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Donor—acceptor metal-organic frameworks (D—A MOFs) are promising platforms for photocatalytic
organic transformation and energy conversion due to their controllable chemical structures and tunable
energy band gaps. Herein, we report two imine-linked D—A MOFs, namely JNM-18 and JNM-19, contain-
ing both Cu(l) cyclic trinuclear units (CTUs) as an electron acceptor (A) and triphenylbenzene (TPB) or
hexaphenylbenzene (HPB) as an electron donor (D) synthesized by Schiff base condensations. With
precise spatial distribution of donor and acceptor moieties within the two-dimensional (2D) networks, the
obtained D-A MOFs exhibited efficient photocatalytic activity for the aerobic oxidation reaction of
benzylamines upon irradiation with a violet LED. Interestingly, JNM-18 with planar TPB moieties showed
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better photo-electrochemical properties, and thus better photocatalytic performance than JINM-19 con-
taining nonplanar HPB units with propeller arrangement which was possibly due to the stronger electron-
donating abilities of the associated building units. This work illustrates a convenient approach to reticularly
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Introduction

Metal-organic frameworks (MOFs) constructed from metal
ions/clusters and bridging ligands based on reticular chem-
istry are rapidly developing porous crystalline materials.'™
Due to the high surface areas and well-defined nanopores,
MOFs are highly attractive and have been broadly studied in
many research fields such as guest sensing, energy storage, gas
separation, and heterogeneous catalysis.*® In particular,
donor-acceptor MOFs (D-A MOFs) with precise spatial distri-
bution of donor and acceptor moieties are attractive platforms
for photocatalyzed organic transformation and energy conver-
sion due to their controllable chemical structures and tunable
energy band gaps.”! Upon photo-irradiation, D-A MOFs can
generate effectively separate electron-hole pairs that turn O,
into reactive oxygen species (ROS) which can be further used
to initiate the photocatalyzed oxidative reaction.’>** Although
the photocatalyzed aerobic oxidation reactions have been
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prepare D—A MOFs as photocatalysts by linkage of dynamic covalent bonds.

widely explored using homogeneous catalysts of coordination
complexes with noble metal ions in the past few decades, it is
desired to develop non-noble-metal D-A MOFs as hetero-
geneous  photocatalysts ~ with  high  efficiency and
recyclability.**™*”

Cyclic trinuclear units (CTUs) are a class of functional
metal clusters with coordinatively unsaturated d'® metal ions
showing unique properties such as luminescence, metallophi-
lic attraction, m-acidity/basicity and catalytic properties.'®"°
Recently, by combining the chemistry of MOFs and covalent
organic frameworks (COFs),° we and other groups have suc-
cessfully synthesized various functional CTU-based MOFs
linked by dynamic covalent bonds, which allows us to bring
the merits from MOFs and COFs.>’° Due to the built-in
characteristics, CTU-based MOFs exhibit not only highly
ordered structures and controllable porosities, but also unique
catalytic activity for various organic transfer reactions.*®™>° It
has been found that Cu(1) CTUs exhibited an electron-deficient
surface,®® which can be used as electron acceptor building
blocks to construct D-A MOFs via dynamic covalent chemistry.
We envision that the photocatalytic performance of Cu(i) CTU
based MOFs can be boosted through fine-tuning of organic
linkers with different electron-donating capacities.**

In this work, we report two imine-linked two-dimensional
(2D) D-A MOFs, JNM-18 and JNM-19 (JNM = Jinan materials),
which were reticularly constructed by Schiff base reactions
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between a carboxaldehyde functionalized Cu(i) CTU as an elec-
tron acceptor and triphenylbenzene (TPB)**** or hexaphenyl-
benzene (HPB)**** moieties as electron donors, respectively
(Fig. 1a). The Cu() CTU-based MOFs showed similar imine-
linked D-A pair structures yet different framework topologies
due to the varied connecting number of the donor units. With
the precise spatial distribution of donor and acceptor moieties
in the skeleton, JNM-18 and JNM-19 delivered efficient photo-
catalytic activity for the aerobic oxidation reaction of benzyl-
amines. Owing to the stronger electron donating ability of the
planar TPB core compared to the nonplanar HPB unit with pro-
peller arrangement, JNM-18 showed better photo-electro-
chemical properties than JNM-19, such as superior visible-light
absorption, enhanced charge separation, and higher ROS gene-
ration efficiency, resulting in higher photocatalytic activity. This
research provides a convenient approach to construct reticular
D-A MOF photocatalysts by linkage of dynamic covalent bonds.

