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High-Nuclearity Polyoxometalate-Based Metal-Organic Frameworks
for Photocatalytic Oxidative Cleavage of C—C Bond
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Leroy Cronin,* and Weimin Xuan*

Abstract: High-nuclearity polyoxometalate (POM) clus-
ters are attractive building blocks (BBs) for the synthesis
of metal-organic frameworks (MOFs) due to their high
connectivity and inherently multiple metal centers as
functional sites. This work demonstrates a strategy of
step-wise growth on ring-shaped [PgW,5O1s,]*" precur-
sor, which produced two new high-nuclearity polyoxo-
tungstates, a half-closed [H;sPsWs3O,i5]* {Wss) and a
fully-closed [H;sPsW,O,56]** {Ws4). By in situ synthesis,
unique MOFs of copper triazole-benzoic acid (HL)
complexes incorporating the negatively-charged {Ws}
and {Wg,} as nodes, {Cu,;(HL),Ws;} HNPOMOF-1 and
{Cuy(HL);W¢,} HNPOMOF-2, were constructed by
delicately tuning the reaction conditions, mainly solution
pH, which controls the formation of {Ws} and {Wg,},
and at the same time the protonation of triazole-benzoic
acid ligand thus its coordination mode to copper ion that
creates the highest nuclearity POM-derived MOFs
reported to date. HNPOMOF-1 features 3D framework
possessing cage-like cavities filled with exposed carboxyl
groups, while the inherent 2D layer-like HNPOMOF-2
allows for facile exfoliation into ultrathin nanosheets,
and the resulted HNPOMOF-2y¢ exhibits superior
activity towards photocatalytic oxidative cleavage of
C—C bond for a series of lignin models. This work not
only provides a strategy to build high-nuclearity POM
cluster-based frameworks, but also demonstrates their
great potential as functional materials for green catal-

ysis.
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Introduction

Polyoxometalates (POMs) are a class of anionic clusters
constructed from early transition metal-oxo units (Mo, W,
V, Nb, Ta) and show a wide range of applications in the
fields of chemistry and material science due to their strong
acidity, reversible multi-electron redox behavior and photo/
electro-responsive properties.]. POMs in general possess
rigid and anionic skeleton lined with abundant surface
oxygen atoms, these characteristics facilitate their use as
functional building blocks (BBs) for constructing crystalline
materials through coordination, hydrogen bonding, and
electrostatic interactions.”? As an archetypal cyclic cluster,
[PsWs016,]* ({PsWys)) features a large cavity (diameter:
approximately 10 A) built from condensation of four six-
vacant [P,W,0,]"" subunits and plenty of oxo sites both
within the internal cavity and on external surface, providing
an ideal platform for incorporating additional metal sites to
build functional assemblies.”! Moreover, [PsW,s} exhibits
high chemical stability across a wide pH range (1-8)."
Therefore, binding metal ions to the internal oxo sites of
{PsWys) has led to a series of cluster-in-cluster aggregates,
exemplified by ({VpJ@{PWy}, {Fe@{PWy}, {Al¢}@-
{PsWas}, {Gaye}@{PsWog}, {Cuy6l@{Ps W), {Cuy}@{PsW s} and
{Ags)@{PsW,e), P! while coordination with external/surface
oxo ligands facilitates the formation of 1D to 3D pure
inorganic frameworks such as {MngPsW s}, {Ag,PsWs},, and
{CoyPsW.s), (Figure 1a).) These |{PyW,}-derived clusters
and frameworks have demonstrated diverse applications,
ranging from proton conduction to catalysis.*
Metal-organic frameworks (MOFs) have emerged as a
prototypical class of crystalline, porous materials built from
metal ions/metal clusters and organic ligands.”” MOFs are
well known for their high porosity, structure tunability and
diverse functionality, enabling wide applications from funda-
mental science to industry.”*® Typically, POMs can either
combine with metal ions as BBs or act as anion templates to
construct POM-based metal-organic frameworks
(POMOFs)."! Reflecting the structural diversity of POMs, a
vast array of POMOFs have been produced from various
POM clusters with different nuclearities, charges and
shapes."! Nonetheless, high-nuclearity polyoxometalate-
based metal-organic frameworks (HNPOMOFs)
structed from POM clusters containing metal sites>50
remain scarce. Focusing on polyoxotungstates (POTs), most
reported POMOFs utilize low-nuclearity clusters such as
{Wel, {Wiol, (XWy,} (X=P, Si, B, etc.) and {P,W} (Fig-
ure 1b)."" To the best of our knowledge, {PsW,,} represents

