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Catalytic cleavage of p-O-4 linkages is an essential

but challenging step in the depolymerization of lig-

nin. Here, we report the templated electrosynthesis P 2 W)
of a hydrophobic metal-organic polyhedral catalyst
(Cu-MOP-e), which exhibits excellent hydrothermal
stability and exceptional activity for this reaction. Q & £
The oxidative cleavage of 2-phenoxyacetophenone, ; e ? « ( ; } e ‘*o
1, a lignin model compound, over Cu-MOP-e at 90 °C \L"SL\ . " A
for 1 h affords full conversion with yields of the \("'(Q

monomer products phenol and benzoic acid of

99%. The reusability of Cu-MOP-e was confirmed by - 7

carrying out ten cycles of reaction. The mechanism of :‘S r

catalyst-substrate binding was investigated by high-

resolution synchrotron X-ray powder diffraction, in

situ X-ray absorption spectroscopy, electron para-

magnetic resonance spectroscopy, and density func-

tional theory (DFT) calculations. The combination of

optimal porosity and active Cu(ll) sites provides

confined binding of 2-phenoxyacetophenone, thus Keywords: metal-organic polyhedra, porous struc-
promoting the cleavage of -O-4 linkage under rela- ture, defects, host-guest interactions, cleavage of
tively mild conditions. B-O-4 linkages
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Introduction

The utilization of porous metal-organic complexes as
heterogeneous catalysts has attracted much interest
owing to their inherent flexibility to tailor their active
sites within a microenvironment." In addition to func-
tional ligands that can act as active sites in catalysis, the
generation of open metal sites via the removal of labile
metal-bound solvent molecules enables these porous
solids to act as Lewis acids®® that can interact with
substrate molecules.”® Porous metal-organic solids that
possess pore sizes at the subnanometer scale often
demonstrate limited diffusion of substrates, especially
with large molecules, in heterogeneous reactions in so-
lution.®® Inaccessible channels result in poor usage of
active sites and low catalytic efficiency."” Metal-organic
polyhedra (MOPs), comprised of discrete metal-organic
molecular assemblies stabilized by van der Waals inter-
action, can show significant porosity, and thus, parallel
related framework-based materials.”® Porosity in MOPs
originates primarily from the void within the polyhedral
cage, but also from potential large voids generated by
packing of cages in three-dimensional space.*” The lat-
ter can greatly facilitate the adsorption of large sub-
strates and promote internal diffusion throughout the
solid-state structure. In addition, the engineering of
defects within the material is an effective way to gener-
ate active metal sites and build channels to enable diffu-
sions of reactants and products.’®"”

Porous {Cu,}-paddlewheel-based metal-organic fra-
meworks (MOFs) and MOPs with open Cu(ll) sites have
been reported as efficient catalysts for a series of reac-
tions.®™® However, the lack of hydrolytic stability is a
disadvantage for their application in heterogeneous ca-
talysis.?° Herein, we report a hydrophobic Cu-carboxylate
MOP material with a hierarchically porous structure
(denoted as Cu-MOP-g; e signifies electrosynthesis), pre-
pared via templated electrosynthesis in an ionic liquid
(IL)-containing electrolyte. Cu-MOP-e exhibits excep-
tional activity and stability for the oxidative cleavage of
B-O-4 linkage in the lignin model compound, 2-phenox-
yacetophenone 1, and shows quantitative conversion
into monomer products of phenol and benzoic acid in
water at 90 °C within 1 h. Compared with Cu-MOP-t (t
signifies thermal synthesis) and several benchmark Cu-
MOFs obtained using conventional solvothermal meth-
ods, the use of assemblies of ILs as templates in the
electrosynthesis not only increases the number of meso-
pores in Cu-MOP-e to enhance the accessibility of 1 to
active Cu(ll) sites via accelerated diffusion but also
increases the number of uncoordinated Cu(ll) sites
to promote the activation of 1 and O,. The underlying
catalytic mechanism was interrogated by in situ high-
resolution synchrotron X-ray powder diffraction (SXPD),
in situ small angle X-ray scattering (SAXS), in situ X-ray

absorption fine structure (XAFS) spectroscopy analysis,
electron paramagnetic resonance (EPR) spectroscopy
and density functional theory (DFT) calculations. These
studies have provided insights into the design of new
stable MOP-based catalysts, incorporating hierarchical
porosity and defects for biomass conversion.