Results and discussion

Syntheses and characterization

Two imine-linked D-A MOFs, namely JNM-18 and JNM-19,
were prepared under solvothermal conditions at 120 °C for
72 h by Schiff base condensation between the Cu-CTU, Cu;L;
(HL = pyrazole-4-carboxaldehyde), and the corresponding
amino organic linkers, 5"-(4-amino-[1,1-biphenyl]-4-yl)-
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Fig. 1 (a) Syntheses of imine-linked D—A MOFs, JNM-18 and JNM-19,
via Schiff base reactions between the Cusz CTU acceptor (CuslLs) and
TPB (1) or HPB (2) donors, respectively. (b) The ESP surface maps for the
optimized structures of JNM-18 (left) and JNM-19 (right). The planar
TPB moiety in JNM-18 shows a stronger electron donating ability than
the HPB unit with nonplanar propeller arrangement in JINM-19.
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[1,1:4',1":3"1"":4"",1""-quinquephenyl]-4,4""-diamine (1) and
3",4"5",6"-tetrakis(4'-amino[1,1"-biphenyl]-4-yl)-[1,1":4,1":2",1"":
4'",1""-quinquephenyl]-4,4""-diamine (2), respectively (Fig. S1
and S2, see the ESIf for details). Electrostatic potential (ESP)
surface maps of JNM-18 and JNM-19 calculated based on their
optimized structures revealed the positive potential focus on
the Cu ions and the negative potential centered on the TPB
and HPB cores, suggesting that a donor-acceptor heterojunc-
tion can be generated when they are linked with a covalent
bond (Fig. 1b and see the ESIt for details). Moreover, the TPB
core is much flatter than the HPB units with propeller arrange-
ment.?® This superior integrity of n-conjugation is strongly
related to the electron donating ability, which leads to a stron-
ger donor-acceptor interaction in JNM-18 than that in JNM-19,
influencing their photo-electrochemical properties and photo-
catalytic activity.®”

The formations of imine linkages of the products were con-
firmed using Fourier Transform Infrared (FT-IR) spectra, as
evidenced by the disappearance of the N-H stretching bands*
ranging from 3466-3203 cm ™" and the appearance of the C=N
stretching signals®* located at 1621 and 1624 cm™" for JNM-18
and JNM-19, respectively (Fig. S5 and S6t). The solid-state **C
cross-polarization/magic-angle spinning nuclear magnetic
resonance (CP/MAS NMR) spectra revealed the characteristic
imine carbon'® resonance peaks at 156 and 157 ppm for
JNM-18 and JNM-19, respectively, demonstrating the success-
ful formation of C=N linkages within the frameworks (Fig. S7
and S8t). Energy-dispersive X-ray spectroscopy (EDS) elemental
analyses of JNM-18 and JNM-19 revealed a uniform distri-
bution of Cu ions in the networks (Fig. S9 and S10%). X-ray
photoelectron spectroscopy (XPS) spectra of JNM-18 and
JNM-19 revealed symmetrical Cu(1) 2p;, peaks at 932.98 and
932.82 eV without satellite peaks,*® suggesting the monovalent
state of copper ions within the skeleton (Fig. S11 and S127).
Thermal gravimetric analyses (TGA) and various temperature
PXRD experiments revealed moderate thermal stability of
JNM-18 and JNM-19 which remained crystalline up to 200 °C
(Fig. S13-16%). The materials also showed good stabilities
towards water and various organic solvents (Fig. S17 and
S187).