con-
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the highest nuclearity POT employed in POMOF synthesis
(Figure 1b)."? In MOF chemistry, high nuclearity clusters,
including {Zrg}, {AL,}, {Lny}/{Lng} (Ln=Er, Dy, Ho, Gd),
{Agy,;} and {Ag;,}, have been explored as nodes to expand
MOF diversity, and the collective effect from polynuclear
metal sites endow them with unique physicochemical
properties.['! Compared to these BBs, using high-nuclearity
POMs to synthesize HNPOMOFs presents a great challenge
due to their inherently high negative charges and strong
interactions with metal ions. Upon introduction of organic
ligands, the concurrent coordination to metal ions will cause
quick assembly and thus easily result in amorphous solids
rather than crystalline frameworks.

To overcome the current limitation, we aim to employ
{PsWys) as precursor to explore the synthesis of HNPO-
MOFs given its facile tunability, diverse functionality and
high stability. Addressing the aforementioned challenges
requires controlling the reactivity of {PsW,s} (Figure 1c).[*"!
We propose two potential strategies: (1) Blocking the
internal oxo sites of {PgWy} from building heterometal
cluster by sealing its internal cavity with additional W atoms,
thereby limiting the number of metal ions available for
assembly with ligands. Meanwhile, the blocking of reactive
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a) {PgW,s}-derived assemblies including cluster-in cluster aggregates and pure inorganic frameworks. (b) POTs building blocks used for
) Demonstration of the synthetic strategy of HNPOMOFs using {P;W,s} as precursor

internal oxo sites will also improve the stability of parent
{PsWys). (2) Conducting the synthesis at low pH value. The
presence of high concentration of H* ions can compete with
metal ions to interact with the external oxo sites on {PsW g}
while simultaneously suppressing the interaction of N/O
donors on ligands with metal sites. This will reduce the
coordination tendency of external POM oxo ligands to metal
ions and decelerate the coordination rate between ligands
and metal ions, thereby facilitating the ordered assembly of
all components into crystalline and periodic frameworks
(Figure 1c). On the other hand, jucious choice of metal ions
and ligands is also crucial in constructing POMOFs with
desired structures and functionalities. Copper ions are well-
known for their diverse coordination geometries, ranging
from tetrahedral to octahedral configurations, and their
critical roles in enhancing photocatalytic activity and extend-
ing the absorption to visible region.""" Triazole-benzoic
acid ligand can facilely assemble with copper ions to
generate stable dinuclear and trinuclear Cu-based secondary
building units, which are conductive to building porous
POMOFs with open channels."”) The rational combination
of copper ions, triazole-benzoic acid and {PgW,} is therefore
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promising for achieving robust, porous and functional
HNPOMOFs.