Experimental Methods

Solvothermal synthesis of Cu-MOP-t and
other Cu-MOFs

Cu(NOg3), - 3H,0O (0.484 g, 2 mmol) and ligand (0.133 g,
0.2 mmol) were separately dissolved in small portions of
dimethylformamide (DMF) before being combined in a
round bottom flask and diluted to a total volume of
50 mL.?' The mixture was stirred at 85 °C for 24 h under
reflux. The precipitate was collected and washed with
DMF and acetone, five times each, and dried at 60 °C for
24 h. The yield of Cu-MOP-t was 49%.

Templated electrosynthesis of Cu-MOP-e

The synthesis was performed in a 50 mL single cell using
a two-electrode system with a CHI660E electrochemical
workstation (CH Instruments, Inc., Austin, Texas, USA).
Cu-foam (2.0 x 1.0 cm?) was used as both cathode and
anode with a solution of 50 mL OmimPFg/DMF (w/w =
4/1) as electrolyte. The ligand (0.133 g, 0.2 mmol) was
dissolved in the electrolytic solution and a potential of
2 V at 25 °C was applied. A blue precipitate formed after
several minutes and the electrolysis was continued for a
further 12 h. After the reaction, the precipitate was col-
lected and washed with DMF and acetone, each five
times, and the solid dried at 60 °C for 24 h. The yield of
Cu-MOP-e was 95%.

Oxidative cleavage of 1

All oxidation reactions were carried out in a three-necked
flask using the same protocol. 1 (0.1 mmol) and catalyst
[0.04 mmol, based on the Cu content determined by
inductively coupled plasma optical emission spectrosco-
py (ICP-OES)] were loaded into 2 mL of DMF. The air in
the flask was replaced by O,, and the flask was immersed
in an oil bath at the desired temperature. O, was supplied
by a balloon. After the reaction, the catalyst was collect-
ed and the solution at the targeted reaction time was
analyzed by gas chromatography. To collect used Cu-
MOP-g, the reaction mixture was centrifuged at a speed
of 16,000 r/min and the solid collected, washed with
acetone, dried at 60 °C for 24 h, and reused for the next
run. The rate constants of reaction at different tempera-
tures were calculated based upon the variation of con-
centration of reactant during the reaction, and the

Citation: CCS Chem. 2025, Just Published. DOI: 10.31635/ccschem.024.202404991

Link to VoR: https://doi.org/10.31635/ccschem.024.202404991



https://doi.org/10.31635/ccschem.024.202404991
https://doi.org/10.31635/ccschem.024.202404991

©CCS

RESEARCH ARTICLE

Chemistry

activation energy was calculated depending on rate con-
stants at different temperatures.

More experimental details and characterization are
available in the Supporting Information.

Results and Discussion

Synthesis, structural analysis, and
characterization of Cu-MOPs

Cu-MOP derived from the hydrophobic ligand, HzL, was
selected for investigation for the cleavage of $-O-4 lin-
kages in 1 owing to its high stability and large channels
that can promote internal diffusion (Supporting Informa-
tion Figures S1 and S2).2"2 The crystal structure of Cu-
MOP exhibits a small cavity within a [Cuj;Lg] cage and
two types of intermolecular cavities originating from the
packing of these cages. Cu-MOP-t was obtained from a
solvothermal reaction following our previously reported
methods.?"? Cu-MOP-e was synthesized electrochemi-
cally at 2.0 Vand 25 °Cin an IL-rich electrolyte containing
80 wt % 1-octyl-3-methylimidazolium hexafluoropho-
sphate (OmimPFg, Supporting Information Figure S3)
and 20 wt % DMF using Cu foams as both cathode and
anode. The electrolyte turned turbid within several min-
utes and the reaction was terminated on depletion of
ligand in the electrolyte to give a yield of Cu-MOP-e of
~97%. The contact angles between the MOP and water
interface were recorded as 90.6° and 89.7° for Cu-MOP-t