The high crystallinities of JNM-18 and JNM-19 were con-
firmed by powder X-ray diffraction (PXRD) shown in Fig. 2a
and d, respectively, of which the structures were studied by
PXRD experiments combined with theoretical simulations. For
example, JNM-18 exhibited an intense peak at 3.20c and three
small peaks at 5.780, 6.700, and 8.780, which could be
assigned to the (110), (120), (220), and (210) planes, respect-
ively. We further calculated the eclipsed (AA) and staggered
packing (AB) modes of the 2D lamellar layers of JNM-18 with
hcb topology using Materials Studio (Fig. 2b and S21%). The
calculated PXRD patterns based on the two possible stacking
models of JNM-18 are shown in Fig. S19,7 which clearly
revealed the good matching of the experimental PXRD pattern
with the calculated one obtained from the AB stacking struc-
ture. Pawley refinement was thus performed based on the AB
packing model, which gave a trigonal space group of P3 with

This journal is © the Partner Organisations 2024
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Fig. 2 PXRD structural analyses of JNM-18 (a) and JNM-19 (e). Top and side views of the refined AB models of JNM-18 (b and c) and JNM-19 (f
and g). Nitrogen adsorption (filled) and desorption (open) isotherm profiles of INM-18 (d) and INM-19 (h) at 77 K (the insets show pore size distri-
bution profiles of INM-18 and JNM-19 exhibiting a uniform pore size of 1.49 and 0.44 nm, respectively).

unit cell parameters of a = b = 31.9432 A, and ¢ = 13.3836 A, and
refinement parameters of R, = 3.40% and R,,;, = 4.23% (Fig. 2a).
Similarly, structural simulation and PXRD experiment suggested
that JNM-19 employed AB staggered stacking mode of the 2D
lamellar kgd layers, and Pawley refinement resulted in a hexag-
onal space group of P6; with unit cell parameters of a = b =
31.6707 A, and ¢ = 12.5253 A, and refinement parameters of R, =
2.08% and R, = 2.62% (Fig. 2d and e). Nitrogen adsorption
measurements were performed at 77 K to study the porosities of
JNM-18 and JNM-19, where type I adsorption curves were found
for both materials, indicating their microporous nature.
Analyses of the Brunauer-Emmett-Teller (BET) surface areas
afforded values of 761 and 596 m” g~ with total pore volumes
of 0.4555 and 0.2836 ml g~' (P/P, = 0.99) for JNM-18 and
JNM-19, respectively. Moreover, narrow pore size distributions
with peak values of 1.49 nm and 0.44 nm given by nonlocal
density functional theory (NLDFT) for JNM-18 and JNM-19,
respectively, well agreed with the theoretical values of 1.47 and
0.42 nm found for the staggered AB stacking models of JNM-18
and JNM-19, respectively (Fig. 2c and f).

The scanning electron microscopy (SEM) images of JNM-18
showed ball-shape microcrystals with a nanometer size, while
JNM-19 exhibited flake-like morphologies in the micrometer
range (Fig. 3a and d). High-resolution transmission electron
microscopy (HR-TEM) images clearly exhibited highly crystal-
line nanolayers for the two materials (Fig. 3b and e), showing
order lattice fringes with distances of 1.53 and 1.57 nm,
respectively, associated with the (110) and (110) planes for
JNM-18 and JNM-19, respectively (Fig. 3c and f).

Optical and electrochemical properties

The photocatalytic activities are significantly related to the
relative energies of the band gap and their charge separation

This journal is © the Partner Organisations 2024

efficiency. While CuzL; showed light yellow color (Fig. S257),
JNM-18 and JNM-19 were obtained as yellow and green powder
(Fig. S26 and S2771), respectively, suggesting stronger absorp-
tion of visible light for the D-A MOFs. The UV-Vis diffuse
reflectance spectra of JNM-18 and JNM-19 exhibit more batho-
chromic absorption bands (Fig. 4a), resulting in reduced
values of 2.61 and 2.84 eV, respectively, for the band gap
energy, compared to that of CuzL; (3.14 eV) based on the
Kubelka-Munk equation (Fig. 4b). In addition, Mott-Schottky
measurements showed positive slopes for JNM-18 and JNM-19,
indicative of typical n-type semiconductors, and the lowest
unoccupied molecular orbital (LUMO) levels of JNM-18 and
JNM-19 are estimated to be —1.04, and —1.14 eV versus Ag/
AgCl, respectively (Fig. S28 and S2971). In consideration of the
bandgaps obtained from the UV-vis spectra, the corresponding
highest occupied molecular orbital (HOMO) levels of JNM-18
and JNM-19 are calculated to be +1.57, and +1.70 eV versus Ag/
AgCl, respectively. The resulting band structures of JNM-18
and JNM-19 are therefore obtained, which clearly suggest they
are capable of activating O, to superoxide anion radicals (O,7)
which can be used in photocatalytic aerobic oxidation reac-
tions (Fig. 4c).>® Moreover, transient photocurrent responses
were observed for JNMs, indicating the photo-induced charge
separation (Fig. 4d). In contrast, CuzL; showed negligible
photocurrent response (Fig. S29%), suggesting that the con-
struction of D-A networks with precise spatial distribution of
donor and acceptor moieties could efficiently enhance the
photo-induced charge separation.” Interestingly, the photo-
current intensity of JNM-18 was higher than that of JNM-19,
implying higher photo-induced charge separation efficiency of
JNM-18. Furthermore, the electrochemical impedance spec-
troscopy (EIS) of JNM-18 exhibited a smaller radius than that
of JNM-19, suggesting a lower internal resistance for the