Herein we report the synthesis of two novel POMs
{PsWs} and {PsWy} based MOFs, HNPOMOF-1 and
HNPOMOF-2, by controlling the reactivity of {PsW,} upon
assembly with Cu’' ion and 4-(4-carboxyphenyl)-1,2,4-
triazole (HL) ligand in the presence of additional sodium
tungstate (Figure 1c). Notably, HNPOMOF-2 represents the
highest nuclearity POM-derived MOF reported to date. The
introduction of sodium tungstate enables the in situ growth
of add-on {W;} and {W,} units on {P;W,g}, resulting in either
half-closed  [H;sPsWs3Oy5]*>~  |PsWss) or  fully-closed
[H;PsW ¢, O] [PsWq,) (Figure 1c). By blocking the inter-
nal oxo sites, these two expanded {PyW,s} derivatives allow
for the assembly of HNPOMOF-1 and HNPOMOF-2
featuring 3D and 2D frameworks, respectively, under very
low pH value. The strong acidic synthesis condition not only
depresses the reactivity of external oxo ligands on {PyWss}
and {P;W,,}, but also keeps the carboxyl groups on HL
ligands in HNPOMOF-1 and HNPOMOF-2 remaining
protonated. Upon exfoliation of HNPOMOF-2 into ultra-
thin single layers, the HNPOMOF-2ys demonstrates en-
hanced catalytic performance in the photocatalytic oxidation
of lignin models compared to HNPOMOF-1 and pristine
HNPOMOF-2, due to the more accessible active sites and
faster diffusion of substrate/product. This work demon-
strates controlling the reactivity of POM clusters can be
potentially developed as a general approach, which can
greatly extend the structural library and application of high-
nuclearity cluster-based functional assemblies.

Results and Discussion
Synthesis and Characterization

HNPOMOF-1 and HNPOMOF-2 have compositions of
K;NaH;, [Cuy3,(OH)(CoHN;0,)(CoH7N;0,)5(H,0) 5]
[H;cPsWs30,15] - 120H,O and
K, Na;H[Cug(OH)(CyH7N30,)o(H,0)2 | [HisPsWes

0,3]-97H,O established by structure determinations and
chemical analyses. They were facilely synthesized via one-
pot reaction of CuSO,, HL, KLis[H;PsW450;4,]-92H,0 and
Na,WO, under hydrothermal conditions. The addition of
Na,WO, is essential for providing additional tungstate
source and tuning the reactivity of {Pg4W,s} in the formation
of HNPOMOF-1 and HNPOMOF-2, as unidentified crystal-
line precipitates are always obtained in the absence of
Na,WO, under the same conditions. This is likely due to the
high reactivity of pristine {PgW,}. In some cases, pure 1D
inorganic framework {CugPyW,g},, where 8 Cu’" ions are
entrapped within the cavity of {P;W,}, can be isolated from
the filtrate after removing precipitate (Figure S9). This
further indicates the importance of blocking the internal oxo
sites of {P;W,}. By introducing sodium tungstate during
assembly, it can condense with the internal O atoms of
{PsWy} and thus reduce the reactivity via the in situ
generation of half-closed {PgWss} or full-closed {PgWq,}.
Moreover, tungstate can behave as anionic ligand to
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compete with the external O atoms on {PyWy}/{PsWq},
thereby weakening the interaction between copper ions and
{PsWs}/{PsWe,). Another key factor affecting the self-
assembly is pH value. Performing the synthesis at pH>1.5
in generally resulted in amorphous solid and sometimes
{P,Wys}-based POMOFs due to the fast coordination of
{PsWss}/{PsWe,} and HL to copper ions or decomposition of
{PgW,s) at relatively high pH values. In contrast, when the
pH was adjusted below 1, the clear solution was produced
rather than crystals. This is caused by complete depression
of the coordination abilities of both surface oxo ligands on
POM BBs and N/O donors on HL. Overall, the successful
assembly of HNPOMOF-1 and HNPOMOF-2 is tuned by
delicate control of the reactivity of POM BBs and ligands.