and Cu-MOP-e (Supporting Information Figure S4), re-
spectively, reflecting the hydrophobicity of both materi-
als. The phase identity of Cu-MOP-t and Cu-MOP-e was
confirmed by powder X-ray diffraction (PXRD, Figure 1a),
and the shape of the convoluted peaks observed for
Cu-MOP-e implied a defective structure. Compared with
Cu-MOP-t, the v(C=0) stretching mode of the carboxyl-
ate group in Cu-MOP-e showed a blueshift from 1403
to 1407 cm™ in the Fourier transform infrared (FTIR)
spectra, consistent with increased levels of free carbox-
ylic groups in the latter (Figure 1b).2 Free IL was not
observed in the Cu-MOP-e by FTIR spectroscopy
(Figure 1b). Transmission electron microscopy (TEM)
confirmed the well-defined polyhedral morphology of
Cu-MOP-t with a particle size of ~2.5 um (Figure 1¢). In
contrast, Cu-MOP-e exhibited irregular morphology with
substantial mesopores of ~4 nm (Figure 1d), originating
from the high viscosity of self-assemblies of the ILs that
mediate nucleation during crystal growth.?* N, adsorp-
tion/desorption isotherms of Cu-MOP-t and Cu-MOP-e
at 77 K showed intermediate profiles between Type | and
IV (Supporting Information Figure S5), suggesting the
presence of both micropores and mesopores. Cu-MOP-e
exhibited a slightly lower total surface area than Cu-
MOP-t (675 and 746 m? g7, respectively; Supporting
Information Table S1). Analysis of the pore size distribu-
tion by the Horvath-Kawazoe method? (Figure 1e)
revealed a narrow peak centered at ~6 A, assigned to
the cavities within the cage. The existence of mesopores
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Figure 1| Structure and morphology of Cu-MOPs. (a) PXRD patterns. (b) FTIR spectra. (¢c) TEM image of Cu-MOP-t.
(d) TEM image of Cu-MOP-e. (e) Micropore size distribution. (f) Mesopore size distributions.
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Figure 2 | Morphology and porosity of Cu-MOP. (a) Normalized Cu K-edge XANES spectra. (b) The Cu K-edge
FT-EXAFS spectra without phase correction. (c, d) Second integrals of simulated Q-band EPR spectra for Cu-MOP-t
(c) and Cu-MOP-e (d). (e, f) Comparison of the microphotographs (left) and CFM images (right) of Cu-MOP-t (e) and

Cu-MOP-e (f).

in Cu-MOPs with a distribution from 2 to 6 nm was
confirmed by the Barrett-Joyner-Halenda analysis
(Figure 1f). The nature of pores derived from N, iso-
therms was consistent with the findings derived from
structural data,? and a major contribution of mesopores
of 4.0 nm was observed for Cu-MOP-e consistent with
TEM measurements.

Cu-MOP-e is less crystalline than Cu-MOP-t (Figure 1a),
suggesting that the former incorporates substantial crys-
tal defects. The X-ray absorption near-edge structure
(XANES) revealed that both Cu-MOP-t and Cu-MOP-e