Inorg. Chem. Front., 2024, M, 417-424 | 419
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Fig. 3 SEM images of JNM-18 (a) and JNM-19 (d). HR-TEM images of JINM-18 (b) and JNM-19 (e). Enlarged images of selected areas in part b (c)

and e (f).
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Fig. 4 (a) UV-Vis diffuse reflectance spectra of JINM-18, JNM-19 and CusLs. (b) Tauc plots of JNM-18, JINM-19 and CuslLs based on the UV-Vis
diffuse reflectance spectra obtained from the Kubelka—Munk function. (c) Schematic depiction of pptical band gaps of JNM-18 and JNM-19. (d)
Photocurrent responses of INM-18 and JNM-19. (e) Electrochemical impedance spectra of JNM-18 and JNM-19. (f) EPR spectra of JINM-18 with

DMPO in MeCN in the dark or under light irradiation.

charge transfer in JNM-18 (Fig. 4e). Those optical and electro-
chemical experiments clearly reveal that the construction of
D-A MOFs via direct imine linkage could reduce the band gap
energy, resulting in the decrease of photocarrier transfer
barrier and the increase of the charge separation efficiency.*
Notably, JNM-18 showed better photo-electrochemical pro-
perties than JNM-19 that might be due to the stronger electron
donating ability of the planar TPB units in the 2D networks,
compared to the nonplanar HPB moieties with propeller

420 | Inorg. Chem. Front,, 2024, 1, 417-424

arrangement in JNM-19, which may enhance the photocatalytic
activity of the materials.®”

Photocatalytic studies

With the remarkable photoelectronic properties of imine-
linked D-A MOFs in hand, we elucidated their photocatalytic
performance for the aerobic oxidation of amines to imines.
Initially, the aerobic oxidation of benzylamine (3a) under light
irradiation was chosen as a model reaction. As shown in

This journal is © the Partner Organisations 2024
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Table 1 (entry 1), when benzylamine (0.3 mmol) and 3 mol%
(based on Cu) JNM-18 were mixed in 2 mL CH;CN and reacted
at room temperature (rt) for 12 h under irradiation with a
violet LED, compound 3a underwent the oxidative coupling
reaction to give the imine product (4a) with 94% yield con-
firmed by '"H NMR. To optimize the reaction conditions,
several control experiments were conducted. In the absence of
JNM-18 or light irradiation, low conversion of 3a was observed,
suggesting the indispensability of catalysts and light in the
aerobic oxidation reaction (Table 1, entries 2 and 3). Filled
with Ar, the imine product 4a was barely detected (Table 1,
entry 4). With the use of O, instead of air, the conversion of 3a
could be increased to 99%, indicating the crucial role of O, as
the terminal oxidant (Table 1, entry 5). Reaction solvents were
found to strongly influence the photocatalytic efficiency, where
the use of MeOH or EtOH instead of MeCN gave much lower
yields (Table 1, entries 6 and 7). The use of a blue LED also
resulted in much lower yield (Table 1, entry 8). The decrease of
catalyst loading from 3 to 1.5 mol% reduced the coupling
product yield to 61%, while the use of 6 mol% catalyst loading
could not increase the yield (Table 1, entries 9 and 10).
Reactions using CuzL; afforded low yield, evidencing the sig-
nificance of constructing D-A MOFs for improving the photo-
catalytic activity (Table 1, entry 11). Notably, when JNM-19 was
employed as a photocatalyst, 4a with 75% or 92% yield can be
obtained within 12 h or 24 h, respectively, suggesting a lower
photocatalytic efficiency compared to JNM-18 (Table 1, entries
12 and 13). This may due to the stronger electron donating
ability arising from the planar TPB units in JNM-18 frame-
works than the nonplanar HPB moieties in JNM-19, which
results in a larger photocarrier transfer barrier and lower