HNPOMOPF-1 crystallizes in the R-3c space group, and
the asymmetric unit contains half {PsWs}, five and half Cu
ions, four HL and half deprotonated L, and K* counterions
(Figure S3). {PyWss} can be viewed as a half-closed cluster
based on {PgW,}, with one side sealed by {W,} add-on unit
while two {W;} units located on the vacant sites between
adjacent {P,W,,} subunits on the other side (Figure 2a and
Figure S4). The five and half Cu ions can be divided into
three types according to their coordination modes. The first
type, half occupied Cul, adopts a coordination environment
of distorted tetrahedron and occupies the vacancy between
adjacent {P,W,,} subunits to afford {Cu,P;Wss} (Figure 2b).
Upon coordination of triazoles on three ligands to Cu2, Cu3,
and Cu4, a classical trinuclear {Cus(p;-OH)(HL);} unit is
generated (Figure 2¢).'"! All the three Cu ions are in six-
coordinated octahedral geometry. Moreover, Cu5 and Cu6
also adopt octahedral configuration and link with one HL
and half L to construct {Cu,(p,-O)(HL)L, s} unit (Figure 2c).
Owing to the disorder of L at two equivalent positions, it
can either use triazole or carboxylate coordinating to
dinuclear Cu centers (Figure 2c).

As such, two {Cu,(,-O)(HL)L,s} units link with each
other forming a dimer, which further connects with adjacent
{Cu,PgWyg} clusters via external oxo ligands, resulting in an
infinite zig-zag chain along the c-axis (Figure S5). Six 1D
chains associate in parallel constituting the wall of a
hexagonal tubule with an opening size of 139A x13.9A
(Figure 2d). Furthermore, the neighboring chains can be
further linked by {Cuy(u;-OH)(HL);} units, creating a 3D
framework featuring 1D hexagonal channels filled by HL
ligands with exposed carboxyl groups pointing to each other
(Figure 2e). These uncoordinated carboxyl ligands are
regulated by 3-fold rotary inversion axis and thus arrange in
groups of three HL, which truncate the 1D open channels
into two types of cage-like cavities showing diameters ~12.8
and 14.0 A, respectively (Figure 2e and Figure S6).

Upon doubling the amount of sodium tungstate, HNPO-
MOF-2 was produced under the otherwise identical con-
ditions. The presence of more tungstate enables blocking
both sides of {PsW,g}, leading to fully-closed {P;Wy,} as basic
BB (Figure 3a). In contrast to half-closed {PgWss}, the either
side of {PgWy} in {PsWe,} is sealed by one {Wy} unit,
respectively (Figure 3b and Figure S8). This thus further
reduces the reactivity/connectivity of {P;W,,}, resulting in
the formation of 2D layer-like HNPOMOF-2 (Figure 3d).
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Figure 2. (a) Molecular structure of half-closed {PgWsg}. (b) View of {Cu,PsW,} with one side capped by two tetrahedral Cul. (c) View of the
{Cus(ps-OH) (HL);} and {Cu,(p,-O) (HL)Lys} units where L is disordered at two positions. The disorder L is highlighted in cyan. (d) Parallel
association of six 1D chains constructed by {Cu,(p,-O) (HL)Lys} and {Cu,PsWss} into a hexagonal tubule (orange). (e) 3D framework featuring 1D
hexagonal channels along c-axis filled by exposed carboxyl groups, which truncate the channels into two types of cage-like cavities (yellow and
green balls).

{Cuy(p,-OH)(HL),} {Cu(HL)}

Figure 3. (a) Molecular structure of fully-closed {PgWe,}. (b) Side view of {P;W¢,}. (c) {Cu;(ps-OH) (HL);} and {Cu(HL)} units. (d) 2D layer-like
structure constructed from {PgWe,} and {Cu;(p;-OH) (HL)3} along b-c plane. (e) 3D supramolecular structure of HNPOMOF-2 along c-axis. Color
Scheme is the same as Figure 2.
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Compared with HNPOMOF-1, there are only {Cus(u;-OH)-
(HL)3} units present in the structure and behaving as 2-
connected nodes to link with adjacent {PsWg,} along b-c
plane (Figure 3¢ and 3d), while the other two types of
{Cu(HL)} units show no connectivity and either attaches on
the surface of {PsWs,} (Cud unit) or acts as counter cations
(Cu5 unit) (Figure 3c). With the assistance of {Cu(HL)}
units, a bundle of hydrogen bonds as well as electrostatic
interaction are established between neighboring 2D layers,
affording a 3D supramolecular structure containing micro-
porous 1D channels of 5.9 A x2.3 A along c-axis (Figure 3e).
These structural characteristics allows for potential exfolia-
tion of HNPOMOF-2 into 2D nanosheets.