were aligned with that of CuO, confirming the Cu(ll)
valence (Figure 2a and Supporting Information Figure
S6). The Fourier-transformed extended X-ray absorption
fine structure (FT-EXAFS) spectra confirmed Cu-0O scat-
tering paths for all catalysts, similar to CuO (Figure 2b).
The coordination number (CN) of Cu-O was determined
through quantitative fitting of the FT-EXAFS curves
(Supporting Information Table S2 and Figures S7-S10),
with values of 4.85 and 4.57 for Cu-MOP-t and Cu-MOP-
e, respectively. This indicated that the defect structure in
the Cu-MOP-e might derive from the cleavage of Cu-O
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interactions. Cu-MOP-t and Cu-MOP-e contained 0.52%
and 1.08% of uncoupled Cu(ll) sites, respectively, based
on the relative intensity of the second integral of simula-
tions of the Q-band EPR spectra (Figure 2c¢,d; Supporting
Information Figures S11-S12 and Tables S3-54).2° Thus,
cleavage of Cu-O bonds leads to increased numbers of
uncoordinated Cu(ll) sites, with a concomitant increase
in the Lewis acidity of Cu-MOP-e. The presence of Lewis
acid sites within these Cu-MOP materials was revealed
unambiguously by confocal fluorescence microscopy
(CFM) (Figure 2e,f), which exhibited strong fluorescence
originating from the open Cu(ll) sites, as detected via a
reaction with furfuryl alcohol used as a probe.?” The
observed fluorescence confirmed the presence of open
Cu(ll) sites derived from the removal of water bound to
Cu(ll) and/or due to the presence of Cu(ll) defects.
Fluorescence was observed only at particle boundaries
in Cu-MOP-t but throughout the entire lattice of Cu-
MOP-e, confirming the presence of an increased number
of open Cu(ll) sites throughout Cu-MOP-e. During the
synthesis of Cu-MOP-e, IL plays a significant role in
controlling its structure and morphology. The strong
electrostatic interactions between IL cations and ligand

anions affect the coordination of Cu?* with L*-, leading to
a reduced coordination number at Cu(ll). Additionally,
aggregates of IL cations could act as a template for
mesopore formation.?® As a result, Cu-MOP-e synthe-
sized in an IL-based solution incorporated both open
Cu(ll) sites and mesopores, which enhance reactant ac-
tivation and facilitate mass transfer during catalytic
reactions.

Studies of catalytic activity

Lignin is an abundant renewable aromatic resource and
can be upgraded to a wide range of aromatic feedstocks
via lignin depolymerization.®*° The B-O-4 linkage
accounts for approximately 50% of the interunit linkages
in lignin, and catalytic conversion of various model com-
pounds of lignin-containing this substructure including
cracking, hydrolysis, reductive and oxidative methods
have been studied.®* Transition metals are efficient
catalysts for the oxidative depolymerization of the
B-O-4 linkage in protic solvents.*®**” Thus, we sought to
test the performance of the above Cu-MOPs for the
oxidative cleavage of p-O-4 linkage in 1 to produce

Table 1| Comparisons of Different Catalysts for the Oxidative Cleavage of 1

can R loativa

1
Yield (%)

Entry Catalysts T (°O) t (h) Conv. (%) Phenol Benzoic Acid Ref

1° Cu-MOP-t 90 1 59.7 59.5 58.9 This work
27 Cu-MOP-e 90 1 >99 >99 >99 This work
3 MFEM-100 90 1 14.4 14.2 141 This work
42 HKUST-1 90 1 8.4 8.2 8.2 This work
59 MOF-2 90 1 n.2 1.0 10.8 This work
67 - 90 1 2.8 2.6 2.5 This work
7 OmimPFg 20 1 3.2 3.0 2.7 This work
8° Cu(Ac), 20 1 n.7 1.2 1.2 This work
97 MFM-100-e 20 1 35.2 34.9 348 This work
10° CeO, 160 2 76 58 2.8 39

11° Au/CeO, 160 2 >99 71.1 12.3 9

12¢ Cu(Ac),+Phen 90 2 97 96 70 40

139 BnmimNTf, 130 3 >99 84 89 35

14¢ OmimAc 100 2 >99 96 86 3

2 Reaction conditions: 0.1 mmol of 1, 0.04 mmol of catalyst, 2 mL of DMF/water (3:1), 1 atm O..
® Reaction conditions: 0.47 mmol of 1, 20 mg catalyst, 25 mL of CHzOH, 1.0 MPa O,. The Au content in entry 11 is

0.88 wt %.