Table 1 Control experiments for the photocatalytic oxidative coupling

of benzylamine?
NH, JNM-18 (3 mol%) N
Air,rt., 12 h

3a “Standard condition” 4a

MeCN, violet LED (12 w)

Entry Change from the “standard conditions” Yield (%)
1 None 94

2 No catalyst 14

3 No light 4

4 Under Ar, instead of air Trace
5 Under O,, instead of air 99

6 MeOH, instead of MeCN 30

7 EtOH, instead of MeCN 34

8 A blue LED, instead of a violet LED 11

9 1.5 mol% JNM-18 61

10 6 mol% JNM-18 93

11 Cu;L; instead of JNM-18 10

12 JNM-19, instead of JNM-18 75

13 JNM-19, instead of JNM-18, 24 h 92

14 NaNj as the 'O, scavenger 92

15 Benzoquinone as the O, scavenger 5

16 AgNO; as the e” scavenger 5

“Reaction conditions: benzylamine (0.3 mmol), JNM-18 (3 mol%),
CH3CN (2 mL), r.t., a violet LED (12 W), air. The reported yields pre-
sented are based on "H NMR spectra.
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charge separation efficiency, and thus enhanced photocatalytic
performance.*°

Superoxide anion radical (O, ”) and singlet oxygen (*0,) are
the ROS involved in the photocatalytic aerobic oxidation reac-
tion.>® Here, various control experiments were performed to
study the generated ROS and the mechanism of the photo-
catalytic oxidation of 3a. The addition of NaN; (5.0 equiv.) as
the 'O, scavenger to the reaction solution did not change the
conversion of 3a, suggesting that 'O, was not involved in the
reaction process (Table 1, entry 14). In contrast, the addition
of benzoquinone (5.0 equiv.) as a O,”” scavenger remarkably
lowered the yield to 5% (Table 1, entry 15). Besides, the use of
AgNO; as an e~ scavenger also impeded the oxidation of 3a by
disturbing the generation of O,”~ from O, (Table 1, entry 16).
Therefore, O,”” is the dominant ROS for JNM-18 photocata-
lyzed aerobic oxidation reaction.

Moreover, we applied electron paramagnetic resonance
(EPR) spectra to further investigate the ROS by spin trapping.*
With the addition of 5,5-dimethyl-pyrroline-N-oxide (DMPO),
the characteristic peaks of the DMPO-0O, " radical were found,
of which the intensities were remarkably enhanced by prolong-
ing the irradiation time, confirming the generation of O,
active species by the JNM-18 photocatalyst (Fig. 4f). Besides,
the O,"~ generation of JNM-18 was further evaluated by the use
of nitro blue tetrazolium (NBT), of which the absorption band
at 259 nm was dramatically decreased upon the addition of
JNM-18 upon violet LED irradiation (Fig. S34}). The generation
of O,"~ ROS was also observed in JNM-19 by EPR with DMPO
and UV-vis spectroscopy with NBT (Fig. S31 and S34%), but
with less efficiency than JNM-18. These results were consistent
with the observation of lower conversion for the JNM-19 photo-
catalyzed aerobic oxidation reaction.

We also evaluate the reusability of JNM-18 for hetero-
geneous photocatalyzed benzylamine oxidation reactions.
Remarkably, the yields for the oxidative coupling products
barely decreased (Fig. S357). In addition, inductively coupled
plasma mass spectrometry (ICP-MS) revealed that copper ions
were not present in the reaction supernatant, suggesting that
the photocatalyst JNM-18 was not damaged after catalytic
cycles (see the ESIf for details). Moreover, XPS analysis and
PXRD measurement demonstrated the monovalent state of the
Cu ions and high crystallinity of JNM-18 remained during the
recycle catalytic experiments (Fig. S36 and S377). Furthermore,
FT-IR spectra and SEM images of JNM-18 before and after
photocatalysis did not show obvious differences, implying the
structural integrity (Fig. S38 and S397).