The experimental PXRD patterns of HNPOMOPF-1 and
HNPOMOF-2 agree well with the simulated data, confirm-
ing their high phase purity (Figures S10 and S11). HNPO-
MOF-1 and HNPOMOF-2 exhibit good chemical stability,
as evidenced by the excellent resistance towards aqueous
solutions with a wide pH range (1-11) as well as boiling
water and organic solvents such as acetonitrile for 24 h
(Figures S13 and S14). Thermogravimetric analyses under
N, atmosphere reveal that both compounds can be thermally
stable up to ~250°C (Figures S17 and S18). Bond valence
sum (BVS) calculations demonstrate all the W atoms adopt
the valence state of +6 (Tables S3 and S5), while the Cu
centers are in the mixed valence states, with a ratio of Cu>*/
Cu'* of 10:1 and 8:1 for HNPOMOF-1 and HNPOMOF-2,
respectively (Tables S2 and S4).'! The presence of Cu'"
sites is probably arisen from the reduction of Cu®*" by N-
heterocyclic ligand under hydrothermal conditions.” The
same result is confirmed by the X-ray photoelectron
spectroscopy (XPS) data where there only exists the signals
corresponding to W°* while the four peaks at 955.3, 952.2,
935.4, and 932.7 eV are consistent with the binding energies
of Cu(Il)-2,1p, Cu(I)-2,1p, Cu(Ill)-2,3,, and Cu(l)-2,3,, re-
spectively, indicative of the presence of both Cu(Il) and
Cu(I) atoms in HNPOMOF-1 and HNPOMOF-2 (Figur-
es S19-22). However, the ratios of Cu**/Cu'* deduced from
XPS data are higher than those from BVS calculations.
Time-dependent XPS measurement revealed that Cu?"
centers were gradually reduced upon X-ray irradiation and
~80 % converted to Cu'" sites after 60 min (Figure $23). We
therefore attritue the discrepancy to the in situ reduction
during XPS characterization, a phenomenon observed for
other Cu(II) complexes.!'®!

Exfoliation of HNPOMOF-2

In view of the inherent 2D layer-like structure and weak
interactions between adjacent layers, HNPOMOF-2 was
subjected to exfoliation by solvent-assisted liquid sonication
using acetonitrile (Figure 4a)."”) As shown by the scanning
electron microscopy (SEM) imaging of the pristine crystals
of HNPOMOF-2, the layered structure can be seen quite
clearly (Figure 4b). Upon sonication for 72 h, HNPOMOF-2
were successfully exfoliated into nanosheets, HNPOMOF-
2ys, as evidenced by the Tyndall effect upon irradiation of
the colloid suspension with a laser beam (Figure 4c). TEM
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Figure 4. (a) Schematic diagram for the exfoliation of the bulk
HNPOMOF-2 to ultrathin 2D nanosheets. (b) SEM image of
HNPOMOF-2. (c) The Tyndall effect of HNPOMOF-2,¢ suspension in
CH;CN. (d) SEM image of HNPOMOF-2,s. (e) TEM image of
HNPOMOF-2,s. (f) AFM image of HNPOMOF-2,. (g) Height of AFM
image for the selective area.

analysis of HNPOMOF-2y¢ revealed the ultrathin 2D nano-
sheets are in the size of 0.4x0.7 um? (Figure 4e). AFM image
further indicated the thickness of HNPOMOF-2 is about
2.7£0.2 nm, a value quite close to the theoretical thickness
of monolayer (2.8 nm), implying that HNPOMOF-2ys is
composed of single layers (Figure 4f and 4 g).