¢ Reaction conditions; 0.2 mmol of 1, 0.04 mmol of catalyst, 0.4 mmol of acid, 2 mL of CHzOH, 0.4 MPa O,,
homogeneous catalysis. Phen represents 1,10-phenanthroline (0.04 mmol, entry 12).
¢ Reaction conditions: T mmol of 1, 1 g of catalyst, 16 uL of HzPO4 (85%), 46 pL of H,O, 1.0 MPa O,, homogeneous

catalysis.

¢ Reaction conditions: 1 mmol of 1, 1 g of catalyst, 25 uL of H,O, 1.5 of MPa O,, homogeneous catalysis.

Citation: CCS Chem. 2025, Just Published. DOI: 10.31635/ccschem.024.202404991

Link to VoR: https://doi.org/10.31635/ccschem.024.202404991



https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.024.202404991
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.024.202404991
https://doi.org/10.31635/ccschem.024.202404991
https://doi.org/10.31635/ccschem.024.202404991

©CCS

RESEARCH ARTICLE

Chemistry

(a) (b) (c) _
100 —=—Cu-MOP-t o | TV wmenes wooes poom oy weese mese pemm s weeesl | e 0 min
—e— Cu-MOP-e —1min
g0} —a—MFM-100 —;g min
= —v—HKUST-1 - ——30 min
S x ~—— 60 min
= 60 - c
i) o &
[ ~
§ e ¢ S
> >
5 5
O 20 (3]
0k
00 05 10 15 20 25 3.0 1 2 3 4 6 7 8 9 10 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (h) Numbers of recycles qmm™)
d e
( ) L 0 min ( )
——1 min After
——10 min
——30 min »
—— 60 min g
5 5 3
= = k4
®
E
o
z
0.1 0.2 0.3 04 0.5 0.6 0.7 0.1 0.2 0.3 04 0.5 0.6 0.7 8950 9000 9050 9100 9150
E _ Energy (eV]
qmm’ qmm™ oy (V)
(9) (h) (i)
After
After
8 60 mi
N min — —
z T s T b After
% I\ 20mn| < <
T I\ e~ - - = =
2 ) = =
= ES =
£ % ~
£
=
2 g £

L L !
8950 9000 9050 9100 9150 0 1 2
Energy (eV)

R+AR (A)

R+AR (A)

Figure 3 | Catalytic performance of different Cu(ll)-paddlewheel-based catalysts. (a) Plot of conversion vs time for
different catalysts. (b) Reusability of Cu-MOP-e. (c-e) In situ SAXS of diffusion of 1T within Cu-MOP-t (c), Cu-MOP-e
(d) and HUKST-1 (e). (f, 9) In situ Cu K-edge XANES spectra over Cu-MOP-t (f) and Cu-MOP-e (g) during the cleavage
of 1. (h, i) In situ Cu K-edge FT-EXAFS spectra over Cu-MOP-t (h) and Cu-MOP-e (i) during the cleavage of 1. Reaction
conditions: 0.1 mmol 1, 0.04 mmol catalyst, 2 mL DMF/water (3:1), 80 °C, 1 atm Oo.

phenol and benzoic acid. Water was used both as a
solvent and proton source for this reaction, and its rela-
tively high boiling point can drive the reaction under
ambient pressure. The selected benchmark {Cus}-
paddlewheel-based MOFs, mesoporous Cu(ll)-MOF
(MFM-100), HKUST-1, and MOF-2 have also been pre-
pared by solvothermal synthesis (Supporting Informa-
tion Figures S13-S14 and Table S1) and tested for this
reaction to afford a direct comparison between these
MOF- and MOP-based catalysts.

