8.2%). The poor catalytic performance of Cu-1-MOF
could be mainly ascribed to its excitation energy loss by J-T
distortion due to no steric functional groups in Phen ligands.
There was almost no product formed in the absence of oxygen,
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Fig. 4 (a) Catalytic activities of UiO-67-bpy and Cu-MOFs for aerobic
photocatalytic oxidative coupling of benzylamine. (b) Recycling
experiments with Cu-5-MOF. (c) and (d) ESR spectra of Cu-5-MOF in
the presence of 4-oxo-TMP in CH3CN and DMPO in DMSO.
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visible light or photocatalyst, indicating that these factors were
essential for efficient photosynthesis (Fig. S11+).

Remarkably, there was no significant loss of catalytic activity
for Cu-5-MOF after five consecutive recycles (Fig. 4b), indicating
its excellent catalytic stability. This viewpoint was further sup-
ported by the results of PXRD and SEM, where the structure,
crystallinity and octahedral configuration of Cu-5-MOF were
well maintained after the photocatalytic reaction (Fig. S12 and
S137). As compared with Cu-5-MOF, Cu-1-MOF and Cu-3-MOF
presented a poor photochemical stability (Fig. S141). In addi-
tion, benzylamine derivatives with different substituents could
be effectively transformed into imines with Cu-5-MOF photo-
catalysts under visible light. As shown in Table S3,7 the
conversion of all the substrates can reach over 74% within 1.5 h,
confirming a broad substrate tolerance for the Cu-5-MOF
photocatalyst.

In order to unveil the superior catalytic performance of Cu-5-
MOF, a series of control experiments were carried out and
electron spin resonance (ESR) spectra were recorded to
comprehensively study its catalytic mechanism (Fig. 4¢, d and
Table S47). p-Benzoquinone (BQ), NaN; and isopropanol (IPA)
were used as O,"~, '0, and "OH scavengers, respectively. The
conversion of benzylamine significantly decreased upon the
addition of BQ and NaNj3, which preliminarily confirmed that
both 'O, and O,"~ were reactive oxygen species (ROS) for effi-
cient photooxidation. After adding IPA, the catalytic yield was
well maintained, excluding the possibility of "OH participating
in the reaction. As shown in Table S4t the conversion rate of
benzylamine decreased in the presence of hydroquinone (HQ),
KI and AgNO; as free radicals, holes and electron scavengers,
respectively, further supporting that the catalytic process was
mediated by the electron transfer pathway. To further discern
ROS in the catalytic process, ESR experiments were performed
with 4-oxo-TMP and 5, 5-dimethyl-1-pyrroline N-oxide (DMPO)
as '0, and O, trapping agents, respectively (Fig. 4c and d).
Upon light irradiation, the characteristic signals of the
complexes '0,-4-0x0-TMP and O, -DMPO were observed,
which almost completely disappeared after the addition of
benzylamine. This further verified that both 'O, and 0,"~
indeed participated in the photosynthetic reaction. As shown in
Fig. S15,1 a characteristic absorption band between 450-600 nm
was observed for reaction solution in the presence of DPD (N,N-
diethyl-p-phenylenediamine)/POD (horseradish peroxidase),
confirming the production of H,0, in the photocatalysis
process of benzylamine oxidative coupling.

Based on the above systematic investigations, the catalytic
mechanism for the photocatalytic aerobic coupling of benzyl-
amine was proposed as follows (Fig. 5): upon visible light irra-
diation, the triplet state of Cu() complexes in MOFs was
populated by a series of intramolecular photophysical
processes, which can facilitate photogenerated electron-hole
(e"-h") separation of MOFs. Subsequently, the photogenerated
electrons and holes can transfer to O, and benzylamine to
generate O, ~ and PhCH,NH, ", respectively. PhCH,NH, " can
react with O, to generate PhnCH=NH. In the meantime, the
excitation energy of the Cu(i) complex can be transferred to O,
via the Dexter mechanism to afford 'O,, which can react with

J. Mater. Chem. A, 2023, 11, 14052-14057 | 14055
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benzylamine to generate PhCH=NH. Ultimately, PhCH=NH
coupled with benzylamine to produce N-benzylidenebenzyl-
amine. As a result, the catalytic performance of Cu-MOFs highly
depended on their visible light harvesting ability, electron-hole
separation ability and interface energy/electron efficiency.

2-Chloroethyl ethyl sulfide (CEES) as a chemical warfare
agent simulant can be transformed into nontoxic 2-chloroethyl
ethyl sulfoxide (CEESO) by the photochemical strategy.**™*® In
order to verify the universality of the regulation strategy of Cu-
MOF sensitizing ability by restricting their excited state
configuration, these Cu-MOFs were applied to photo-oxidative
degradation of CEES to produce CEESO. Remarkably, the cata-
lytic yield of CEESO with Cu-5-MOF can reach 100% under
visible light irradiation, significantly higher than that with Cu-
1-MOF and Cu-2-MOF (Table S5t). This result revealed that Cu(r)
complexes with strong steric functional groups in MOFs
exhibited a much stronger sensitizing ability than that with
weak or no steric functional groups in MOFs. This could be
ascribed to that Cu(i) complexes with strong steric functional
groups in MOFs can restrict its J-T distortion to reduce the
excitation energy loss. Control experiments and ESR spectra
confirmed that both 'O, and O,’~ were ROS in the catalytic
process (Table S6, Fig. S16 and S171). As shown in Fig. S18,} the
excited Cu-5-MOF sensitized O, to produce 'O, and O,"~ by the
energy/electron transfer process, which can further oxidize the
substrates to CEESO.

4 Conclusions

In summary, for the first time, we constructed a series of earth-
abundant and efficient MOF photocatalysts by incorporating
Cu(1) complexes with different steric functional groups. The
influence of excited state configuration of Cu(i) complexes on
MOF sensitizing ability was first explored by systemically
varying steric functional groups. Remarkably, the conversion
rates for benzylamine oxidative coupling can reach over 90.2%
with Cu-5-MOF as the photocatalyst, 11 and 5.2 times higher
than that with Cu-1-MOF (8.2%) and Cu-2-MOF (17.2%),
respectively. In addition, the Cu-5-MOF photocatalyst can be
recycled and reused for over 5 times without the obvious activity
loss, representing a robust photochemical stability, much
superior to that of Cu-1-MOF and Cu-3-MOF. Cu-5-MOF with
large steric functional groups in Phen can increase torsional
resistance and reduce the excitation loss of MOF photocatalysts,
resulting in its advantages in strong visible light absorption,
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efficient electron-hole separation and good photochemical
stability, which greatly contributed to boosting photosynthesis.
This work opens a new horizon for the development of highly
efficient and earth-abundant MOF photocatalysts by restricting
the excited state configuration at the molecular level.
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