Photocatalysis

Lignin, an inedible component of lignocellulose, is the
largest biomass feedback for production of value-added
aromatics.” The valorization of lignin in general involves
selective cleavage of C-O or C—C linkages in
monolignols.”! Since C-C bond has higher dissociation
energy than that of C—O bond, the selective cleavage of
C—C bond remains a great challenge.”?? Photocatalysis has
recently emerged as a powerful method for upgrading lignin
into small platform chemicals.’” As a well-established type
of photocatalyst, POM clusters such as decatungstate and
transition metal-substituted POTs have demonstrated high-
efficiency towards C—O cleavage.’ Nevertheless, the selec-
tive C—C bond cleavage was rarely reported by POM-based
photocatalysts.” To achieve this, the key point is to
engineer the band structure of photocatalyst with proper
conduction band and valence band energy that can guaran-
tee sufficient redox capacity for C—C cleavage while keeping
efficient light-harvesting ability.”? Due to the unique
advantage by rational integration of POMs, metal centers
and functional ligands into homogeneous frameworks,
POMOFs exhibit modulable semiconductor characteristics
favorable for photocatalysis.”” As such, the presence of
photoactive POMs and transition metal sites in HNPO-
MOFs prompted us to explore their catalytic activities in
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photocatalytic oxidative cleavage of C—C bond in lignin
models.

Initially, 1,2-Diphenylethanol was selected as a model
compound to investigate the photoactivity of HNPOMOF-1,
HNPOMOF-2 and HNPOMOF-2y,. Under the optimal
conditions, all of them are capable of promoting the
cleavage of C—C bond when 0.5 mol % catalyst was loaded
to perform photooxidation in acetonitrile under the irradi-
ation of 10 W 400 nm LED and atmosphere of air for 30 h
(Table 1, entries 1-3). In all cases, the side product of 1,2-
Diphenylethanone was hardly observed, indicating the
reaction proceeded selectively via C,—C; bond cleavage
rather than oxydehydrogenation of a-OH. Overall, the
catalytic performance presents in the order of HNPOMOF-
2ys > HNPOMOF-2 > HNPOMOF-1, and HNPOMOF-2yg
achieved a total conversion of 82% with 10% yield of
benzaldehyde and 69 % yield of benzoic acid (Table 1,
entries 1-3). According to the photoelectrochemical meas-
urements of HNPOMOF-1, HNPOMOF-2 and HNPO-
MOF-2ys, they possess quite similar band gaps and band
positions (Figures S28-S36). The main difference lies on the
photocurrent responses where HNPOMOF-1 exhibits the
highest photocurrent intensity (Figure S37). Nonetheless,
only 40% conversion was obtained for HNPOMOF-1
(Table 1, entry 1). This means the surface charge carrier
density and charge separation efficiency is not the key factor
affecting the reaction, while the dimension and morphology
of catalysts dominate the catalytic efficiency. As well
established by 2D MOF nanosheets,'” we therefore attrib-
ute the highest performance of HNPOMOF-2ys to the more
accessible active sites and faster diffusion of substrate/
product as compared with HNPOMOF-1 and HNPOMOF-
2. Although a vast variety of POMOFs have been reported,
to our best knowledge, there is no report of 2D POMOF

Table 1: Photocatalytic Reaction of Lignin -1 Models.?
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nanosheets for enhanced photocatalysis. Moreover, using air
as terminal oxidant also presents the advantages in cost and
safety as compared with other photocatalytic systems where
O, was most frequently applied for oxidative cleavage
(Table S6).”” In particular, the reaction was facilely driven
by low-energy 10 W LED, significantly lower than the
300 W or 400 W light sources typically used for other POM-
based photocatalysts in lignin -1 and $-4 model conversion
(Table S6).%!