Phenol and benzoic acid were the only products
detected in this study, indicating that the paddlewheel
structure with Cu(ll) sites was highly selective for the
cleavage of p-O-4 bonds. Cu-MOP-t and Cu-MOP-e
exhibited conversions of 1 of 59.7% and >99%, respec-
tively, at 90 °C and 1 h under 1 atm of O,. The conversions

are higher than that with MFM-100 (14.4%), HKUST-1
(8.4%), and MOF-2 (11.2%) under the same conditions
(Table 1). The turnover frequency (TOF) observed for
Cu-MOP-e was 60% higher than that of Cu-MOP-t (Sup-
porting Information Table S5), and the former displayed
rapid conversion of 1, as confirmed by the studies of
conversion versus time at 80 °C (Figure 3a). Conversion
increased to ~90% over the first 2 h and then slowed
down until full conversion was reached at 3 h. The con-
centration of 1 over Cu-MOP-e decreased linearly with
reaction time, as it did with other catalysts studied here
(Supporting Information Figure S15), indicative of a first-
order kinetic reaction. The rate constant and activation
energy for this reaction over these catalysts were derived
from the reaction data and application of the Arrhenius
equation (Supporting Information Table S6 and Figure
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S16).>® The Cu-MOPs exerted lower activation energies
than{Cu,}-paddlewheel-based MOFs, with Cu-MOP-e
showing the lowest activation energy (Supporting Infor-
mation Figure S16).

A leaching test was conducted by removing Cu-MOP-e
via hot filtration of the reaction solution at ~50% conver-
sion, after which little further conversion was observed,
indicating the absence of leaching of the catalytically-
active Cu(ll) species into the reaction system (Support-
ing Information Figure S17). Cu-MOP-e also showed ex-
cellent stability over 10 cycles of reaction with little loss
of activity (Figure 3b). Retention of crystal structure and
morphology of the used Cu-MOP-e catalyst after repeat-
ed cycles were also confirmed (Supporting Information
Figures S18 and S19). Little conversion of 1 was observed
in the absence of a catalyst or using the IL OmimPFg as
the catalyst, confirming that Cu(ll) sites were required for
the reaction to proceed (Table 1). Copper acetate gave an
1.7% conversion of 1 at 90 °C after 1 h, similar to the
performance of tested MOF-based catalysts (Table 1).
MFM-100 catalyst was also prepared by templated elec-
trosynthesis to give a material denoted as MFM-100-e.
Analysis of the structure and porosity confirmed that
MFM-100-e showed reduced crystallinity and the pres-
ence of mesopores (Supporting Information Figures
S20-S21 and Table S1). MFM-100-e gave a significantly
higher TOF value than MFM-100-t at 90 °C (Table 1),
confirming that templated electrosynthesis played a key
role in boosting catalytic activity. However, MFM-100-e
showed a lower conversion of 1 than the Cu-MOPs. A
comparison of the catalytic performance for the cleav-
age of 1 by Cu-MOPs and state-of-the-art catalysts in the
literature is summarized in Table 1,3"%53%4° which suggests
that Cu-MOP-e exhibited the best performance.

Mechanistic study

MFM-100, HKUST-1, and MOF-2 showed similar perfor-
mance but notably reduced catalytic activity compared
with Cu-MOP-t and Cu-MOP-e (Table 1). The shared
{Cus}-paddlewheel structure between Cu-MOP and
these MOFs suggests that this structural feature alone
is not the primary determinant of their reaction activity,
but rather, likely due to differences in their pore sizes,
with Cu-MOP incorporating much larger pores compared
with these MOFs. The mesopores in Cu-MOP enhance
both the adsorption of 1 and mass transfer during the
reaction, contributing to the superior performance of
Cu-MOP-t and Cu-MOP-e. We conducted in situ SAXS
to investigate the dispersion kinetics of 1 within Cu-MOP-
t, Cu-MOP-e, and HKUST-1 (Figure 3c-e). In the absence
of 1, the system which contained catalyst and solvent
only was measured as the background. Upon addition of
1 and subtracting the background, the SAXS signal
reflected an aggregation of 1 within the pores of the
catalysts. According to Guinier’'s Law, a steeper SAXS