Furthermore, we expanded the photocatalytic application
using JNM-18 by exploring various benzylamine derivatives
with a broad range of substituents under the standard reaction
conditions (Table 2). In general, the JNM-18 photocatalyzed
reaction was tolerant to different substituted primary amines,
which were oxidized to the associated imines with excellent
yields. Notably, the benzyl amines with electron-withdrawing
groups exhibited higher yields (Table 2, entries 2-5), compared
with those with electron-donating substituents (Table 2,
entries 6-8), as a result of the enhanced electronegativity on

Inorg. Chem. Front,, 2024, M, 417-424 | 421
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Table 2 Photocatalyzed aerobic oxidation of primary amines to imines
by JNM-18°7

4a, 99% 4b, 94%
| I Cl Cl
4c, 94% 4d, 98%
F3C CF3 H3C CH3
4e, 98% 4f, 98%
/©/§ N/\©\ - - o
H3CO' OCH;  H3CO OCHj
OCH;3 OCH;
49, 78% 4h, 79%
SN SN
X Z
4i, 99% 4j, 89%
SN
a N
S S
4k, 96%

“Reaction conditions: amine (0.3 mmol), JNM-18 (3 mol%), CH;CN
(2 mL), rt, a violet LED (12 W), air. The reported yields presented are
based on "H NMR spectra.

the benzyl moieties. Moreover, the steric effect using benzyla-
mine substituted with a long alkyl chain was also tested,
showing good yields for the corresponding imine product
(Table 2, entry 9). Benzyl amines with reactive functional sub-
stituents, such as vinyl and thiophene, that may disturb the
oxidation reactions were also applicable to the JNM-18 photo-
catalyzed oxidation (Table 2, entries 10 and 11). We also inves-
tigated several secondary amines for the photocatalyzed oxi-
dation to further explore the reaction scope (Table S5%).
Though the yields were shown to be inferior to the reactions
based on primary amines, the secondary amines could be oxi-
dized to the corresponding imines, suggesting the good tolera-
tion in the aerobic oxidation of amines using the JNM-18
photocatalyst.

Gradually, a plausible mechanism for the photocatalyzed
aerobic oxidation of benzylamine by the CTU-based D-A MOFs
is proposed on the basis of the above experimental data and
reported results in the literature (Fig. S4071)."*">*%*7*> Taking
JNM-18 as an example, the D-A MOF plays a role as a transfer
channel that accelerates the separation of electron-hole
systems (e"-h") upon irradiation with violet light, following
the singlet electron transfer (SET) which migrated e~ from the
HOMO to the LUMO in JNM-18 and generated O, by
reduction of O,. Secondly, benzylamine was rapidly trans-
formed to the amine radical cation by h' drifted on the
JNM-18 surface, which subsequently reacted with O, to form

422 | Inorg. Chem. Front, 2024, M, 417-424
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the benzaldimine intermediate that further condenses with
benzylamine to generate the target product.

Conclusions

In summary, two imine-linked D-A MOFs, JNM-18 and
JNM-19, were reticularly synthesized by covalent networking of
Cu(r) CTUs and an organic linker functionalized with TPB and
HPB electron-donating moieties, respectively. The obtained
D-A MOFs show high crystallinity and uniform porosity. In
addition, due to the precise spatial distribution of donor and
acceptor units within the extended networks, the D-A MOFs
exhibited excellent photocatalytic performance for the aerobic
oxidation reaction of benzylamines upon photo-irradiation.
Moreover, JNM-18 exhibited stronger visible-light absorption,
higher charge separation efficiency, and higher ROS gene-
ration efficiency compared to JNM-19, thus resulting in higher
photocatalytic activity. This work demonstrates a facile
approach to synthesize D-A MOFs by reticular chemistry of
dynamic covalent bonds, which is helpful for developing and
designing efficient MOF photocatalysts.
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