Control experiment indicated that the precursors includ-
ing HL, CuSO,, {PsW,} and Na,WO, or their mixture
exhibited much lower conversions compared to HNPO-
MOFs (Table S7, entries 4-8), implying the synergistic effect
arisen from order arrangement of all the components into
periodic frameworks.”” According to the Mott-Schottky
plot and band gap, the LUMO and HOMO of {P;W,} are
calculated to be —0.14V and 3.09 V vs. normal hydrogen
electrode (NHE), respectively (Figure S36). Although the
oxidation potential of HOMO is as high as 3.09 V, only 12 %
conversion and almost 100 % selectivity was observed for
the product of benzaldehyde (Table S7, entry 6). The same
phenomenon has been found for a series of typical semi-
conductors bearing high oxidation potential during photo-
catalytic conversion of -1 lignin model compound, which is
mainly caused by the less negative reduction potential than
that to generate O,*” (—0.33V vs. NHE), the dominant
reactive oxidant for C—C bond cleavage.” In contrast, the
in situ transformation of {PgW,s} to {Wsg}/{Wes} and combi-
nation with copper sites and ligand in the skeleton of
HNPOMUOFs, all the conduction bands of HNPOMOF-1,
HNPOMOF-2 and HNPOMOF-2yg are more negative than
—0.33 V, thus facilitating the formation of O,*” due to the
synergistic effect that endow corresponding HNPOMOFs
with tunable band structures (Figure $36).2°**1 Moreover,

Entry Substrate Cat.

1 @ O HNPOMOF-1
2 ® O HNPOMOF-2
3 ® oS HNPOMOF-2,5

HNPOMOF-2,

HNPOMOF-2,s

HNPOMOF-2,

HNPOMOF-2,

Conv.” (%)

0 sllions
1o oo

37%

Yield of Products (%)

=0

Z o g
10% 69%
?
36 @) . ©)L @) )@A
34% 50% 35%
o 0
99 oL O
19% 8%
9
% . P, g @*

9
99 \Q)KJ@/%H
d O

*Reaction conditions: substrates (0.02 mmol), Cat. (0.5 mol %), CH;CN (2 ml), air, 400 nm LED 10 W, 30 h, room temperature. ®Conversion and
yield were determined by '"H NMR relative to the internal standard (1,3,5-trimethoxybenzene).
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performing the reaction without catalyst, in the atmosphere
of N, or in the absence of photo-irradiation gave cleavage
products in very low yield or trace conversion (Table S7,
entries 9-11). These results indicate that the catalyst, oxygen
and light are essential for this reaction.

Under optimized reaction conditions, HNPOMOF-2yg
was further tested for the cleavage of C,—C; bond with a
broader range of B-1 lignin model compounds (Table 1,
entries 4-7). For 1,2-Diphenylethanol with p-CH; substitu-
ent, a similar conversion to 1,2-Diphenylethanol was
achieved (Table 1, entry 4), whilel,2-diphenylpropane-1,3-
diol and its derivatives yielded the corresponding aromatic
aldehydes and carboxylic acids in a conversion up to 99 %
(Table 1, entries 5-7). These results demonstrate that the
HNPOMOF-2y photocatalyst is tolerant to various func-
tional groups and highly efficient for cleavage of C,—C;
bonds in B-1 lignin models. Upon completion of the reaction,
HNPOMOF-2y could be facilely recovered via centrifuga-
tion and reused for three cycles with little loss of catalytic
performance (Figure S43). The PXRD pattern of recovered
catalyst remained almost the same as the pristine sample,
demonstrating the preservation of structural integrity of
HNPOMOF-2; (Figure S44). The stability of HNPOMOF-
2ys is further verified by the almost unchanged XPS and IR
signals before and after the catalytic reaction (Figure S45-
46). Moreover, filtration test revealed the reaction hardly
proceeded after removing HNPOMOF-2ys indicating no
leaking of catalyst and heterogeneous nature during the
reaction (Figure S47). This is further supported by induc-
tively coupled plasma optical emission spectrometry (ICP-
OES) analysis of the filtered solution after catalysis, showing
negligible amounts of metal ions (< 0.01 %) (Table S8).