slope indicates larger aggregate sizes, with the rate of
increase of aggregate size dependent on the diffusion
rate of 1 from the solvent into the catalyst pores. From
the in situ SAXS curves, the diffusion of 1in Cu-MOP-t and
Cu-MOP-e reached equilibrium within 10 min. Conversely,
the SAXS slope for HKUST-1 steepened progressively
over time, suggesting a gradual dispersion of 1 into the
pores of HKUST-1. Furthermore, Cu-MOP-t and Cu-
MOP-e exhibited significantly steeper SAXS slopes com-
pared with HKUST-1, indicating a notably higher diffusion
kinetics of 1 within Cu-MOP-t and Cu-MOP-e than within
HKUST-1. Cu-MOP-e demonstrated slightly enhanced dif-
fusion kinetics compared with Cu-MOP-t, reflecting in-
creased mesoporous structure in the former.

While Cu-MOP-t and Cu-MOP-e displayed similar dif-
fusion kinetics for 1, their catalytic performances differed
significantly. To investigate this observation, in situ X-ray
absorption spectroscopy (XAS) was utilized to analyze
the variance in chemical states and local fine structure of
Cu-MOP-t and Cu-MOP-e throughout the reaction pro-
cess (Figure 3f-i). The in situ XANES spectra confirmed
that neither Cu-MOP-t nor Cu-MOP-e underwent valence
state changes during the reaction (Figure 3f,g). While
Cu-MOP-t exhibited minimal variation in the Cu-O bond
length over time, the Cu-O bond in Cu-MOP-e gradually
lengthened during the reaction but returned to its origi-
nal state after complete removal of the reactants, as
indicated by in situ FT-EXAFS spectra (Figure 3h,i). The
extended Cu-0O bond of Cu-MOP-e during the reaction
suggests that Cu-MOP-e interacted significantly with the
reactants owing to the presence of uncoordinated Cu(ll)
sites.

The direct interaction between Cu-MOP and 1 was
studied to understand the excellent catalytic perfor-
mance. Cu-MOP-t was selected owing to its high crystal-
linity and the preferred binding domain of 1 within Cu-
MOP-t was determined by Rietveld refinement of the
SXPD data (Figure 4a-c and Supporting Information
Figure S22).4' 1 was found within the cavity of the MOP
cage with an occupancy of one molecule per cage, with
the carbonyl oxygen of 1replacing the coordinated water
molecule and binding to the Cu(l) sites (Cu- - -
O = 2.238 A). Due to steric effects, the torsion angle in
1 between two benzene rings change from 13.8° to 47.4°
on binding within Cu-MOP-t (Figure 4c).*?> Adsorption
of 1 into Cu-MOP was also confirmed by FTIR
spectroscopy (Supporting Information Figure S23). Cu-
MOP-e exhibited a larger redshift of the stretching mode
of C=0 moieties within the carboxylate group on
adsorption of 1 compared with Cu-MOP-t (4 and 1 cm™,
respectively), indicating the presence of stronger cata-
lyst-substrate binding interaction in Cu-MOP-e.

It has been reported that the oxidative depolymeriza-
tion of the 1 occurs via the participation of *«OOH radicals,
generated from O,.%' EPR spectra of the reaction solu-
tions using different catalysts were measured using
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Figure 4 | Mechanistic studies. (a, b) Structure of 1-loaded Cu-MOP-t. (c) Change in torsion angle of 1 on binding to
Cu-MOP-t. (d-f) EPR spectra of catalyst-free solution (d), Cu-MOP-t-containing solution (e) and Cu-MOP-e-containing
solution (). (9) Adsorption energy of T and O, on pristine and defective {Cu,}-paddlewheel. (h-k) Charge density
diagrams of pristine {Cus}-paddlewheel-1 (h), defective {Cu,}-paddiewheel-1 (D), pristine {Cus}-paddlewheel-O5 (),
defective {Cu}-paddlewheel-O5 (k). The green and blue regions represent electron donation and depletion, respec-
tively, and the isosurface values are 0.002 e/A3 for (h) and (i) and 0.005 /A3 for () and (k), respectively.