To elucidate the reactive oxygen species and the role of
photogenerated electrons and holes during the catalysis,
control experiments were carried out by adding a series of
scavengers (Table S7, entries 12-15). The addition of super-
oxide scavenger p-benzoquinone (BQ) significantly de-
creased the conversion from 86 % to 30 %, suggesting O," is
important for the reaction (Table S7, entry 12). Moreover,
the generation of O,*” upon photo-radiation is ambiguously
verified by the presence of characteristic EPR signals
according to 5,5-dimethyl-1-pyrroline N-oxide
(DMPO)-0,*" adduct (Figure 5a). In contrast, little change
of conversion was observed upon addition of isopropanol
(IPA) as hydroxyl radical quencher (Table S7, entry 13).
These results led us to conclude that O,*" rather than *OH is
the reactive oxidant for C—C bond cleavage. Besides, there
was an abrupt decrease in conversion to 40% by use of
AgNO; as photo-generated electrons (e”) scavenger, while
the reaction was almost completely suppressed by addition
of KI as the photo-generated holes (h*) scavenger (Ta-
ble S7, entries 14-15), indicating both e~ and h* were
involved in the catalytic process.

Based on the above results and previous reports, the
plausible mechanism is proposed for photocatalytic oxida-
tive cleavage of C—C bond in lignin models (Figure 5c).
Under visible light irradiation, electron-hole pairs are
effectively generated and separated. Since the LUMO of
HNPOMOF-2s is more negative than —0.33 V (Figure 5b),
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Intensity (a.u.)
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Potential (V) vs.NHE
1
A66°T

HOMO  2.60 V

Figure 5. (a) EPR signals of the radical adduct between DMPO and
0O, from irradiation of HNPOMOF-2¢ in methanol dispersion. (b)
Band positions of HNPOMOF-2ys. (c) Proposed mechanism for
photocatalytic oxidative cleavage of C—C bond catalyzed by HNPO-
MOF-2,s.

photogenerated electrons can quickly transfer from LUMO
to molecular O,, resulting in O,*". Meanwhile, 1,2-Dipheny-
lethanol will be subjected to hydrogen abstraction by hole to
form a C; radical intermediate, which then rapidly combine
with O,"” to give a six-membered-ring transition state,
leading to the cleavage of C—C bond and thereby the
production of benzaldehyde. Further oxidation of benzalde-
hyde by O,* will afford benzoic acid. This is the dominant
mechanism for photocatalytic oxidation.!

Conclusion

In summary, we have developed a strategy by controlling
the reactivity of parent high-nuclearity POM cluster via
reducing the availability of both internal and external oxo
sites for self-assembly, and this has led to the synthesis of
unprecedented {Wss} and {We,}-based HNPOMOF-1 and
HNPOMOF-2. Remarkably, {Ws} and {W,} are regarded
as the highest POM clusters used for building MOF
materials. HNPOMOF-1 features 3D framework containing
cage-like cavity defined by exposed carboxyl groups. On the
other hand, the inherent 2D layer-like structure enables the
facile exfoliation of HNPOMOF-2 into ultrathin nanosheets.
Compared with HNPOMOF-1 and HNPOMOF-2, HNPO-
MOF-2ys exhibits superior activity towards photocatalytic
oxidative cleavage of C—C bond for a series of lignin models.
This work demonstrates high-nuclearity clusters can act as
versatile BBs for construction of porous frameworks under
controlled reactivity, which can further promote the devel-
opment of novel high-nuclearity cluster-based functional
materials.
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lytic Oxidative Cleavage of C—C Bond

Angew. Chem. Int. Ed. 2024, €202421132

Research Article

An dte

et Chemie

High nuclearity polyoxometalate-based metal-organic framework

{Wgs}-based 3D MOF Low
activity
Two high-nuclearity polyoxometalate-
based metal-organic frameworks were
constructed from giant {Wsg} and {W,}
via controlled stepwise assembly from
{W,s} precursor, and the nanosheets

Up to 99% yield

A L,
{Ws,}-based 2D MOF

High and nanosheet

activity

derived from exfoliation of 2D layer-like
{We4}-based MOF exhibited much en-
hanced activity towards photocatalytic
oxidative cleavage of C—C Bond.
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