dimethyl! pyridine N-oxide (DMPO) as a spin trap.** EPR
signals were recorded after heating the samples at 90 °C
for 5 min. Three types of radicals were identified with
simulation (Figure 4d-f and Supporting Information Ta-
ble S7) and were assigned as oxidized DMPO radical
(* DMPO-OX, ay = 15 G), DMF radical (.DMPO-COR,
any = 155 G, ay = 19 G) and hydroperoxyl radical
(*DMPO-0O0H, ay = 14.3 G, ay = 11.7 G).**** No *DMPO-
OOH radical was detected in the absence of O,. All three
radicals are involved equally using Cu-MOP-t as the
catalyst, whereas the *DMPO-OOH radical was formed
as the overwhelming species with Cu-MOP-e. Thus, Cu-
MOP-e produced more *OOH radicals than Cu-MOP-t
and catalyst-free systems (Supporting Information Fig-
ure S24) reflecting its higher activity for the cleavage of 1.

DFT calculations were carried out to interrogate the
interaction between the catalysts and reactants. As pre-
viously discussed, the Lewis acid sites originate from the
breakage of Cu-O bonds. The pristine {Cu,}-paddle-
wheel and defective {Cu,}-paddlewheel represent Cu-
MOP-t and Cu-MOP-g, respectively, in this analysis. The
defective {Cu,}-paddlewheel exhibited higher adsorp-
tion energy of both 1 and O, (Figure 49), the adsorption
energy of O, on the defective {Cu,}-paddlewheel being
twice as high as that of the pristine {Cu,}-paddlewheel.
The charge density difference diagrams of pristine and
defective {Cu,}-paddlewheel revealed that the latter was
bound to 1 and O, (Figure 4h-k), thereby fostering a
robust interaction with reactants that favored the reduc-
tion of the Gibbs free energy of the reaction.
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Based on the preceding discussion, we propose a
mechanism based upon the enhanced catalytic perfor-
mance of Cu-MOP-e: During the reaction, the highly
mesoporous structure enhances the accessibility of 1 to
Cu-MOP-g, allowing 1 to be rapidly adsorbed onto the
active centers. Additionally, the additional uncoordinat-
ed Cu(ll) sites in Cu-MOP-e afford more active centers,
enhancing interactions with 1 and O,. These stronger
interactions facilitate the activation of 1and the transfor-
mation of O, to *OOH radicals, thereby promoting the
cleavage of 1to phenol and benzoic acid.

Conclusion

We show that Cu-MOP integrates hydrophobicity and
hierarchical pores with open Cu(ll) sites, and can be
prepared via templated electrosynthesis to generate ad-
ditional Lewis acid sites. Specifically, Cu-MOP-e exhibites
an exceptional performance for the oxidative depo-
lymerization of the lignin model compound 1. The per-
formance was significantly higher than Cu(ll)-based
MOFs owing to the promoted diffusion and mass transfer
of the bulky substrate 1, and the presence of open Cu(ll)
sites, along with open channels in Cu-MOP-g, resulting in
stronger binding to the substrate. The intrinsic hydro-
phobicity of these Cu-MOPs not only drives the removal
of Cu(ll)-bound water to generate open Cu(ll) sites but
also affords excellent water stability and reusability for
the recycled catalyst. This study promotes the design of
new stable MOP-based catalysts by incorporating hier-
archically porous structures and Lewis acid sites for
heterogeneous catalysis in water.

Supporting Information

Crystal data of 1-loaded Cu-MOP are deposited at Cam-
bridge Crystallographic Data Center (CCDC 2049508)
and can be accessed free of charge from https://www.
ccdc.cam.ac.uk/structures.
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